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Foreword

The Paris Agreement is a landmark representing a common decision of all nations to
make ambitious efforts to combat the global climate change. At the General Debate
of the 75th Session of The United Nations General Assembly, Xi Jinping President of
the People’s Republic of China expounded China’s principled position in alignment
with the Paris Agreement to foster the climate resilience with low greenhouse gas
emission development. As a long-term goal of development, China will scale up its
Intended Nationally Determined Contributions by adopting more vigorous policies
and measures. We aim to have CO2 emissions peak before 2030 and achieve carbon
neutrality before 2060.

To achieve the above goals, it is essential to replace fossil fuels with renewable
clean energy. However, the temporal and spatial differences in the distribution of
typical renewable energies such as solar and wind represent the major challenge for
practical applications. Electrochemical energy storage devices are thus particularly
important to regulate the energy output of above intermittent energies. At present,
lithium-ion batteries (LIBs) are dominating this market by virtue of their long calen-
dar life and high energy density. Over the coming years, the battery manufacturing
is expected to grow with the increasing decarbonizing demand. In view of the accel-
erated expansion of LIBs, concerns have been raised about its short supply given the
limited reserve of the global lithium resource. Consequently, a surge in the battery
price is almost foreseen, which threatens the large-scale energy storage industry.

Compared with LIBs, sodium-ion batteries (SIBs) are superior with the abundant
Na reserves, low cost, and potentially long cycle life. Developing SIB technology
would be of great significance for the large-scale energy storage applications.
However, because of the larger ionic radius of sodium ions, SIBs normally suffer
from slower diffusion kinetics than LIBs, which poses difficulty in seeking suitable
electrode materials and electrolytes for SIBs. Through the extensive research over
the past 10 years, a diversity of high-performance and promising SIB systems has
been developed by employing electrodes such as transition metal oxides, phos-
phates, and carbon-based materials. In view of the prosperous research progress,
Professor Yan Yu, a pioneer in the field of sodium-ion energy storage, wrote the
book “Sodium-Ion Batteries” to overview the current research status of SIBs inspired
by the research works from her own group. Specifically, this book systematically
introduces the materials applied as the anodes, cathodes, electrolytes, and binders
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for SIBs and discusses their key scientific challenges, modification strategies, and
future outlook. This book aims to provide both academic and industry community
with more comprehensive and cutting-edge knowledge about SIBs.

Finally, I wish that this book will promote the vigorous development of SIB tech-
nology for the large-scale energy storage, with more fruitful achievements to facili-
tate the early accomplishment of CO2 emissions peak and carbon neutrality.

13 August 2021
Tianjin, China

Professor Jun Chen
Academician of Chinese
Academy of Sciences
Nankai University
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Preface

Excessive exploitation and use of fossil fuels have caused rapid reduction of the
natural resources and a series of environmental issues such as extreme weather
and greenhouse effect. With the awakened public awareness of the finiteness of
the earth’s resources, the renewable energy sources (e.g. solar, wind, tide, etc.) are
developed as alternatives. While the intermittent character of these energy sources
calls for more efficient energy storage systems. Over the past 30 years, lithium-ion
batteries (LIBs) technology has advanced with unparalleled progress and is now
dominating the market in portable electronic devices and electric vehicles. While
with dwindled reserves of the raw materials, a rise in LIB price is foreseen.

Sodium-ion batteries (SIBs) share similar electrochemistry and fabrication
technologies to LIBs while featuring with low cost and better safety due to earth-
abundant sodium resources, rendering them a promising alternative to LIBs in
large-scale energy storage. Over the past years, a wealth of research works has
been dedicated to the development and commercialization of SIBs. There has been
gratifying progress achieved and on other hand, urged greater efforts are still needed
to address the unresolved troubling issues.

This book intends to provide researchers and graduate/undergraduate students in
related fields of materials science and electrochemistry with a snapshot of current
efforts in improving the SIB technology, as well as pave the way for the development
of a new generation of higher-energy density, rechargeable SIBs through compre-
hensive optimization in electrode materials, electrolytes, and other key components.

Chapters 1 and 2 provide a basic introduction (including history, operation
principle, key materials, etc.) to SIBs, as well as outline some design principles
in terms of energy density, power density, cycling life, and safety to build high-
performance SIBs.

Chapters 3 to 6 systematically introduce the cathode materials of transition metal
oxides, polyanionic compounds, Prussian blue analogues, and organic compounds
for SIBs, in terms of structural design, electrochemical properties, and the corre-
sponding reaction mechanisms.

From Chapter 7 to Chapter 10, intercalation-type anode materials (carbon-based
materials, titanium-based materials, etc.), alloy- and conversion-type anode mate-
rials (metals/metal alloys, metal oxides/metal chalcogenides, phosphorous/phos-
phides, etc.), and Na metal anodes are described.
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Electrolytes including organic liquid electrolytes, ionic liquid electrolytes, and
solid electrolytes are mentioned in Chapters 11 to 13. Besides, binder is also an
important part of SIBs, and its progress is summarized in Chapter 14.

For practical applications, three types of sodium-ion full batteries (SIFBs) includ-
ing non-aqueous, aqueous, and all-solid-state SIFBs are discussed in Chapter 15.
And, the last Chapter 16 gives perspectives on the opportunities and potential ben-
efits of SIBs for large-scale energy storage.

Finally, I gratefully acknowledge the substantial contribution from Prof. Yanglong
Hou, Prof. Xiaogang Zhang, Prof. Xianhong Rui, Prof. Hongfa Xiang, Dr. Lina Zhao,
Prof. Yuan-Li Ding, Prof. Changbao Zhu, Prof. Laifa Shen, Prof. Jianmin Ma,
Prof. Feixiang Wu, Prof. Xuyong Feng, Dr. Dan Yang, Dr. Xianghua Zhang, and
Dr. Wei Luo to this book.

13 August 2021
Hefei, China

Professor Yan Yu
University of Science and
Technology of China
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1

Introduction to Sodium-Ion Batteries

1.1 Brief Outline

The global energy demand calls for a major transformation in energy sector, driven
in large measure by the rapid expansion of power generation from renewables as
well as by the increasing focus on electric vehicles. For the former concern, people
are looking for possible solutions to shift away from the traditional fossil energy
centralized system toward renewable-energy-based power generation. Though
renewable resources, such as solar and wind power, are now replacing the roles
previously reserved by fossil fuels, fossil fuels are still needed for times when the
sun is down or the wind is idle. The intermittency of the electricity generation
from renewable energy sources has necessitated the development of energy storage
technology that enables the electricity to be delivered and on demand and be able to
reach remote rural areas. On the other hand, a profound change in operating norms
can be expected with electric vehicles gaining ground as a more environmentally
friendly option in the last decade. Therefore, the development of frontier technolo-
gies in energy storage is the key that enables them to come into more widespread
adoption in the commercial world.

In the past decades, traditional pumped hydrotechnology is once the only com-
mercially viable energy storage that can potentially reshape the energy sector by
addressing the limited penetration of renewable energy. However, this technology
is eventually losing market share to emerging technologies mainly due to its
geographical constraint. Disruptive technologies that come in a combination of
flexibility in design, step-change improvement in performance, and good relia-
bility are considered to be critical enabling the transformation in transportation.
The emphasis has now been placed on the electrochemical storage that fits in
squarely with this focus. As the state of the art in electrochemical energy storage,
rechargeable lithium-ion batteries (LIBs) play a significant role in ushering in a
swift transition from a fuel-based society to an exclusively all-electric dimension, a
fact reflected in the Nobel Prize in Chemistry 2019. They have widely penetrated
into the markets owing to the highly sought-after features, including high energy
density, good reliability, and lightweight. In fact, LIBs were first commercialized
in 1900s by Sony and started out as the power sources of portable electronics and

Sodium-Ion Batteries: Energy Storage Materials and Technologies, First Edition. Yan Yu.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.



2 1 Introduction to Sodium-Ion Batteries

computers. A few decades later, they are increasingly displacing oil and gas to
power our vehicles and buildings, thanks to the scientific breakthrough achieved
by researchers along the way. Tesla, the pioneering electric car company, stays at
the forefront of this change, where the Tesla’s first Gigafactory has been a major
cornerstone that pushes the development of LIBs to power energy revolution. The
company has also announced its intention to unveil LIBs pack for residential storage
that will help in the recent move to decentralized energy. Despite the technology’s
growing prevalence, a year-long focus on the use of the rare and expensive metal
lithium has impeded the widespread adoption of this technology in large-scale
applications. In addition, the production of lithium is mainly derived from brine
or mined from minerals, but they are geographically restricted to Chile, Bolivia,
Argentina, and Australia.

Scientific community started to realize that such scarcity makes the price of
lithium fluctuates with demand, which is a fatal flaw inherent to LIBs. A question
that researchers trying to answer is whether the incumbent LIB technology can be
substituted with a more abundant resources without losing its benefits? Sodium-ion
batteries (SIBs) could be the answer. In fact, the concept of SIBs was first brought up
in 1980s, but its development is unlike that of LIBs that accept wide market adoption
mainly because SIBs are not quite up to par with LIBs in all-round performance.
Until the last decade, the topic of SIBs has been revisited to look for possible solution
over the safety and cost issues posed by LIBs. Moving beyond lithium to sodium is
an advantageous step that offers cost-effectiveness and better safety characteristics
without a compromise on the incumbent manufacturing setting based on their
chemical similarity and components. This is to say, the manufacturers of LIBs will
be fully adaptable toward SIB technology, given that the materials being tested
from LIBs can also be potentially transplanted to SIBs without major modification
on top of their similar manufacturing processes. The working principle of SIBs
is highly similar to LIBs, except the use of sodium as anode instead of lithium.
Given that sodium resources can be found in sea water and sodium carbonates
(the price of sodium carbonate is estimated to be $135–165 ton−1, while lithium
carbonate costs about $5000 ton−1) that are vastly available on earth, SIBs are
recognized as a cost-effective power solution compared to LIBs [1]. Furthermore,
Al current collector that are less expensive and lighter can be used in SIBs due
to the chemical inertness between sodium and Al in the formation of alloying
compounds. With such a replacement with Cu, the battery cost can be reduced by
approximately 3%, based on the price of Al ($0.3 m−2) and Cu ($1.2 m−2) foils [2].
On top of the cost reduction, safety is another potential benefit after the possible
replacement of Cu with Al current collector on the cathode as well as the anode.
The sodium-based cells can be stored at zero state of charge without carrying the
risk of thermal runaway. Contrarily to the high reactivity between lithium and Cu at
low voltage, the chemical stability of SIBs at zero volts is essential for circumventing
the increasingly stringent transportation regulations covering LIBs. Furthermore,
the use of Al as current collector not only enhances the safety feature of SIBs but
also improves the energy density of SIBs with a lighter element.
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Being one of the group I neighbors, sodium shares many chemical characteristics
with lithium, and hence, the adoption of existing LIB analogs for SIBs has become
the logical strategies. While SIBs can be produced on the same manufacturing
lines as their lithium counterparts, numerous studies have not proved it to be a
straightforward endeavor. Engineering efforts to the process are still needed to
tweak the material morphologies and other properties for more seamless adoption
in manufacturing. Alongside the obstacle in real practice, sodium technology also
comes with specific challenges related to the chemistries of its components. For
example, graphite as a commercial anode in LIBs is not energetically favorable
for the intercalation of sodium. This anomalous behavior could be due to the
larger size of sodium that imposes greater strain to the lattice of the host materials,
which leads structural collapse after several cycles of reaction. In addition, SIBs
are less powerful in terms of energy density compared to LIBs due to a 0.3-volt
lower cell voltage (−2.71 V vs. standard hydrogen electrode (SHE) for sodium
and −3.04 V vs. SHE for lithium). In a theoretical study reported by Ceder and
coworkers, the lower output voltage of sodium cell can be due to the cathode
effect [3]. It is believed that the weaker Na—O bond compared to the Li—O bond
is responsible for the significant lower energy gain upon ion insertion into the
host structure. This can be further validated by a distinctly lower the formation
energy of Na2O (−417.98 kJ mol−1) compared to Li2O (−598.73 kJ mol−1), giving
rise to a 1 V difference between Na–O batteries forming Na2O and Li–O batteries.
This study also ruled out the anodic effect to be the predominant factor as Na
voltage is supposed to be higher than Li in 0.53 V with the lower cohesive energy
of Na.

Despite the drawbacks mentioned earlier, their low cost and abundant nature
compared to LIBs may outweigh this concern, which may dictate their wide
application in stationary grid storage. The sluggish movement of larger sodium has
been recognized as the origin of its slower reaction kinetics. Researcher started to
flip their perspective when they found that desolvation energy of ion is likely to
play a role as important as the size of ion. Compared to lithium, sodium is a weaker
Lewis acid that makes it less stable in organic solvents. The lower desolvation
energy exhibited by sodium is indeed beneficial for facile charge transfer at the
interface of electrolyte. For ease of comparison, the characteristics of lithium and
sodium are summarized in Table 1.1.

The appealing features of SIBs have made their return to the spotlight and
achieved astonishing progress in the past decades. For example, the first commer-
cial SIB company, Faradion, announced that its sodium-ion technology that can
achieve similar performance to rechargeable batteries powered by conventional
chemistries and show exceptional thermal stability and safety. Furthermore, a
start-up company, Aquion Energy, has currently experienced commercial success in
the development of SIB prototypes that work well at reduced operating temperature
and with extended lifespan. If SIBs live up to the promise made by the companies,
it could one day accept wider market adoption other than just stationary grid
storage.
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Table 1.1 Comparison of lithium and sodium properties.

Characteristics Li+ Na+ Reference

Specific capacity (mAh g−1) 1165 3829 [4]
Ionic radius (Å) 0.76 1.02 [5]
Stokes radius in PC (Å) 4.8 4.6 [6]
Eo (vs. SHE) (V) –3.04 –2.71 [5]
Eo (A+

aq/A) (vs. Li+aq/Li) (V) 0 0.326 [7]
Melting point (∘C) 97.7 180.5 [4]
E∘ (A+

PC/A) (vs. Li+PC/Li) (V) 0 0.23 [7]
Desolvation energy in PC (kJ mol−1) 215.8 158.2 [5]
Cohesive energy of pure metal @ 298 K
(kJ mol−1)

−598.73 −417.98 [8]

Formation energy of M—X bond (eV) –1.55 –1.05 [9]

1.2 Key Materials

On the journey to push the envelope of SIBs performance, researchers are con-
sistently working on the optimization of the main components of SIBs, including
electrode materials (anode and cathode), electrolytes, binders, and full cell con-
figuration. Based on our current understanding on the fundamental mechanism
of charge storage, the engineering of electrode materials has been successfully
achieved through nanostructuring, structural modification, design of hybrid
composite, and surface engineering. In short, academic research focus is moving
from micron-sized to nano-sized materials to buffer the severe volume change
for longer cycle life and shorten the ion diffusion distance for improved reaction
kinetics. Current trend dealing with a combination of morphological and archi-
tectural controls allows the nanostructuring effect to be preserved in addition to
the morphological merits. For example, the construction of three-dimensional
(3D) secondary structure enables the advantages derived from the primary and
secondary morphology to be maintained. In parallel, structural modification
can potentially “repair” the intrinsic properties of electrode materials from the
aspect of electronic and ionic conductivity, which leads to an improvement in ion
diffusion and electron transfer process. The effect of structural engineering is much
more significant in cathode materials where intercalation chemistry is kinetically
dependent on the lattice structure. Apart from that, hybrid composite design and
surface coating are the strategies putting forward to address the disadvantages
of electrode materials by leveraging the synergies between different components
(usually highly conductive materials) to improve the electronic conductivity and
ion transport rate. At the electrode level, the development of binders and additives
has great impact on the performance of SIBs, which is a research direction that
worth exploring.
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With cathode being the limiting factor in the electrochemical performance of
SIBs, the emphasis has now been placed on the development of promising cathode
materials as they are usually inferior in specific capacity and rate performance
compared to most anodes. Current research on cathode materials for SIBs focuses
on modifying existing or direct adoption of LIBs analogs, primarily layered- and
tunnel-structured transition metal oxides, polyanion cathodes, Prussian blue
analogs (PBAs), and organic compounds. In general, transition metal oxides,
including metal-free and Na-based structures, show high specific capacity in work-
ing potential of about 2.7–3.0 V vs. Na/Na+. The research of Na-based transition
metal oxides, NaMO2 (M = Ni, Co, Mn, Fe, Cr, V, etc.), was inspired by their lithium
counterparts that work well as intercalative cathode for LIBs. The fatal flaw inherent
to those transition metal oxides lies in the huge lattice expansion and irreversible
multiphase transitions, which leads to a poorer cycling stability and rate capability.
Aside from the layered Na-based oxides, the Na-free transition metal oxides MOx
(M = V, Mn, Mo) that can adopt sodium ion in an intercalative manner have also
been widely studied for their sodium storage properties. Compared to the Na-based
transition metal oxides, the Na-free counterparts are able to deliver higher specific
capacity based on their lower molecular weight. At stark different from monoanion
compounds, polyanionic compounds, including phosphates, pyrophosphates,
and fluorophosphates, are more diverse in structure. Despite their low electronic
conductivity, the highly covalent 3D framework of polyanionic compounds allows
fast ion diffusion within the structure, in addition to the high structural stability.
With these excellent charge storage properties, polyanionic phosphates especially
NaMPO4 (Fe, Mn) and sodium super ionic conductor (NASICON)-structured
NaxM2(PO4)3 (M = V, Ti) are being researched for SIBs. The great success of
LiFePO4 in LIBs has encouraged the investigation of its sodium analogs NaFePO4
that has high theoretical capacity of 154 mAh g−1 in the voltage range of 2.9 V
(vs. Na+/Na). As compared to low-dimensional sodium ion transport pathways
in NaFePO4, the 3D open framework of NASICON-type Na3V2(PO4)3 seems to
allow faster sodium diffusion channels. In a two-phase transition that extracts two
sodium ions from the lattice of Na3V2(PO4)3 at 3.4 V vs. Na+/Na as the result of
a V3+/V4+ redox reaction, a theoretical capacity of 117 mAh g−1 can be obtained.
Similarly, the study of pyrophosphates Na2MP2O7 (M = Fe, Mn, Co) was inspired
by its ultrahigh potential (can reach up to 4.9 V) and the high structural stability
of [P2O7]4− framework upon accommodation of sodium ion. In another subgroup
of phosphate family, the inductive effect of fluoride allows fluorophosphates to
operate at higher operating potential when coupled with other transition metals
M3+/M4+ (M = Ti, Fe, V). For example, the working voltage of vanadium-based
fluorophosphates can reach 4.0 V (vs. Na/Na+) with redox couple V3+/V4+, which
reflects that a decent energy density could be potentially obtained in full cell
operation. PBAs are a group of cyano-coordination polymers with a generic formula
of AM[M′(CN)6] ⋅ xH2O (A = Li, Na, K; M, M′ = transition metals of Cr, Mn, Fe,
Co, Ni, Cu, Zn, etc.; typically M′ = Fe). The metalorganic framework consists of
FeII—C≡N—Fe3+ units all along the three directions of the space, leaving a large
zeolitic site at the center that allows the accommodation of guest species (e.g. alkali
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metals, small organic molecules, water molecules, etc.). With the two different
electrochemical active sides in PBAs (M2+/M3+ and Fe2+/Fe3+ couples), PBAs
generally undergo a two-electron transition without breaking their lattice structure
apart. What’s more is that the partial/complete substitution of Fe2+ and Fe3+ ions
in the cubic lattice of PBAs by other redox-active transition metals (e.g. Co, Ni, and
Mn) is kinetically favorable. With such an enhanced flexibility in composition, the
charge storage properties can be tuned accordingly to suit certain specifications. For
examples, substitution of Fe with Mn and Co pushes the charge/discharge plateaus
from around 3.2 V Na2Fe[Fe(CN)6)] to higher values of 3.6 V (Na2Mn[Fe(CN)6)]
[10] and 3.8 V (Na2Co[Fe(CN)6]) [11], respectively. These features, in addition to
their easy preparation through simple and low-cost co-precipitation method, make
them highly suitable to be applied in stationary energy storage where cycle life
and cost are far more important than energy density. Organic materials are known
for their low cost, high tunability, good safety features, and recyclability. With a
flexible framework, organic polymers, such as disodium rhodizonate (Na2C6O6)
and quinone-based tetra-sodium salt, are cathodes that can accommodate large
guest ions reversibly with high spatial tolerance. Despite the great progress made
in the past decades, the development of SIBs with organic electrode is still very
limited. This lies in the fact that conventional polymerization synthesis frequently
introduces a large fraction of electrochemical inert residues for the intramolecular
linking, which inevitably results in a decrease of the active mass and the gravimetric
capacity.

In parallel to the development of cathode, scientists are also working on a number
of anode materials to realize high-performance SIBs. The ongoing investigation
can be classified into several categories based on their reaction mechanism,
including intercalation compounds (carbon-based materials, Ti-based materi-
als), conversion-type compounds (oxides, sulfides, selenides, carbides, etc.), and
alloying-type compounds (Si, Ge, Sb, Sn, etc.), as illustrated in Figures 1.1 and 1.2.

Intercalation reactions work exclusively for mostly carbon-based and layered
titanium-based materials with large interlayer spacing for the accommodation of
guest ions. Typically, the structure of these materials is sufficiently robust to host
the occupancy of sodium, but the capacity is limited by the amount of reaction sites.
This is to say, the capacities of intercalation compounds are limited by structural
stability of the host and stoichiometry. Therefore, it is challenging to achieve specific
capacities greater than 200–400 mAh g−1 for intercalation compounds.

Carbon-based materials with layered structure are widely used as anode for
SIBs, including hard and soft carbons as well as graphene-related carbons. These
polymorphs are made of sp2 carbons arranged in 2D hexagonal covalent form and
stacked together via weak Van der Waals interaction. The first anode material that
scientists settled on was graphite, but it turned out that its excellent performance in
LIBs cannot be duplicated. The Na anomaly has its roots in a general phenomenon:
(i) larger size of sodium has made the intercalation reaction kinetically unfavorable;
(ii) sodium is intrinsically weaker in binding to carbon (among alkali metals and
alkaline earth metals) due to the competition between the ionization of the metal
atom and the ion-substrate coupling [14]; (iii) the intercalated carbons, such as NaC6
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Figure 1.1 (a) Schematic illustration of the generally accepted charge storage mechanism
of SIBs. Source: Perveen et al. [4]. Reproduced with permission, 2019, Elsevier. (b) Sodiation
voltage and the representative electrode materials for each storage mechanism. Source:
Yang and Rogach [12]. Reproduced with permission, 2020, Wiley-VCH.
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Figure 1.2 Average voltage (V) and energy density (Wh kg−1) vs. gravimetric capacity
(mAh g−1) for negative electrode materials for NIBs: (black circles) carbonaceous materials,
(red circles) oxides and phosphates as sodium insertion materials, (blue circles) alloy,
(green) phosphide/phosphorus, and (gray circles) oxides and sulfides with conversion
reaction. Source: Yabuuchi et al. [13]. Reproduced with permission, 2014, American
Chemical Society.

and NaC8, are structurally unstable according to the calculated formation energy
[15]. There are several approaches put forward to realize better performance of
graphite. The construction of enlarged interlayer spacing in graphite is one of them.
Yang and coworkers reported that the lattice distance of graphite was expanded
to 4.3 Å through swelling effect of oxygen-containing groups, while the analogous
long-range-ordered layered structure of graphite was perfectly retained [16]. Aside
from graphite, many other hard carbons have been investigated, especially those
that are derived from glucose, cellulose, phenolic resin, etc. [17] Most of these
carbons can reach capacity in the range of 250–350 mAh g−1, along with a relatively
low oxidation voltages at about 0.3 V. In summary, hard carbons used in SIBs are
mostly derived from carbohydrates, while those derived from phenolic resins result
in larger energy density. On the other hand, nongraphitizable carbons produced
from polymers such as polyaniline (PANI) or polyacrylonitrile (PAN) have also been
demonstrated though they usually show relatively low capacities and Coulombic
efficiencies. Different from hard carbon, soft carbons usually go on discharge
without displaying any voltage plateau at low voltage range, which leads to a
lower specific capacity and higher oxidation voltage. Soft carbons can be produced
from intrinsic hydrogen-rich precursors, such as polyvinyl chloride (PVC), pitch,
petroleum coke, etc. [18] Despite the fact that they have lower energy densities
due to aforementioned issues, they outperform hard carbons in rate capability [19].
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Overall, the capacities of soft carbons fall in the range of 200–250 mAh g−1, but a
slightly higher average oxidation voltages of 0.5 V compared to hard carbons.

As part of the effort to optimize the electrochemical performance of carbonaceous
anodes for SIBs, doping strategies have been intensively used to modulate the struc-
ture of carbons. Elemental doping, including nitrogen (N), sulfur (S), phosphorus
(P), and boron (B), into the lattice of carbons can be easily achieved through the
pyrolysis of a heteroatom-containing organic precursors or by mixing the precursor
with heteroatom-donor substances. Several improvements can be expected from the
incorporation of heteroatoms: (i) larger capacities could be the result of higher frac-
tion of pseudocapacitive contribution from the additional functional groups [20];
(ii) higher ion diffusion rate due to the change in electronic structure of the car-
bon atoms in the vicinity of heteroatoms [21]; (iii) creates additional reaction sites
for sodium [22]; and (iv) induces larger interspacing layers for better reaction kinet-
ics [23]. Different from the N that is electrochemically inert, S itself can serve as the
reaction site. In addition, the introduction of larger S atom into the carbon backbone
results in significant enlargement in interlayer distance, which further enhances
the electrode kinetics. Compared to N- and S-doping, P-doping can be difficult to
achieve. Despite the difficulty in synthesis, P-doped carbon has been proven to be
excellent in cycling stability and rate capability by Hou et al. [24] For example, a spe-
cific capacity of 108 mAh g−1 can be achieved at a high current density of 20 A g−1.
The long-term cycling investigation shows that the electrode can retain a capacity of
149 mAh g−1 after 5000 cycles at a current density of 5 A g−1.

Apart from the intercalation chemistry, reaction mechanism based on redox chem-
istry is also highly favored due to several reasons: (i) higher specific capacity and
energy density arise from the capability to accommodate relatively high stoichiomet-
ric ratio of sodium in alloy form; (ii) sodiation takes place at a relatively low voltage
range; and (iii) alloy anodes are metallic or metalloid that usually exhibit excellent
electrical conductivity. In general, the generic reaction formula of the alloying reac-
tion can be represented as follows:

xNa+ + xe− + M ↔ NaxM

For alloying reaction, the storage of sodium can be achieved through the forma-
tion of binary alloy with different stoichiometry in a stepwise manner, where group
IVA and VA elements such as tin (Sn), antimony (Sb), bismuth (Bi), silicon (Si), ger-
manium (Ge), and phosphorus (P) are the materials that fit into this category. The
main difference to the conventional intercalation reaction lies in the structural evo-
lution upon alloying reaction. It is believed that continuous increase in the amount
sodium induces massive volume change to the alloy compounds, which causes the
crumbling and breakdown of alloy-type anodes. As the result of the large volume
variation, a series of side effects can be triggered. For example, the solid electrode
interface (SEI) could become unstable under large stress and strain, impeding the
charge transfer at the interface. On the other hand, the structural integrity of the
alloy anodes could be affected or even destroyed, which may lead to the loss of active
surface. Over the past decades, researchers have been looking for strategies to over-
come the bottlenecks of alloy anodes, mainly through understanding their failure
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mechanism and identification of the transient intermediate under working states. In
general, Sn, Sb, Ge, and Bi exhibit better rate capability thanks to their higher elec-
tronic conductivity. As mentioned earlier, their electrochemical performances are
limited by mechanical instability due to the large volume variation upon alloying
reaction especially in their crystalline state. On the other hand, P and Si are known
for their relatively high specific capacity. However, the sluggish reaction kinetics
caused by low electronic conductivity has been the major hindrance to their wide
adoption in SIBs. Table 1.2 summarizes some of the electrochemical properties of
alloying-type anodes that are commonly used in SIBs.

With current alloy anodes reaching almost their performance limits, researchers
are scrutinizing every possible strategy to modulate their electrochemical properties
for better performance. Therefore, fundamental understanding on how these mate-
rials behave in response to sodium (de)insertion from thermodynamic point of view,
especially activation energy of sodium ion diffusion, bond breaking, and nucleation
energy, is essentially helpful to device effective ways to achieve that goal.

Conversion-type anodes include a diverse group of transition metal oxides, sul-
fides, and phosphides that are endowed with redox properties. The accommodation
sodium in conversion-type anodes involves a series of phase transformation through
a change in the valence state of the redox-active centers. The generic equation that
represents conversion reactions can be expressed as follows:

(b ⋅ x)Na+ + (b ⋅ x) e− + MaXb ↔ bNax X + aM

For typical conversion-type anodes, M is a transition metal element (Fe, Co, Ni, Cu,
Mn, etc.), X is a nonmetal (O, N, F, S, Se, P, F, H, etc.), and x is the formal oxidation
state of X. Upon sodiation, conversion-type anodes generally convert into metallic
M before it nucleates in the form of amorphous or crystalline nanoparticles. NaxX
is the final nucleation product that forms a matrix around the M nanoparticles. It is
found that the nonmetal species of X affects the cell potential. As compared to the
oxide counterparts (M–O), the conversion reaction of chalcogenides is expected to
be more kinetically favorable as the result of weaker M—X bond arising from their
larger atomic radius [37]. On top of that, the higher electronic conductivity of the

Table 1.2 Electrochemical properties of alloying-type anodes.

Alloy
system

Fully alloyed
phase

Theoretical
capacity
(mAh g−1)

Volume
expansion (%)

Average voltage
(vs. Na+/Na) (V)

Sn Na15Sn4 847 420 [25] ∼0.20 [26]
Sb Na3Sb 660 390 [27] ∼0.60 [28]
Si NaSi/Na0.75Si 954/725 114 [29] ∼0.50 [30]
Ge NaGe 576 205 [31] ∼0.30 [32]
P Na3P 2596 >300 [33] ∼0.40 [34]
Bi Na3Bi 385 250 [35] ∼0.55 [36]
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discharge products M2S/M2Se compared to M2O in the matrix is also responsible for
the better reaction kinetics of the chalcogenides. In the family of transition metal
sulfides, they exhibit lower theoretical capacity than the oxides due to the higher
molecular weight of sulfur element but higher reaction potential. Compared to the
rest, transition metal phosphides have rarely been reported due to the difficulty in
material synthesis as well as the low stability. In fact, phosphorus is highly abun-
dant that gives it a relatively low cost. Furthermore, the high theoretical capacity
of metal phosphides is their most appealing feature in SIBs, which is arisen from
a dual-charge storage mechanism. The transformation from metal phosphides to
phosphorus via conversion reaction enables them to proceed with alloying reaction
in a lower voltage range. Unfortunately, their SIBs performances are still not up to
par with their counterparts in LIBs. Despite the great promise of conversion-type
anodes, their feasibility for practical use is still being questioned. For example, oxi-
dation of transition metal sulfides and phosphides under ambient condition has
been an obstacle for them to be practically used. As a result, additional measures
are required to maintain the material consistency, which might increase the cost
for material storage and transportation. In addition, the viability of conversion-type
anodes is also challenged by a couple of issues, especially the low electronic conduc-
tivity of active materials, dissolution and shuttle effect of chalcogens, irreversibility
of conversion reaction, etc.

Sodium metal is the simplest form of anode but is an essential component for
room-temperature SIBs. In fact, the early development of SIBs was based on the
sodium metal-sulfur molten batteries operating at 300 ∘C. These systems required
an external energy source to maintain the high operating temperature, causing them
less promising compared to room-temperature SIBs when the sophisticated system
design, high manufacturing costs, and safety issues are taken into consideration as
well [38]. In fact, sodium metal has once been regarded incapable as anode because
of the safety concern over the dendrite formation, high reactivity against electrolyte,
and low melting point (sodium = 97.7 ∘C and lithium = 180.5 ∘C). The instability
of SEI layer is perhaps the key driver to the remaining associated problems men-
tioned earlier. For example, the existing explanation of dendrite growth in sodium
anode based on sequential growth mechanism is related to the formation of uneven
SEI, where dendrite preferentially forms at those protruded spots with concentrated
ion flux [39]. On the contrary, researchers might think that SEI is intrinsically het-
erogeneous concerning its organic–inorganic matrix, which tends to promote the
preferential growth of sodium metal at localized region even if it is originally fully
isotropic. If dendrites pierce through the separator and short the cell, highly exother-
mic reaction that can lead to catastrophic thermal runaway such as fire and explosion
may result. On the other hand, the preferential dissolution at the base of sodium den-
drite causes their delamination from the current collector, which creates so-called
“dead” sodium that is no longer electrochemically active but still contributes to the
growth of SEI. Hence, a sharp drop in Coulombic efficiency is usually observed
accompanied by a rise in impedance [40].

The solutions may be subdivided into the following interrelated taxonomy:
(i) tune the compositions of electrolyte and additives; (ii) improve the interfacial
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reaction between sodium metal and electrolyte; (iii) rational design of the electrode
architecture to reduce the current density during plating-stripping and protect the
sodium surface from undesired side reactions; and (iv) optimize the properties of
sodium metal through alloy design. The power of sodium lies in its energy density
compared to other anodes; however, its successful deployment of metal sodium
in real practice might take years of research. It is not quite there yet, but this is
definitely more than a “pipe dream.”

At the electrode level, the overall SIBs performance is contingent upon the
choice of electrolytes (e.g. organic liquids, ionic liquids, gel polymers, and solid
electrolytes) but is often overlooked in research. Electrolyte generally consists
of sodium salt with matching solvents, along with a tiny amount of additives as
booster. The electrochemical properties, in particular voltage window, polarity, and
wettability, can be optimized through careful tuning the constituents and ratios
of the components. The choice of anions in sodium salt affects electrochemical
stability window as it is always the first component to be oxidized that set the upper
voltage limit for the electrochemical stability window, while the lower limit is more
often dictated by solvent reduction. On the other hand, the ionic conductivity of
electrolyte is determined by interaction strength between a sodium cation and a
number of anions, which affects the amount of available charge carrier. For organic
liquid electrolytes, commonly used anions are ClO4

−, BF4
−, PF6

−, CF3SO3
− (Tf), and

[N(CF3SO2)2]− bis(trifluoromethylsulfonyl)imide (TFSI). The choice of solvent that
changes viscosity of electrolyte has great impact on the ion conductivity. In general,
the low viscosity organic solvents give higher ionic conductivity. However, the
evaporation of flammable vapors at elevated temperature due to their high vapor
pressure pose safety issue for SIBs. The use of polymers or ionic liquids with almost
no vapor pressure can bypass this problem. However, the downside of both the
latter electrolytes are their high viscosities that impede their widespread adoption
in room-temperature applications. The poor interfacial contact has long been a
critical issue for polymer electrolytes, which counteracts their safety advantage.
Apart from the aforementioned categories, ionic liquid is a promising alternative
to organic liquid electrolyte but at the expense of cost. They have intrinsically high
ionic conductivities, accompanied by a couple of good safety features such as a large
liquidus range, thermal and electrochemical stability, and very low vapor pressure.
Solid-state batteries with enhanced safety characteristics but is accessible to high
energy and power densities could be answered to addressing the concerns over the
organic liquid electrolytes that have limited operating voltage window, flammable
nature, and safety hazards caused by leakage.

The research on the optimization of binders has always been overlooked. In
fact, binder works complementary with other battery components to ensure
good mechanical and electrical integrity of the entire electrode [41]. The binder
formula containing polyvinylidene difluoride (PVDF) that has gained great suc-
cess in LIBs was first explored in SIBs. However, this kind of chain polymeric
network fails to provide good cycling stability to the electrode [42]. This has
prompted the recent investigation in to the low-cost water-soluble binders such
as sodium carboxymethyl cellulose (CMC), poly(acrylic acid) (PAA), and sodium
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alginate (Na-Alg). The use of these binders with polar functional groups is moti-
vated by the discovery on the unique material–binder interaction that forms a
thermally cross-linked 3D interconnection. The formation of this 3D network
greatly improves the cycling stability of the electrode by stabilizing the SEI layer
and enhancing the adhesion between the active materials and the current collector.
As the result, the structural integrity of the active materials can be maintained,
along with the intact electrical contact of the electrode. This also works well for
electrode materials that undergo high stress and strain upon charge/discharge.
Apart from the aforementioned advantages, water-soluble binders (CMC, PAA,
and Na-Alg) also show their negligible swellability in organic electrolytes [43].
The promising results of CMC and PAA also prompted the study of their deriva-
tives that contain carboxyl groups or other cross-linked polymers (e.g. chitosan,
poly(9,9-dioctylfluorene-co-fluorenone-co-methylbenzoic ester) [PFM]) [44]. As a
rule of thumb, the presence of high density of hydroxyl, carboxyl, or carbonyl groups
is responsible for the favorable formation of 3D gel-like structure through hydrogen
bonding. Such interaction leads to better mechanical stability and enhanced
reaction kinetics of the electrode.

On the other hand, the addition of functional molecules, or so-called additives,
is an effective way to stabilize SEI formation process. For example, the use of
1-fluoroethylene carbonate (FEC) and vinylene carbonate (VC) as additives in the
PVDF binder formula has successfully suppressed the decomposition of organic
electrolytes [44b, 45]. These additives passivate the surface through the decompo-
sition and polymerization of FEC and VC prior to the formation of SEI layer [46].
There are different “sacrificing mechanisms” being reported in the previous studies.
In the case of FEC, the protective layer is formed by a reaction associated with the
opening of a five-membered ring. On the other hand, the reductive decomposition
of VC gives rise to radical anion fragments that are responsible for the suppression
of SEI dissolution.

1.3 Toward Future Development

It is recognized that the electrochemical performances examined in a full cell
is more conducive to the advancement of SIBs in real setting. There are several
ongoing research directions in this field, which can be briefly categorized into
nonaqueous liquid sodium-ion full cell, quasi-solid-state sodium-ion full cell, and
all-solid-state sodium-ion full cell. Among them, nonaqueous liquid sodium-ion
full cell represents the most mature technology that can reach an energy density as
high as 300 Wh kg−1 by considering the mass of both cathode and anode, despite its
inferior cycling stability. Quasi-solid-state sodium-ion full cell that is composed of
quasi-solid-state electrolyte composed of a mixture of inorganic ceramics, polymer,
and a small amount of solvent exhibits better performance than nonaqueous liquid
sodium-ion full cell in terms of safety characteristic, interface stability, wider
electrochemical window, and flexibility. Although the liquid content is greatly
reduced in the quasi-solid-state electrolytes, the formation of the interface film is
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still likely to happen, leading to the irreversible consumption of limited sodium
supply in the full cell. Therefore, understanding on the pre-sodiation chemistry
that can be deployed to offset the irreversible consumption of sodium would be
helpful in devising reliable and scalable pre-sodiation strategies. Compared with
the above two types of electrolytes, the all-solid-state electrolyte with high voltage
stability and safety enables the full redox potential of high-voltage materials to
be claimed, which significantly enhances the energy density and power density.
Despite these advantages, the full potential of all-solid-state sodium-ion full cell
has not been unleashed due to the larger interfacial impedance that gives rise to
greater polarization. In general, what is still lack in the research of sodium-ion
full cell is the in-depth analysis of the interfacial chemistry of different electrolytes
and electrolyte optimization, on top of the development of incumbent strategies to
improve the performance of sodium-ion full cells in the aspect of matching capacity
and choice of electrode materials.

In recent years, a significant amount of research has been undertaken to develop
new battery concept beyond LIBs. SIBs are one of the reliable alternatives that can
provide cost-effective solution for future energy storage system. With the develop-
ment of effective strategies to further optimize different components of SIBs, it is
hoped to move this technology past broad commitments toward a durable solution in
solving the global energy woes. Before that, there are still a couple of questions need
to be answered before SIBs can be deployed on a commercial scale: what are chal-
lenges ahead and what are the paths to follow to realize their full potential? Swap-
ping lithium for sodium needs more than just setting sight on tweaking the chemical
compositions and lattice structure of the lithium analogs. It requires close partner-
ship between experiment, theory, and simulation to advance fundamental scientific
understanding on the charge storage mechanism of those promising electrode mate-
rials and to quantify the uncertainty inherent in our assumption. In addition to that,
it also requires long-term investment to expedite and facilitate the transformation of
scientific research to design tools suitable for the industrial laboratory setting and
manufacturing floor. In this book, we aim to provide a comprehensive view on the
current development of SIBs by systematically analyzing various important com-
ponents of SIBs, including anodes, cathodes, electrolytes, binders, and SIBs in full
cell configuration. In addition, the design principle is elaborated to provide some
guidelines for future development of high-performance SIBs based on those insights
gained from the previous studies.
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2

Design Principles for Sodium-Ion Batteries

2.1 Introduction

The working principles of sodium-ion batteries (SIBs) are similar to lithium-ion
batteries (LIBs) (Figure 2.1) [1]. For the sodium-containing cathode materials,
various materials have been reported including polyanionic compounds, transition
metal oxides with tunnel or layered structures, organic cathodes, and Prussian
blue analogs. Among them, transition metal oxides (Na0.44MnO2, Na4Mn9O18,
Na1−xNi0.5Mn0.5O2, NaNi1/3Mn1/3Co1/3O2, NaxCoO2, Na0.6Fe0.5Mn0.5O2, etc.) and
polyanionic phosphates (Na3V2(PO4)3, NaFePO4, Na2FePO4F, Na3V2(PO4)2F3, etc.)
have been extensively investigated [2]. SIB anodes include the following categories:
(i) intercalation anodes, such as (Na superionic ion conductor (NASICON)-type
NaTi2(PO4)3) [3]; (ii) alloy anodes (such as Sb, Sn, etc.) [4]; (iii) conversion anodes,
including metal oxides, phosphides, selenides, and sulfides [4c, 5]; (iv) carbon-based
materials (i.e. hard carbon) [6]; and (v) nonmetallic elements (i.e. sulfur and phos-
phorus) [7]. Recent progress of sodium electrodes and electrolytes is summarized
in Figure 2.2, displaying the capacities and voltages for typical cathode and anode
materials for SIBs.

Although there are various advantages for SIBs, serious disadvantages still exist
when compared with lithium. The larger ionic radius (0.76 Å for Li and 1.02 Å
for Na) and molecular mass (7 g mol−1 for Li and 23 g mol−1 for Na) result in the
inferior electrochemical performance as compared with LIBs: lower theoretical
capacity (both volumetric and gravimetric values), lower solubility in the solid
state, lower Madelung energies, lower cell voltage, worse transport kinetics, more
severe structural damage, and volume change. For example, the storage of Na+ in
the most hosts, such as metal oxides (NaxCoO2, NaNi1/3Mn1/3Co1/3O2, V2O5, etc.)
and sodium phosphates (NaFePO4), is worse than their Li counterparts in terms of
various electrochemical indices. Therefore, the effective design principles for SIBs
are particularly important.

Sodium-Ion Batteries: Energy Storage Materials and Technologies, First Edition. Yan Yu.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Figure 2.1 Illustration of different components of SIBs. Source: Hwang et al. [1]/with
permission from Royal Society of Chemistry.

2.2 Basic Design Principles

The basic design principles for SIBs lie in making the best use of the advantages
and bypassing the disadvantages of this potential system. Specifically speaking, we
should maintain the strong points such as low cost, high safety of SIBs, and avoid or
improve the weak points including energy density, power density, and cycling life in
the meantime.

2.2.1 Energy Density

As we all know that the energy density of the battery depends on the reversible
capacity and equilibrium voltage. Unfortunately, the larger ionic radius and molec-
ular mass result in the lower energy density of SIBs when compared with LIBs, for
instance, both lower theoretical capacity and cell voltage. That is the main reason
for the slow growth of SIBs in the past, although SIBs were developed almost in par-
allel with LIBs. Hence, it is essentially important to unleash the full potential of SIBs
with high energy density through rational material/system design.

To increase the reversible capacity, the first step is to make sure that the SIB
electrodes are able to fully claim the theoretical capacity, and the key point here is to
ensure the effective electronic and ionic transport in the whole electrodes. Secondly,
it is believed that breakthrough can be achieved by the conventional electrode
materials via the multi-electron transfer reaction of the transition metal elements
in the electrode materials. Finally, to develop new SIBs or post SIBs (sodium–sulfur
battery or sodium–air battery) is a viable option as well.

To increase the output voltage, we need to increase the voltage of SIB cathodes
and/or decrease the voltage of anodes. For the cathodes, according to electrochemi-
cal series, we can choose the candidates with suitable voltage for various transition
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metal elements or for various systems, such as oxides and phosphates. Take the phos-
phate as an example, we can also increase the voltage plateau through inductive
effects, which is achieved in Na3V2(PO4)3/Na3V2(PO4)2F3 systems. For the anode
materials, through controlling the storage mechanisms, the voltage can be reduced.
For instance, for the hard carbon anode, by controlling the pore size, sodium ion
can intercalate instead of undergoing adsorption, leading to lower voltage plateau.
In addition, taking advantages of size effects, a decrease in voltage can be expected
as well.

2.2.2 Power Density

In principle, owing to the larger size of Na+, the transport properties in electrodes
are worse compared with its lithium counterparts, leading to the lower rate capa-
bility and power density. In order to solve such problem, based on the crystalline
structures of electrodes, it is important to construct an efficient electrochemical
conducting network, to ensure the effective transport for both electrons and sodium
ions, leading to improved rate capability. However, in some cases or for some
specific materials (e.g. NASICON-type materials), the sodium transport is even
better than that of lithium. Thus, we only need to solve the electronic transport,
then a high-rate sodium cathode can be obtained. For instance, we have proposed
and realized a powerful electrochemical network for Na3V2(PO4)3 by a “double
carbon-embedding” approach (Figure 2.3) [8]. Up to 20 C, polarization is negligible
and the capacity almost reaches the theoretical value. Even at 200 C, it still delivers
a superior rate performance (44 mAh g−1). Such rate capability even outperforms
almost all commonly used lithium cathodes, such as LiFePO4. The excellent rate
performance is close or even better than that of a supercapacitor, but energy density
is much higher than that of a supercapacitor.

2.2.3 Cycling Life

Due to the larger size of sodium ion, after the repeated insertion/desertion of
sodium ions into the hosts, it leads to tremendous volume change of electrode
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materials, which results in the degradation in the cycling stability performance.
Hence, in order to increase the cycling stability, we need to focus on the crystalline
structure and morphologies of electrodes and interfaces issues between electrodes
and electrolytes. If the sodium ions are more suitable with the transport paths of
specific electrodes, e.g. NASICON-type Na3V2(PO4)3, the stable and long cycling can
be obtained. In addition, for the alloying anodes or conversion-type anodes, going
to construct core–shell or yolk–shell structures can buffer the volume changes,
leading to better cycling stability. Finally, choosing suitable sodium electrolytes and
electrolyte additives to form the stable solid electrode interface (SEI) layer is also an
effective approach to enhance the cycling stability in SIBs.

2.2.4 Safety

As an efficient energy storage device for clean energy systems such as solar energy,
wind energy, etc., safety is one of the most important issues for SIBs. In principle,
due to lower voltage and energy density of SIBs compared with LIBs, SIBs have
better intrinsic safety features. In addition, it is also helpful to choose environmen-
tally friendly elements and materials, decreasing the toxic hazard, to construct green
and clean systems. Finally, in terms of electrolyte design, new-type fire-retardant
additives or all-solid-state SIBs are effective strategies to further improve the safety.

2.2.5 Cost

As we discussed above, the low cost of SIBs is attributed to not only the abundance
of sodium in the earth but also the manufacturing process, such as the usage of
low-cost Al as the current collector. When we design the SIBs, cost has been the
name of the game with batteries, since it is a prerequisite for large-scale energy stor-
age. For the sodium cathodes, we should focus on the low-cost raw materials, such as
Fe- or Mn-based materials rather than Co- and Ni-based materials. For the V-based
materials, such as high-rate NASICON-type cathodes, it is more cost-effective
to develop the integrated reuse–recycle treatment process. For example,
vanadium-based slag can be used as raw materials for sodium cathode mate-
rials through extraction and reutilization process, leading to a significant reduction
in cost. For the anode materials, low-cost hard carbon, other kinds of carbon-based
materials, and cheap alloying system are of great potential. For the electrolytes,
cost reduction can be achieved through the design of economical sodium salts
and high-performance electrolyte additives. In addition to the low-cost materials
systems, we should also focus on the development of processing technology and
synthesis process for large-scale production of electrode materials enabling a
smooth commercialization in the near future.

From the above discussions, we shed light on the influence of design rules on
the energy density, power density, cycling life, safety, and cost of the performance
of SIBs. In the following sections, we will discuss the design principles for both
electrodes and electrolytes, in order to achieve the successful application of SIBs in
the field of large-scale energy storage.
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2.3 Design Principles for Electrode Materials

2.3.1 Transport Properties

As we discussed above, in order to increase energy density, power density, and
cycling life, transport properties are deemed the crucial parameters. Controlling the
transport properties to achieve both effective electronic and ionic transport is the
key point to improve the electrochemical performance of SIBs.

Transport properties in SIBs include the transporting behaviors of sodium
ions and electrons in the bulk electrodes or interface between the electrodes and
electrolytes, which can also be reflected by the chemical diffusion coefficient. The
chemical diffusion coefficient determines the comprehensive behaviors of electrons
and ions in a gradient of concentration. In principle, diffusion of sodium in the
electrode is the rate-determining step among various electrochemical processes
in SIBs. Hence, quantitative analysis on the diffusion coefficient provides signif-
icance to the intrinsic kinetic properties of the electrodes. In fact, the chemical
diffusion coefficient is able to be measured by various electrochemical techniques,
such as cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS),
potentiostatic intermittent titration technique (PITT), galvanostatic intermittent
titration technique (GITT), etc. [9] under different conditions. One thing needs
to be mentioned is that the chemical diffusion coefficient does not directly cor-
relate to the transport properties for both sodium ions and electrons respectively,
which can only be obtained through alternating current (AC) impedance together
with direct current (DC) polarization coupled with electron-blocking cell or/and
ion-blocking cell.

Here we can show an example to demonstrate how to measure and apply
transport properties to design high-performance SIB cathode materials. As we
known, cathodes of polyanionic-type compounds and sodium layered oxides have
been extensively studied. Among them, NASICON Na3V2(PO4)3 has demonstrated
its potential as a high-power cathode for SIBs [8]. However, to pursue even higher
energy densities, Na3V2(PO4)3 is inferior, owing to its low theoretical energy density
(∼400 Wh kg−1). On the other hand, Na3V2(PO4)2F3 is a high-voltage candidate,
owing to its higher equilibrium potential and higher ionicity, the theoretical
energy density is around ∼507 Wh kg−1, which is even closer to commonly used
LIB cathodes (e.g. LiFePO4: ∼580 Wh kg−1) [10]. There are various methods to
fabricate Na3V2(PO4)2F3, such as the solid-state reaction and the low-temperature
solvothermal approach. However, the rate performance and cycling life are still
much worse than those of Na3V2(PO4)3. Another shortcoming lies in the lack of
understanding of specific transport properties, i.e. chemical diffusion coefficient
and electronic/ionic conductivities. In order to solve such problems, we measured
and investigated the transport properties experimentally through AC impedance
together with DC polarization by the ion-blocking cell: Ti/Na3V2(PO4)2F3/Ti
(Figure 2.4) [11]. Carbon-free and pure-phase Na3V2(PO4)2F3 has been obtained
through the high-temperature solid-state approaches. The obtained Na3V2(PO4)2F3
samples were pressed to pellets isostatically (around 500 MPa). Afterward, by
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Chemical Society.

evaporation technique, 400 nm titanium films were deposited on both sides of
pellets to prepare ion-blocking cell. The transport properties were measured from
22 to 180 ∘C, with the waiting times of one day allowing the system to equilibrate.
In order to obtain stable conductivity values, at least three heating–cooling cycles
were made. Through such testing, we found that the chemical sodium diffusion
coefficient is rather small, and the electronic conductivity in Na3V2(PO4)2F3 is at
least 3–4 orders of magnitude lower than its ionic conductivity. Around 0.68 eV
of the activation energy is also obtained for ionic conduction in Na3V2(PO4)2F3.
The obtained transport properties provide clear advice on designing SIB elec-
trodes. According to the transport properties, we proposed a low-temperature
(without any post heat treatment) and one-step preparation approach to synthesize
zero-dimensional (0D)-Na3V2(PO4)2F3@ three-dimensional (3D)-graphene net-
work, where each nanoparticle embedded uniformly in the graphene network to
make sure the good electronic contact. Finally, the electrode showed high energy
density and power density and favorable long cycling performance as well. From
this case, decisive transport properties are studied, which is beneficial for the
optimization and rational design of electrode architecture from this knowledge in
the future through the insight gained from the study.

If we have already understood the intrinsic transport properties of the electrodes,
optimizing them will be easy. Doping is an effective approach to enhance the
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transport properties, which can vary chemical diffusion coefficient, the electronic
conductivity, or/and ionic conductivity, leading to the improved electrochemical
performance. For example, researchers have already investigated Na3V2(PO4)3
doping with Li, K, Mg, Ni, Fe, Cu, Al, Mo, Cr, Ti, Mn, etc. [12], where the crys-
talline structures, transport properties, and electrochemical performance can be
optimized. However, there is still lack of guidance of doping for the SIB electrodes
at the moment.

If we would like to obtain the deep understanding of transport properties for SIB
electrodes and even to achieve effective prediction for transport properties, building
a defect chemistry model is very helpful. Based on defect chemistry reactions and
experimental transport data, the nature of charge carriers and the decisive point
defects can be confirmed, as well as the dependencies of the concentrations on the
control parameters such as temperature, doping content, and Na activity, leading
to deep understanding and prediction of transport properties for the electrode
materials. Unfortunately, until now, there is still lack of the defect models for typical
electrodes, which need further investigation. Hence, we can only draw lessons from
LIBs. For LIBs, defect models have been constructed for some important cathode
materials, such as LiFePO4 [13], which is quite useful for the rational design of
such cathode (Figure 2.5). For LiFePO4, in the native regime, lithium vacancies
are main ion conduction charge carriers, while holes are main electronic carriers
[14]. Non-intentional impurities or frozen-in native defects dominate. Lithium
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Figure 2.5 Defect chemistry models for LiFePO4. Dependence of defect concentration on
lithium activity (a), temperature (b), donor content (c), and acceptor content (d). Source:
Maier and Amin [13]. Reproduced with permission.
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vacancies are compensated by FeLi. The same donor effects are obtained if inten-
tionally doping Fe site by Al (AlFe) or Si (SiFe) [15]. The log defect concentration
vs. log donor/acceptor content or vs. log lithium activity are constructed as shown
in the Brouwer diagrams, which can predict the transport properties of LiFePO4
under different doping conditions. Holes trapping by lithium vacancies dominates
the effective activation barrier at frozen lithium content, for the temperature
dependence of conductivities. For the Al-doped LiFePO4, ionic association is signif-
icant. Migration enthalpies and defect reaction are derived for ionic and electronic
transport. The process of holes trapping by lithium vacancies and association of
lithium vacancies with impurities are keys to understand the chemical diffusion
coefficient as a function of the temperature. As a result, it is also necessary to build
such defect models for SIB electrodes in order to deeply understand and rationally
control the transport properties for specific systems.

In addition to the intrinsic transport properties, for the SIB electrodes with low
electronic conductivity, carbon coating is a very efficient method to improve the
transport properties and electrochemical performance. A pertinent example here
is NASICON-type Na3V2(PO4)3, which has very fast sodium ion conduction but
with very poor electronic conductivity. Carbon coating is an effective approach
for Na3V2(PO4)3 to further improve the electrochemical performance. In 2012,
Hu and coworkers prepared carbon-coated Na3V2(PO4)3, which shows improved
cycling stability [16]. Two years later, through “double carbon-embedding” method,
we successful synthesized carbon-coated nano-Na3V2(PO4)3 that embedded in
a porous carbon, enabling very fast Na storage. Such electrode can discharge
quickly at 200 C, which still delivers a high reversible capacity [8]. The excellent
rate capability is close to or even better than supercapacitors, whose energy
density is much higher than a conventional battery. The outstanding rate perfor-
mance even outperforms that of the LIB cathodes, such as LiFePO4. However,
most of the reported high-rate Na3V2(PO4)3 are powder samples. They require
substantial amount of conductive carbon (i.e. ∼10–20 wt% Super P) and binder
to construct a testing battery. In addition, the binders, e.g. polytetrafluoroethy-
lene (PTFE) and polyvinylidene difluoride (PVDF), are electrically insulating,
which will lower the effective electronic transport in the whole electrode. Fur-
thermore, binders and conductive carbons have no electrochemical capacity
in the voltage range of investigation, and their existences decrease energy and
power density. In addition, the use of powder samples hinders the application
of Na3V2(PO4)3 for 3D batteries. Hence, in 2016, we reported a 3D tricon-
tinuous Na3V2(PO4)3/reduced graphene oxide-carbon nanotubes (rGO-CNT),
which, without any additional binders and conductive carbons, was grown on
the current collector directly [17]. Such composite cathode shows outstanding
high rate capability and long cycling performance (Figure 2.6). For instance,
at 100 C, the cathode delivers a high reversible capacity of 82 mAh g−1, which
reaches ∼70% of the theoretical capacity. The outstanding rate behavior of the
composite cathode is comparable to typical supercapacitors but with much
higher energy density. A symmetric full sodium battery was also constructed
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Figure 2.6 Morphology (a) and electrochemical performance (b, c) of interpenetrating 3D
tricontinuous Na3V2(PO4)3/rGO-CNT electrodes. Source: Zhu et al. [17]/with permission of
Wiley-VCH.

with both cathode and anode based on such interpenetrating 3D tricontinu-
ous Na3V2(PO4)3/rGO-CNT, displaying the potential for real application for 3D
batteries.

2.3.2 Size Effects

In addition to controlling the intrinsic transport properties, according to 𝜏 ∼L2/D,
we are also able to improve the kinetics through reducing the transport distance of
electrons and sodium ions, leading to better electrochemical performance. Hence, at
the moment, using size and nanostructuring effect is another effective approach to
design and prepare high-performance SIB electrode materials. Up to now, there are a
great number of successful examples for both cathodes and anodes, based on various
mechanisms such as intercalation reaction, alloying reaction, conversion reaction,
and interfacial storage, by using size effects.

In addition, size effects will not only improve the kinetics of electrodes but also
have great impact on the thermodynamics, demonstrating a new design strategy for
SIBs. With a reduction in sizes, the surface effect becomes more predominant, and
the thermodynamic equilibrium shape of electrode’s particles will change accord-
ingly, leading to varied preferred orientation of exposed crystalline lattice, which
will also influence the transport properties of electrodes.

Moreover, with reducing the particle size, the chemical potential of sodium in
the electrodes will change, leading to the variations of the equilibrium voltage, as
well as the energy density of SIBs. This concept has been generalized for SIBs and
LIBs. Learned from SIBs, the influence of size on the equilibrium potential, involving
nanocrystalline and amorphous materials, needs further investigation.

The effect of sizes on the equilibrium has been investigated systematically for
nanocrystalline and amorphous RuO2 [18]. This is the simplest case in terms
of thermodynamic complexity. In this case, size effects are for two-phase situ-
ation, where one phase is amorphous or nanocrystalline, and the other phase
is crystalline and macroscopic. More realistic and complex cases are two-phase
simultaneously amorphous/nanocrystalline for two-phase situation. Another
case is the single-phase storage in the whole range. If we take LiζFePO4 as a
pertinent example, during lithiation, FePO4 keeps intact and the inherent defect
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chemistry remains invariant as well. Thermodynamically, we can treat it as
quasi-binary (LiX).

For nanocrystalline samples, capillary effects lead to changes of the standard
chemical potential of defects, components, and compounds, with the excess term of
(2𝛾/r)v, where r, 𝛾 are effective radius of the particles and effective surface tension,
and v is the (partial) molar volume of defects, components, and compounds,
respectively. For the compound, the chemical potential (𝜇LiX) increases with a
decrease in size, because the volume of a compound is always positive, results in
a reduced melting temperature. However, the sign is not definite in terms of the
partial molar volume of a component (𝜇Li) or defect (𝜇defect). If we take the typical
values for 𝛾 , r, and v, the excess cell voltages in absolute values are from 1 to 100 mV.
If the chemical potential of the compound is taken, for amorphous materials, the
excess term is approximated (2𝛾/r)v, where r is atomistic.

In terms of excess potentials, in addition to sizes and crystallinity, storage modes
(i.e. two-phase or single-phase regimes) also make a great difference. For the
two-phase case, the chemical potential of lithium is described by the standard
values of the phases. In this case, a positive (2𝛾/r)v is obtained, since the molar
volumes are positive. If only one phase is metastable, it is important that which
phase has excess term, which determines whether the equilibrium voltage is
increased or decreased. If both two phases are metastable, so the difference between
the two excess terms plays a decisive role.

For the single phase (𝛼), for the excess lithium potential, we use the partial molar
volume of Li in the phase (vLi

(𝛼)); hence it is 2𝛾
𝛼

r
𝛼

vLi
(𝛼) instead of 2𝛾

𝛼

r
𝛼

v(𝛼) as above, a
term that may even become negative. If Li intercalated as Li+ interstitials and com-
pensated by electrons, then we need to consider the respective individual partial
molar volumes. The amorphous materials can be regarded as the extreme case of
nanocrystalline. In the single-phase case, we address the excess potentials of ionic
and electronic defects in the amorphous matrix. The different metastable situations
and excess lithium potentials in terms of size, crystallinity, and storage mechanism
are summarized in Table 2.1 [19].

Table 2.1 Excess lithium potential in different metastable situations.

Metastable situations Excess lithium potential

Nano 1 (single phase) (2𝛾1/r1)vLi, 1

Nano 1: nano 2 (2𝛾1/r1)v1 − (2𝛾2/r2)v2

Nano 1: macro 2 (2𝛾1/r1)v1

Amorphous 1 (single phase) 𝜇
ex
Li = 𝜇

ex
i + μex

n

Amorphous 1: amorphous 2 ΔmG1 −ΔmG2 ≅ (2𝛾1/r0)v1 − (2𝛾2/r0)v2

Amorphous 1: nano 2 ΔmG1 − (2𝛾2/r2)v2 ≅ (2𝛾1/r0)v1 − (2𝛾2/r2)v2

Amorphous 1: macro 2 ΔmG1 ≅ (2𝛾1/r0)v1

Source: Zhu et al. [19]. Reproduced with permission, 2014, American Chemical Society.
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As discussed above, size effects influence the equilibrium voltage and energy den-
sity of SIBs. However, the effects can be positive or negative depending on whether
it is cathode or anode. Size effects also vary the shape of charge–discharge curves,
i.e. from plateau to S-type curve, which is also helpful for monitoring the battery and
designing the battery management system (BMS).

2.3.3 Morphology and Structure

In addition to improving the transport properties and controlling the sizes, the mor-
phology and structure of electrodes are also quite significant. How to construct an
efficient electrochemical circuit is the key point to achieve the high performance of
SIBs, which is equally important for both LIBs and SIBs. Hence, the design rules and
experience obtained for LIB electrodes can also be transposed to the development of
SIB electrodes.

As we know, the development of new materials and the construction of the materi-
als in suitable sizes into a proper morphology and structures are both important tasks
to develop battery electrodes. Unfortunately, the design of a composite electrode
with optimum phases, suitable sizes, shapes remains challenging due to the follow-
ing reasons: (i) the transport properties for many electrode materials are unknown
or unmeasured; (ii) it is difficult to understand the kinetics in composite electrodes;
(iii) it is very complex to include various phases and sizes. To overcome such issues,
we have provided some advises in Sections 2.3.1 and 2.3.2 on the transport proper-
ties and size effects. From previous studies, the mutual influence can be perceived
between the morphology and structural design. In fact, we need to construct an
efficient electrochemical circuit to optimize electrode kinetics according to the trans-
port properties and size effects.

Since both LIBs and SIBs follow the same rules, we will discuss in the follow-
ing based on either lithium or sodium electrodes, which can also be generalized
to other batteries, such as K ion batteries, Mg ion batteries, and so on. In the fol-
lowing discussion, the electrochemical active phase is expressed by M (as “mixed
ionic/electronic conductor”). The electronic conducting phase is abbreviated by E
(as “electronic conductor”). The ionic conducting phase is described by I (as “ionic
conductor”).

For a single active particle (Figure 2.7), the situation is very straightforward.
If E and I are very high electronic and ionic conductivity, respectively, the
rate-determining step is solid-state transport in the particles. The transport property
is determined by electrical migration and chemical diffusion, involving a local
combination of Fick’s law and Ohm’s law. Typically, M contacts E and I only
on part of its surface; hence, the propagation of lithium depends on phase M’s
electronic and ionic conductivities (𝜎eon and 𝜎ion). If 𝜎ion ≫ 𝜎eon, lithium diffuses
from the M/E interface. If 𝜎eon ≫ 𝜎ion, diffusion proceeds inward from the M/I
interface. If 𝜎ion ∼ 𝜎eon, lithium diffuses inward from both interfaces simultane-
ously. In addition, the relaxation time can be described as 𝜏

𝛿 ∼L2∕D𝛿

Li, where
L is half-thickness or the particle radius, D𝛿

Li is the effective chemical diffusion
coefficient of neutral lithium. Generally, in most cases, the chemical diffusion
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Figure 2.7 Transport properties in Li/Na battery electrodes. (a) Transport in a single
particle and (b) the corresponding equivalent circuit. (c) Transport for the network of many
particles. Source: Zhu et al. [20]. Reproduced with permission, 2017, American Association
for the Advancement of Science.

coefficient for battery electrode materials is fairly low. In principle, the single dense
particle electrode structure is only feasible in the devices that need only low power
or capacity.

For other more practical cases, the commonly used strategy is to downsize the
large dense monolith into many smaller particles (Figure 2.7c). This is also related
to the size effects as we discussed in Section 2.3.2. According to 𝜏

𝛿 ∼L2∕D𝛿

Li, since
it is quadratic dependence of 𝜏𝛿 on L, reducing L can have immense effects. For
example, a reduction in size from 1 mm to 10 nm leads to a tremendous decrease of
𝜏
𝛿 by 10 orders of magnitude. Hence, size effects seem sufficient in almost all cases.

However, since the volume of the particle varies with L3, when L becomes nanoscale,
the number of particles becomes enormous as well. For example, if the size reduces
from 1 mm to 10 nm, the number of particles increases by 15 orders of magnitude
[20]. However, the limitation is that all of the small particles must maintain good
percolation with electrons and ions in order to take advantage of such size effects.
In this case, the most difficult task is to construct a good percolating and effective
mixed conducting network.

Reducing the sizes of particles will also lead to many other problems. For example,
to achieve a percolation network of nanomaterials for both electrons and ions, a great
number of inactive E and I phases are needed, decreasing both volumetric and gravi-
metric energy density. In addition, the higher surface-to-volume ratio will result in
an increase in interfacial reactivity, which leads to the formation of SEI, agglomer-
ation, and impurity. Moreover, unnecessary decrease in size tends to increase the
level of difficulty in synthesis as well as production cost. Hence, a feasible principle
is to prepare particles with the smallest size, which allows full discharging in the
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fastest rate within the shortest time for the target application. We can refer to the
shortest discharge time as 𝜏

*. The corresponding half-thickness or particle radius
L* can be expressed as: L∗ =

√
𝛼D𝛿𝜏∗, where the constant 𝛼 depends on charging

mode and geometry. Based on Figure 2.7c, the simplified situation for designing
the electrochemical circuit is as follows: the electrochemical-active phase M should
be incorporated within a bicontinuous network, which constructs an effective and
continuous pathway for electronic conducting phases and ionic conducting phases.
The M particles should have a half-thickness or radius of approximately L*, whose
percolation is not necessary.

In addition, since 𝜎ion and 𝜎eon for M phase are often different by orders of mag-
nitude, leading to different corresponding optimal “wiring lengths,” L∗

ion and L∗
eon,

which are determined by L∗
ion ≈L∗∕

√
teon and L∗

eon ≈L∗∕
√

tion, where tion and teon are
the ionic and electronic transference numbers, respectively. In principle, the gen-
eral design strategy is taking maximum merit for transport capabilities of particles
by optimally using two different wiring lengths, avoiding unnecessary nanohetero-
geneity that may cause some unwanted issues due to nanomaterials. As a result, it
is not suggested to use wiring lengths below optimal lengths. In short, the most eco-
nomical way to design the network is as follows: the M particle should be shaped
and contacted by the I and E phases and the wiring lengths for ions and electrons
should be kept close to L∗

ion and L∗
eon, respectively. In addition, for electrodes with

a phase transformation or conversion reaction (two phases or multiple phases), the
optimal values rely on the properties of the new phases in part as well.

Furthermore, the dimensionality will also have effects on volumetric density,
percolation, and the wiring length. Taking 3D monolith as an example, if all three
dimensions are macroscopic, the diffusion is sluggish; if one parameter goes to
nanoscopic, diffusion is much faster. On the other hand, for 0D objects, such as
nanoparticles, it is very beneficial for M phases with low D𝛿 . One-dimensional (1D)
objects, such as nanowires, have the mechanical advantage and are very suitable as
electronic current collectors. For two-dimensional (2D) objects, such as nanosheets
rely on the arrangement and the application. For example, they can serve as M, I,
and E phases in the thin-film batteries. In addition, when porous and hierarchical
structures are applied, the situation will become much more complicated when
other influences are factored in.

Now, we can discuss the general design principles for archetypal architectures
based on the transport properties. We can use L∗

ion and L∗
eon, the optimal length, as

classification criteria. For the case 1: if the active phase (i.e. metal or carbon) has
a very good electronic conductivity, where L∗

eon ≫ L∗
ion. Then the ionic conducting

percolation for M should be on a very fine scale, but the E phase without special
design. As shown in Figure 2.8a, a typical example is a hierarchical porous carbon
monolith [21]. In this case, due to the hierarchical pores, the liquid electrolyte is
facile to penetrate into the pore, leading to fast ion transport to the M on a meso-
porous length scale. Since M has the high electronic conductivity, it is not necessary
for additional mixing electronic conducting phases. For the case 2: as demonstrated
in Figure 2.8b, L∗

eon >L∗
ion. In this case, both ion- and electron-conducting phases

should be included, while it can be much coarser for the electronic conducting
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properties. (a) L∗

eon ≫ L∗
ion , porous carbon monolith anode; (b) L∗
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sodium cathode; and (e) L∗

eon ≪ L∗
ion , Li10GeP2S12–C electrode. Source: Zhu et al. [20]/with

permisssion from American Association for the Advancement of Science.

network. Here the typical example is Li2MnO3 : LiNi0.5Mn0.5O2 [22], which has the
predominantly electronic conductivity. For the electrode structure, it is sufficient to
contact agglomerate in about 10 μm with the electronic conducting phase (carbon
network), but sub-100 nm pores are necessary for the penetration of electrolytes.
For the case 3: as shown in Figure 2.8c, the typical example is LiMn2O4, where L∗

ion
and L∗

eon are comparable [23]. In this case, the LiMn2O4 is contacted by the carbon
(electronic conducting phase) and liquid electrolyte (ionic conducting phase) on
the same length scale of around 20 nm. For the case 4: Figure 2.8d addresses the
situation where L∗

ion >L∗
eon. A typical example here is SIB Na3V2(PO4)3 cathode,

which is a good NASICON-type Na+ conductor. As for its design, it is sufficient to
contact Na3V2(PO4)3 with polymer electrolyte on a scale of ∼1 μm, but coated by
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carbon at ∼10 nm scale [24]. For the case 5: an electroactive phase M has much
lower electronic conductivity than ionic one, which is the other extreme case. The
typical example is Li10GeP2S12 electrodes [25], which is the superionic conductor
normally used as a solid electrolyte (higher than 10−2 S cm−1 for Li+ conductivity).
For such an extreme case, the design strategy is to add electronic conducting phases
(Figure 2.8e).

In addition to understanding the design strategies for sodium/lithium electrodes,
next step is to look for ways to realize the aforementioned rational electrochemical
circuit design. The synthesis approaches can be seen in Table 2.2. Generally,

Table 2.2 Approaches for fabricating nanoscale architectures.

Type of synthesis Method Possible dimensionality Advantages

Solid state Ball milling 0D, agglomerates Feasible for
large-scale
applications

Liquid phase Hydrothermal 0D, 1D, 2D, 3D porous Controllable for
various
nanostructures

Solvothermal 0D, 1D, 2D, 3D porous
Microemulsion 0D, 1D
Precipitation 0D, 3D
Sol-gel 0D, 3D porous
Template 0D, 1D, 2D, 3D porous
Spray drying 3D porous Powerful for 3D

porous structures
Field-assisted Electrospinning 1D Powerful for 1D

structures
Electrospraying 2D, 3D porous Powerful for porous

nanostructures
Microwave-assisted
synthesis

0D, 1D, 2D, 3D porous High reaction rates

Galvanic
replacement
synthesis

0D, 1D, 2D, 3D porous Template
morphology can be
tailored

Electrodeposition 0D, 2D Effective for coatings
and thin filmsVapor deposition Chemical vapor

deposition
0D, 2D

Physical vapor
deposition

0D, 2D

Exfoliation Various 2D Powerful for
materials with a
layered crystal
structure

Source: Zhu et al. [20]. Reproduced with permission, 2017, American Association for the
Advancement of Science.
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solid-state preparation can realize a large-scale production, which is important
for battery industry; however, it is not suitable to achieve a nanocircuitry design.
Liquid-phase synthesis including hydrothermal and solvothermal methods, as well
as template approaches, is powerful for constructing refined nanostructures. By
such methods, the size and shape of SIB electrodes can be controlled by changing
the parameters such as concentrations, precursors, surfactants, and templates, etc.
In addition, some synthesis methods are particularly suitable for target dimen-
sionalities. For example, electrospinning technique is a commonly used method
to prepare 1D nanostructures, including nanowires, nanotubes, or core–shell
1D structures [26]. Exfoliation approaches are promising to prepare single- or
multilayer sheets structure for the layered crystal structure compounds [27].
Electrostatic spray deposition (ESD) technique is an effective approach to prepare
3D porous structure [28]. In addition, vapor deposition methods are powerful way
to synthesize thin-film electrodes, while atomic layer deposition (ALD) is able to
grow a conformal coating with atomic accuracy [29].

2.4 Design Principles for Electrolytes

In addition to electrode materials, suitable electrolytes are the key factors to achieve
excellent electrochemical performance of SIBs. Concerning the design principles for
electrolytes, the following points are quite important, including transport properties,
electrochemical stability window, thermal stability, interface issues between elec-
trodes and electrolytes, and battery safety.

2.4.1 Transport Properties

Since the role of SIB electrolyte is to support the sodium ion transport in the
electrolyte and between cathodes and anodes, the ionic conductivity is one of the
most significant parameters for the electrolyte. There are aqueous liquid electrolyte,
nonaqueous liquid electrolyte, and all-solid-state electrolyte for SIBs, whose con-
ductivities are sorted from highest to lowest. In principle, the ionic conductivity is
determined by the following equation:

𝜎 =
∑

i
ni𝜇izie

where 𝜎 is the conductivity, 𝜇 is the ionic migration rate, and z is the valences of
charges, n is the free ion number.

The transport properties of electrolyte depend on properties of sodium salts
and solvents. As shown in Figure 2.9, the conductivities can be varied for sodium
electrolyte with different types of sodium salts dissolved in the same solvent, which
is owing to the volume differences of anions and interaction between the cations
and anions. In addition, the concentration of sodium salts also has great influence
on the ionic conductivity as shown in Figure 2.10. The general trend is that the
ionic conductivity starts to increase until it reaches the maximum, then decreases



34 2 Design Principles for Sodium-Ion Batteries

0

NaTFSI

C
o
n

d
u

c
ti
v
it
y
 (

m
S

 c
m

–
1
)

NaPF6

EC/EMC

PC

NaCIO4 NaOTf

2

4

6

8

10 Figure 2.9 Conductivity
variations for different sodium
salts in EC/ethyl methyl
carbonate (EMC) (3 : 7 wt%).
Source: Che et al. [30].
Reproduced with permission,
2017, Royal Society of Chemistry.

0.6 0.8 1.21.00.4

Concentration (moI l–1)

C
o

n
d

u
c
ti
v
it
y
 (

m
S

 c
m

–
1
)

0.20.0

5

7

6

4

3

2

1

0

NaPF6/MFE+DEC+FEC

NaOTf/EC+DMC

NaCIO4/EC+DMC

NaPF6/EC+DMC

Figure 2.10 Conductivity variations
as a function of concentrations.
Source: Che et al. [30]. Reproduced
with permission, 2017, Royal Society
of Chemistry.

with increasing the concentration of sodium slats. For instance, the conductivity of
electrolyte system (NaPF6 in ethylene carbonate/dimethyl carbonate [EC/DMC])
increased to the maximum value (6.8 mS cm−1), when the concentration of NaPF6
was increased to 0.6 mol l−1, and then the ionic conductivity decreased slightly
if the concentration was further increased. It is because that when the salt con-
centration is low, the dominant factor is the number of free ions. Therefore, the
higher conductivity is obtained by adding more salts. It is generally known that the
electrolyte viscosity will be increased accordingly when the high salt concentration
increases. Hence, we expected to see a balance between the effect of viscosity and
free ions, when the conductivity reaches the maximum value. In the zone of the
high salt concentration, the cations and anions in the solvent will associate strongly,
leading to a reduced number of free ions, which results in a decrease in electrolyte
conductivity after more salts are added.

Solvent is another important factor that affects the ionic conductivity of elec-
trolytes. The viscosity and dielectric constant are the two critical parameters for
the transport properties of electrolyte system, which decide ionic mobility and
are related to the dissociation of the salts respectively. The viscosity and dielectric
constant of commonly used solvents are listed in the Table 2.3. The solvent with
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Table 2.3 The dielectric constant and viscosity for different
solvents.

Solvent Dielectric constant Viscosity (mPa s)

EC 89.6 1.9
PC 66.1 2.5
BC 55.9 3.2
DMC 3.1 0.58
DEC 2.82 0.75
EMC 2.4 0.65
THE 7.58 0.46
DME 7.2 0.455

Source: Che et al. [30]. Reproduced with permission, 2017, Royal
Society of Chemistry.

low dielectric constant leads to low viscosity and vice versa. Binary solvent-based
electrolytes by mixing a solvent with low viscosity and a solvent with high dielectric
constant are applied to achieve proper solvents for SIBs. For SIBs, a systematic inves-
tigation shows that the binary solvent electrolytes have much higher conductivity
than single-component solvent electrolytes. For example, for the binary solvents,
mixing a high dielectric constant solvent (e.g. EC), it dictates the dissociation of the
salts; mixing with a low viscosity solvent, e.g. DMC or 1,2-dimethoxyethane (DME),
it increases ionic conductivity [31].

2.4.2 Electrochemical Stability Window

Electrochemical stability window of electrolytes in SIBs is another significant fac-
tor. A desirable electrolyte should have a wide electrochemical stability window,
where reversible redox reactions occur without side reactions. The electrochemical
stability window determines the potential energy density, cycling stability, and safety
of SIBs. In general, the electrochemical stability window can be measured by com-
monly used electrochemical characterization techniques such as CV or linear sweep
voltammetry (LSV). Working electrodes used in the measurements are usually inert
electrode materials, e.g. glassy carbon, stainless steel, Pt, etc., where reactions such
as reversible redox processes and decomposition reactions of electrolyte occur simul-
taneously on the surface of the working electrodes. The choices of different sodium
salts, solvents, working electrodes affect the final electrochemical stability windows;
however, there are few systematic investigations on the electrochemical stability
of electrolytes for SIBs compared with LIBs. Systematic electrochemical stability
window tests of some specific SIB electrolyte systems were performed. It indicates
that different withstanding voltages are obtained for different solvents. When the
solvents were mixed, synergetic effects were observed as well. The electrochemical
stability of various solvents can be arranged in the following order: diethyl carbon-
ate (DEC)> propylene carbonate (PC)> triglyme>DME>DMC> tetrahydrofuran
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(THF) and EC : PC>EC : DMC>EC : DME>EC : DEC>EC : triglyme, where
1 M NaClO4 was dissolved in the solvents [31]. In addition, the decomposition volt-
age of the proposed electrolyte of 1 M NaClO4/ethyl methyl carbonate (EMC)+ 2%
1-fluoroethylene carbonate (FEC) is around 5.6 V, compared with the PC-based elec-
trolyte of 1 M NaClO4/PC+ 2% FEC (decomposition voltage 4.5 V) [32]. Apart from
nonaqueous electrolytes mentioned above, ionic liquid-based electrolytes are also
quite promising, which exhibit high ionic conductivity at room temperature and
excellent safety features. These ionic liquid-based electrolytes can operate at ambient
condition in SIBs. It is worth to mention that ionic liquid-based electrolytes exhibit
wide electrochemical windows, making them promising for high-voltage electrodes.
For instance, the electrochemical stability window of a proposed ionic liquid system
NaFSA–C1C3pyrFSA is around 5.2 V [33].

2.4.3 Thermal Stability

Another important parameter for SIBs is the thermal stability, which is associated
with the safety of SIBs. As we know, the organic electrolytes used in the conventional
battery systems are easy to decompose during (dis)charge process and lead to heat
release and an increase in the operation temperature, resulting in safety issues. We
should know that both thermal stability of electrolytes and the interactions between
electrodes and electrolytes are relevant here. We can apply thermogravimetric anal-
ysis (TGA)/differential scanning calorimeter (DSC) techniques to investigate and
analyze the thermal stability of various electrolyte systems.

In principle, the thermal stability of the sodium electrolyte has close connection
with its composition, such as sodium salts, applied solvents, and various additives.
There are some investigations in terms of sodium salts and solvents by DSC tech-
niques on the thermal stability. For the commonly used sodium salts, the thermal
stability is as follows: NaTFSI (250 ∘C)<NaPF6 (280 ∘C)<NaClO4 (310 ∘C), while
for various solvents, the orders are PC>EC>DEC>DMC>DME (from 235 to
90 ∘C) [31]. One thing needed to mention is that the ionic liquids-based electrolytes
have the best thermal stability among the liquid electrolytes for SIBs.

The interaction between electrolyte and electrodes leads to the complex issues
for the thermal stability. For example, if abused conditions such as overcharge or
heating occur, it results in explosion if the high internal pressure is created in the
battery. The interaction between electrolytes and electrodes, as well as electrolyte
decomposition will lead to a series of chemical reactions and result in battery
self-heating processes. In this case, it is different for lithium and sodium systems.
The investigation on reactivity between sodium solvents and sodiated hard carbon
was carried out by accelerating rate calorimetry (ARC). The addition of NaPF6 to
EC/DEC solvent does not improve the thermal stability of sodiated hard carbon,
because this compound does not thermally decompose to NaF to form a passivated
layer and protect the material like LiF from LiPF6 in LIBs. For the stability of
sodium cathodes with electrolytes, various cathodes including NaxCoO2, NaxFeO2,
NaxNi0.5Mn0.5O2, and NaxCrO2 have been investigated by DSC and ARC techniques
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[34]. They have similar exothermic behavior, which is similar to the corresponding
lithium electrodes.

2.4.4 Interfacial Compatibility

The compatibility of sodium electrolytes with sodium anode and sodium cathodes is
complicated but very important for the battery performance, which is the key point
to optimize the electrolyte.

For the anode part, SEI forms on the surface of anode materials when it contacts
with sodium electrolytes. By changing the composition of sodium electrolyte
composition, it is possible to construct a stable and compact SEI layer to obtain the
optimal performance. Optimizing the proper electrolytes can improve the perfor-
mance of hard carbons that considered the most promising sodium anodes for SIBs.
For instance, Komaba et al. studied various carbonate esters coupled with electrodes
of hard carbons. It showed that both the EC+DEC or PC+DEC-based electrolytes
were compatible with the hard-carbon anodes by investigating various single or
binary solvents systems [35]. As we know, the graphite is commercial lithium anode,
which cannot be directly used for sodium anodes. However, by electrolyte opti-
mization, ether-based electrolytes have been proposed to be applied in SIBs, which
activates the graphite as sodium anodes through Na+-solvent co-intercalation
mechanism [36]. Further study confirmed that a high rate capability and high
cycling stability can be obtained in graphite anode with NaPF6/diethylene glycol
dimethyl ether (DEG-DME), which was also evaluated in Na1.5VPO4.8F0.7/graphite
full cell using this kind of electrolyte [36b].

In addition to the electrolyte compatibility with the anode, the interface between
cathode and electrolyte, CEI, is also quite important, which is related to the
reversible capacity, charging voltage limit, capacity retention, etc. For example, the
Na2FePO4F cathode showed higher capacity retention in 1 M NaPF6/EC+DEC
than in 1 M NaPF6/PC [37], due to the instability of PC at lower voltage. The
interfacial compatibility between sodium electrolytes and electrodes is a complex
issue, which is connected with the electrolyte component, electrode structure,
morphology, surface area, etc.

2.4.5 Safety Issues

Safety is a significant advantage of SIBs for the large-scale energy storage. Despite
a low toxicity of sodium electrolyte, the sodium electrolyte guarantees good safety
operation of SIBs. For the organic liquid sodium electrolyte, an effective strategy is to
choose a solvent with low flammability and low volatility or apply a high-efficiency,
flame-retarding additives. For ionic liquid, which is an intrinsically safe system,
it is very promising to replace fully or partially organic solvent with ionic liquid
systems. For example, the ionic liquid-based electrolytes EMIBF4–NaBF4 and
Pyr14TFSI–NaTFSI have better thermal stability compared with a traditional elec-
trolyte system (NaPF6/NaClO4–EC+DEC) [38]. Last but not least, the application
of solid-state electrolytes or gel polymer electrolytes is seen as an all-round solution
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to safety issues, such as flammability, leakage, and dendrites caused by nonaqueous
liquid electrolyte. Nonetheless, the low ionic conductivity of solid-state electrolytes
at ambient conditions and solid/solid interface are obstacles to be solved at the
moment.

2.5 Conclusions

In summary, SIBs are regarded as a promising alternatives for LIBs, which have a
great potential to be applied in the energy storage filed, especially large-scale energy
storage. The design strategy of SIBs can be learned from its lithium counterpart;
however, there is still a big difference between these two systems. By taking
advantages and overcoming the disadvantages of SIBs, through rational design for
both electrode materials and electrolytes, we believe that this promising system can
live up to its expectation and will also be commercialized in the near future.
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3

Transition Metal Oxide Cathodes for Sodium-Ion Batteries

3.1 Introduction

Since that energy density will be the overriding factor for sodium-ion batteries (SIBs)
to be deployed in real practice, the identification of suitable cathode materials is
essential to close the performance gap between SIBs and lithium-ion batteries (LIBs)
and speed up the commercialization of SIBs. Over the years, a wide spectrum of cath-
ode materials has been investigated to study their viability for SIBs, which primar-
ily include layered- and tunnel-structured transition metal (TM) oxides, polyanion
cathodes, Prussian blue analogues (PBAs), and organic compounds. Typical cathode
materials for SIBs are based on intercalation chemistry, where sodium ions provided
by the cathode shuttle to the anode during charge, and then extract during discharge,
with minimal structural change in the host material. General research trend focuses
on the tweaking of lithium analogues for SIBs due to their similarity in intercalation
chemistry. However, researchers quickly realized the significant difference in their
reaction mechanisms. For example, NaCrO2, the analogue of electrochemical inac-
tive LiCrO2, maintains a specific capacity of 90–120 mAh g−1 over 50 cycles [1]. On
top of that, good performance in cycling stability and capacity retention owned by
the lithium analogues do not always pass down to their sodium analogues, which
is mainly caused by the sluggish reaction kinetics of the larger sodium ion as well
as the lattice environment of the host materials. To provide a glimpse at the cur-
rent state of SIB cathodes, their electrochemical performances in terms of working
voltage and specific capacity are illustrated in Figure 3.1.

In general, TM oxides, including Na-free and Na-based structures, are known for
their high specific capacity, despite the lower working potential (≈2.7–3.0 V vs.
Na/Na+). The research of Na-based layered transition oxides, NaMO2 (M = Ni, Co,
Mn, Fe, Cr, V, etc.) was inspired by their lithium counterparts that work well as
intercalative cathodes for LIBs. Layered Na–metal oxides exist in different crystal
structures, which can be denoted as P2, P3, O2, and O3 according to Delmas’ nota-
tion [3]. O and P indicate the coordination environment of sodium ions, in which
O represents that the occupancy at the octahedron sites surrounded by six oxygen

Sodium-Ion Batteries: Energy Storage Materials and Technologies, First Edition. Yan Yu.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Figure 3.1 A summary on the electrochemical performances of various cathodes reported
in literature. Source: Lyu et al. [2]. Reproduced with permission, 2019, Elsevier.

and P represents that the occupancy at the center of prism sites surrounded by six
oxygen. The number refers to the oxygen stacking sequence, where 2 and 3 indicate
the stacking order of ABBAABBA and ABCABC, respectively. A distorted phase is
denoted as prime ( ′ ). Among them, O3 phase and P2 phase are widely investigated
as cathodes for SIBs. It is generally recognized that the electrochemical behaviors
of Na-based oxides are dependent on the stability of oxide layer and the kinetics
properties of sodium ions. For example, phase transition is more prevalent in the
O3 phase as the structure easily undergoes slab-gliding upon cycling [4]. Despite
the relatively high initial specific capacity due to the higher amount of sodium in
the pristine state, the capacity of the O3 phase usually fades quickly in the subse-
quent cycles. On the other hand, P2-type oxides are known for their better overall
electrochemistry due to their low diffusion barrier and high ionic conductivity,
which facilitates the movement of sodium ions along their layered structure [5].

Aside from the layered Na-based oxides, the Na-free TM oxides MOx (M = V,
Mn, Mo) that can adopt sodium ion in an intercalative manner have also been
widely studied for their sodium storage properties. VO2(B) with layered structure is
of particular interest. With an increased edge-sharing connectivity of VO5 square
pyramids, VO2(B) is endowed with higher resistance to lattice shearing upon
cycling. Typical charge storage mechanism of VO2(B) involves the reversible inser-
tion and withdrawal of sodium ion into the layered structure of VO2(B). The stable
NaVO2 phase is formed upon discharge, but only reversible transition between
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NaVO2 and NaxVO2 was observed in the subsequent cycles without restoring
back to the initial structure [6]. With a single-electron insertion reaction, the
theoretical specific capacity for VO2(B) is estimated to be 323 mAh g−1. V2O5, both
in the orthorhombic and bilayered form, is electrochemically active for sodium-ion
intercalation. Ali et al. has proved the formation of crystalline NaV2O5 (majority)
and partially amorphous Na2V2O5 (trace amount) with the reduction of V5+ into
V4+ upon Na+ intercalation [7]. However, not all the V2O5 are retrieved in the
reverse process, where NaV2O5 that is irreversibly formed persists in the mixture.
Recent trend in the investigation of bilayered V2O5 has been inspired by its larger
d-spacing than the orthorhombic V2O5. The 11.53 Å along the (001) direction
allows sodium ion to move freely in the lattice, which leads to an enhancement in
SIB performance [8]. In addition, despite the low electronic conductivity, MnO2
with large open tunnels and interstitial spaces is highly sought after for facile
sodium ion storage and transport. Intercalation of sodium in MnO2 is predicted to
be thermodynamically favorable for three sodium insertion at 3.34, 2.84, and 2.19 V
(vs. Na+/Na) [9]. Recently, researchers discovered that β-MnO2 nanorods with a
high density of (1× 1) tunnel is beneficial for effective sodium-ion insertion and
extraction, giving rise to a high initial capacity of 350 mAh g−1 and a satisfactory
high-rate capability [10].

In this chapter, we introduce the recent development of TM oxides cathode mate-
rials for high-performance SIBs, in terms of structural design, electrochemical prop-
erties, and the corresponding reaction mechanisms.

3.2 Sodium-free Transition Metal Oxides

3.2.1 Vanadium Oxides

Vanadium oxide is one of the most promising cathode materials for SIBs due to
their high capacity. Among them, two polymorphs of VO2, i.e. VO2(A) and VO2(B),
are both considered as cathodes for SIBs. They show similar layered structure
(Figure 3.2a). The diffusion channels in VO2(A) are relatively wider and thus
VO2(A) is regarded as more favorable for Na storage. However, the study of VO2(A)
is challenging mainly because of the harsh synthesis condition and capacity reduc-
tion during the cycling process. Though Hu et al. managed to synthesize VO2(A)
nanowires by a facile hydrothermal process [11], the nanowires were seriously
etched during the sodium-ion intercalation and deintercalation process. On the
other hand, metastable VO2 (B) has been more extensively investigated. It shows
a layered structure consisted of two edge-sharing units. The layers connected by
the corners further form a three-dimensional structure, allowing rapid diffusion
of sodium ions into the VO2 tunnels [12]. Wang et al. first reported VO2(B) as the
cathode material for SIBs [6]. The discharge capacity maintained at 70 mAh g−1 for
over 50 cycles. Further investigation into the Na storage mechanism revealed that
the reversible charge and discharge process was mainly realized by the conversion
between NaVO2 and NaxVO2 (x ≈ 0.3) (Figure 3.2b,c).
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In general, the performance of vanadium oxides is limited by the fast capacity fad-
ing and poor high-rate performance, which may be originated from self-aggregation,
dissolution, and accumulated charge transfer resistance during cycling. Besides, the
insertion of Na ions will result in volume expansion and breakdown of VO2 tun-
nels. Nanoscale surface engineering can facilitate the permeation of Na ions between
electrolyte and electrodes. Besides, effective surface modification could prevent the
agglomeration and dissolution of active materials during the cycling process [13].
For example, the graphene quantum dots (GQDs)-modified VO2 nanobelts exhibited
a high capacity of 306 mAh g−1 with superior rate tolerance and good capacity reten-
tion (88% of the capacity was retained after 1500 cycles under the current density of
18 A g−1) [13a].

V2O5 with higher thermal and chemical stability is also investigated as a cathode
material for SIBs. The cathode performance of V2O5 has been significantly improved
through tailoring of the crystal structure, i.e. configuration of the units, the lattice
spacing, and the defects and the ratio of multivalence vanadium ions. Typically,
V2O5 exists in two crystal structures, which is the bilayer and orthorhombic V2O5,
respectively. The layered V2O5 shows a theoretical capacity of 236 mAh g−1 by
forming Na2V2O5. Practically, the bilayer V2O5 with a large interlayer spacing of
11.6 Å delivered a capacity of 220 mAh g−1 with good capacity retention after 500
cycles [14]. Tepavcevic et al. investigated the performance of both orthorhombic and
bilayered V2O5 [15]. They found that the layered structure with short-range ordering
was more preferable for the reversible and stable insertion/deinsertion of Na+ ions.
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In particular, the bilayered V2O5 electrode delivered a capacity of 250 mAh g−1

compared to the 150 mAh g−1 from the orthorhombic V2O5 within the voltage range
of 1.5–3.8 V. The orthorhombic V2O5 starts to lose the crystallinity after 10 cycles,
along with the deterioration of the electronic conductivity. In contrast, the bilayer
V2O5 remained stable after repeated cycling with excellent rate performance.
Li et al. compared the electrochemical performance of the orthorhombic and
hydrated V2O5 ⋅nH2O cathode for sodium storage. The intercalation reaction of the
hydrated V2O5 was more favorable owing to the enlarged layer spacing and the pres-
ence of more V4+, which can enhance the electrical conductivity of the electrodes
[16]. It delivered a specific capacity of 166 mAh g−1 after 100 cycles at 0.2 A g−1.
However, the orthorhombic V2O5 can also exhibit excellent performance after
modification with the electrode structure. Raju et al. synthesized the orthorhombic
V2O5 nanoparticles with the size of around 5–7 nm and encapsulated them in the
nanoporous carbon derived from the ambient hydrolysis deposition technology
[17]. Benefited from the decreased dimensions and uniform carbon coating, the
V2O5 cathode achieved a high capacity of 276 mAh g−1. Córdoba et al. recently
reported a new type of β-V2O5 cathode from the high-temperature, high-pressure
method [18]. It delivered a specific capacity of 147 mAh g−1 under equilibrium
conditions but with moderate stability and an irreversible structural transformation
during the initial cycles.

On the other hand, Su et al. synthesized the single-crystalline bilayer V2O5
predominantly exposed with the (001) plane [8]. The preferable exposure of the
(001) plane with large interlayer spacing was favorable for fast diffusion of Na ions.
The V2O5 cathode delivered a capacity of 231 mAh g−1 with excellent rate capability.
Pre-insertion of cations or water molecules between the layers is a promising
strategy to expand the layer distance for more facile insertion of relatively bulky Na
ions. The inserted cations (Na+ and NH4

+) will act as pillars to stabilize the crystal
structure and promotes the insertion of more Na ions [19]. But it is worth to note
that pre-intercalation of smaller cations such as Mg2+, Fe2+, Mn2+, Al3+, and Sn4+

will not change the insertion of Na ions significantly. Layered ammonium vanadium
oxide (NH4V4O10) can realize reversible insertion and deinsertion of more than
three Li+/Na+ ions during the charge–discharge process without hampering the
crystal structure [20]. The NH4V4O10 nanobelts delivered a specific capacity of
190 mAh g−1 at 0.2 A g−1 [21]. With zirconium (Zr) doped into the vanadium sites,
the electronic conductivity as well as the electrochemical performance of NH4V4O10
can be further improved [22]. For example, the Zr-doped NH4V4O10 with large
d-spacing delivered a high capacity of 342 mAh g−1 at 0.1 A g−1 with 91% capacity
retained after 50 cycles. The SIB full cell assembled with Zr-NH4V4O10 cathode and
H-Na2Ti3O7 anode showed a high specific capacity of 145 mAh g−1 at the current
density of 0.5 A g−1. The cell also demonstrated remarkable cycling stability with
94% capacity retention after 400 cycles. The H2V3O8 membrane cathode, which
contains mixed V5+/V4+ species and the hydrogen bonds as the elastic buffer to
accommodate the volume change during the cycling process, was synthesized by
a hydrothermal method and exhibited a specific capacity of 168 mAh g−1 at the
current density of 0.01 A g−1 [23]. Wei et al. synthesized the V2O5 ⋅nH2O with a
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freeze-drying method and achieved a high capacity of 338 mAh g−1 at the current
density of 0.05 A g−1 [24]. Despite of the large capacity, the voltage range with such
hydrated electrodes needs to be compromised to some extent to avoid decomposition
of the electrolyte or electrodes.

In contrast to the crystallized material, the amorphous material with a lower
entropic energy associated with the ordering of incorporated ions can provide more
open framework structure to benefit the diffusion and penetration of the Na ions.
The intercalation site energies in a disordered material has been demonstrated
by Liu et al., and the Na-ion diffusivity was more independent of the Na-ion
concentration [25]. They further investigated the electrochemical behavior of the
amorphous and crystalline V2O5, respectively, and revealed that the amorphous
V2O5 showed higher and reversible capacities at low current densities as compared
to the crystalline V2O5.

As well documented, the deterioration of V2O5 is partly induced by the mor-
phology change upon cycling. With properly controlled drying process, a variety
of porous structure, i.e. xerogels, aerogels, and cryogels, can be derived and these
porous structures are advantageous toward the Na storage. However, some of
these porous structures tend to collapse during cycling and affect the stability of
the electrode. To better preserve the porous structure, Moretti et al. replaced the
solvent with ethanol which has lower vapor pressure and used the supercritical
fluid (CO2) for its further extraction [26]. The resultant porous V2O5 electrode
showed improved stability for both Li and Na storage. Another issue associated
with the V2O5 xerogel is the “lattice breathing” which causes the collapse of
the electrode structure and rapid capacity fading [24]. To inhibit such breathing
phenomenon, Wei et al. pre-inserted some Fe3+ ions in between the layers and
constrained the lattice expansion during the reaction [27]. The lattice distance
was reduced from 3.74 to 0.49 Å, due to strong interaction of the Fe3+ ions toward
the V2O5 bilayers. However, due to the larger size of Na ions, the cathode per-
formance of the optimized electrode toward Na storage was inferior to that for
Li storage with lower capacity and poorer stability. In-depth understanding of the
reactions between the cathode materials and the Na ions is critical to the design
and improvement of the electrode. In a mechanistic study conducted by Ali et al.,
they elucidated the reaction mechanism between V2O5 with the Na ions [7]. The Na
ions inserted into the ab planes of V2O5 with ordered chains of layers and induced
a slight expansion along the c axis. When fully discharged, V2O5 transformed into
crystalline NaV2O5 with trace amount of amorphous Na2V2O5. Besides of tailoring
the microstructure of the V2O5 electrodes, carbon modification is also effective in
improving the rate performance and cycling stability. For example, by forming the
nanosized V2O5/C composites, electrode stability can be significantly improved
and a specific capacity of 255 mAh g−1 can be retained after 30 cycles. Modification
of the nanosized V2O5 with the carbon layer can increase the conductivity and
facilitate the penetration of electrolytes. Similarly, the carbon modification strategy
was also applied to improve the performance of the NaV6O15 cathode for Na
storage [28].
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3.2.2 Manganese Dioxides

Manganese dioxide (MnO2) has many different types of polymorphs, all of which
have large open tunnels that can potentially accommodate guest cations like Na+.
Besides, MnO2 electrodes are advantageous in terms of the structural diversity,
low toxicity, and natural abundance [29]. Both 𝛼-MnO2 (Figure 3.3a) and 𝛽-MnO2
(Figure 3.3b) exhibited reversible Na-ion storage capability as cathode materials in
SIBs [30]. In particular, the compact tunnels in 𝛽-MnO2 along the [001] direction
is favorable for the Na insertion and extraction and can produce higher Na storage
capacity (Figure 3.3c). The sodium-ion capacitor with the layered MnO2/CNTs
composite as the cathode delivered a high specific capacitance (322.5 F g−1 at
0.5 A g−1) and an excellent cycle stability (5000 cycles with capacitance retention
of approximately 90%) [31]. Besides, amorphous MnO2 prepared by Zhou et al.
delivered a specific capacity of 137 mAh g−1 after 100 cycles at a current rate of 0.1 C
[32]. However, the performance of the MnO2 cathode in LIBs or SIBs is hampered
by their intrinsically low electrical conductivity and lack of ion insertion channels,
which causes rapid capacity fading and poor cycling stability [33].

Constructing MnO2 cathode with adjustable channels is highly desirable to
optimize their performance for Li or Na storage. Lu et al. sandwiched different
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types of cations (Li+, Na+, K+, Co2+, and Mg2+) between the 2D MnO2 layers
assembled from the layer-by-layer stacking process [34]. The presence of exchange-
able guest cations has endowed the adjustable interlayer spacing between the
MnO2 nanosheets. However, it was revealed that the cathode performance was not
solely decided by the interlayer spacing but also was cation-dependent. For the
monovalent-cation-pillared MnO2 framework, their capacity can be enhanced by
the enlarged layer spacing. However, the presence of the divalent cations twisted
the MnO2 bilayer and resulted in stronger Coulombic repulsion between these
guest cations and Li+ or Na+, which led to a lower capacity instead. Similar studies
showed that the presence of foreign cations, such as K+, Ag+, and Ba2+, in the
crystal lattice not only stabilizes the tunnel structure of MnO2 but also tailors
the tunnel size through the interaction between these ions and the host tunnel
structure [35]. For example, the presence of potassium (K+) resulted in a larger
tunnel size, while silver (Ag+) resulted in a smaller tunnel size due to the covalent
role in the hollandite structure [35]. Lee et al. showed that more Ag+ ions induced
severe inhomogeneous structural evolution at lower sodiation levels [36].

3.3 Sodium-inserted Layered Metal Oxides

For the sodium-free metal oxides cathodes, it requires an irreversible insertion of Na
ions at the initial cycles to couple with the sodium-free anodes (e.g. carbon), while for
the sodium-inserted layered metal oxides, the reaction is reversible and stable even
in the first two cycles. Study of sodium-containing layered metal oxides (NaxMO2,
M = Ni, Co, Mn, Fe, Cr, V, etc.) was initiated by Delmas and Hagen muller in the
early 1980s [37]. These metal oxides are typically stacked with edge-shared MO6
octahedral layers and the Na ions. The stacking sequences of the O3, P3, P2, and O2
phases are presented in Figure 3.4 [38]. Based on the coordination environment of
the Na+ ions and the number of oxide layers stacked, they can be classified into two
main groups: P2 and O3. In the O3-type electrodes, Na+ ions have to overcome a rel-
atively higher hopping energy to diffuse from one tetrahedral sites to another, while
in the P2-type material Na+ ions can directly migrate between adjacent prismatic
sites, thus enabling fast transport of Na ions [39]. Thus, the P2-type materials have
attracted more extensive research interests over the past years. The main concern of
using the P2-type electrodes is that the Coulombic efficiency for the initial cycle is
abnormally high and requires further elaboration of the fundamental mechanism.
Besides, its Na-deficient nature requires additional steps such as the pre-sodiation
and use of sacrificial additives to compensate for the insufficient Na ions on the
cathode side [40]. NaN3, Na3P, NaCrO2, Na2NiO2, and Na2C2O4 have been imple-
mented as effective sacrificial agents to serve as sodium reservoir for the cathode
materials [41]. Guo’s group modified the oxidation potential of the Na2C2O4 with
the conductive additives and used it as a cathode additive to construct the SIB full
cell because of the high utilization efficiency (99%) of the high theoretical capaci-
ties (e.g. 400 mAh g−1) [42]. The P2-Na2/3Ni1/3Mn1/3Ti1/3O2 cathode with addition
of Na2C2O4 showed increased capacity retention from 63% to 85% after 200 cycles.
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Figure 3.4 The stacking sequence for four typical layered transition metal oxides
electrodes. Source: Sun et al. [38]. Reproduced with permission, 2019, Royal Society of
Chemistry.

On the other hand, the inferior rate and cycling performance of the P2-type materi-
als are associated with the phase transition from P2 to O2/OP4 and the Na+–vacancy
ordering induced by the bulky Na ions and the small difference in Fermi level of
TMs. With substitution of Li+ ions, it is found that the multiple-phase transition can
be eliminated and the electrode can realize solid solution over a wide voltage range
with the Na content of 0.85 [43]. The modified electrode could achieve a capacity of
79 mAh g−1 at 20 C and 85.4% of the capacity can be retained after cycling at 5 C for
500 cycles.

For the past decades, these layered metal oxides have been extensively investi-
gated as they show promising electrochemical performance for SIBs, including high
theoretical capacity, low cost, and facile synthesis. On the other hand, the perfor-
mance of current SIBs is still insufficient to meet the requirements for real appli-
cation in large-scale grid storage. One of the main problems is the irreversible and
complex phase transition during the electrochemical reaction [44]. Normally, the P2
phase can deliver more stable cycling performance, while the O3 phase can achieve
higher capacity due to higher content of the Na ions. The P2 phase can be well pre-
served during the extraction process of Na ions, while O3 phase always transform
into the P3 phase when Na ion is deinserted. It is thus critical to clarify the variation
in the electrochemical behavior between P2 and P3 structures. Guo et al. investigated
the electrochemical reaction process of the P2 and P3 phases with similar com-
positions, i.e. P2-Na0.62Ti0.37Cr0.63O2, and P3-Na0.63Ti0.37Cr0.63O2 [45]. Their crys-
tal structures are illustrated in Figure 3.5a,b. They studied the Na-ion conduction
behavior in the two compounds and found that the Na-ion diffusion barrier of the
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P2 phase was higher than that in the P3 phase if only single vacancy was presented
(Figure 3.5c–e); if multiple vacancies were presented, the Na diffusion barrier was
largely decreased and even lower than that of the P3 phase (Figure 3.5f–h). Their
finding indicates that the Na-ion diffusion kinetics in this type of layered oxide elec-
trodes is mainly determined by the structure instead of the metal compositions.

Another issue regarding these layered metal oxides is their hygroscopic nature
which makes them highly unstable upon exposure to air and lead to fast capacity
decay of the cells [46]. The electrode structure will be varied due to the reaction with
H2O and the exchange between H+ and Na+ will result in weakened shielding effect
and increased repulsion between the interlayers [47]. As a result, the interlayer
spacing will be increased and results in distortion or collapse of the crystal structure.
On the other hand, the layered metal oxides also take up CO2 in the air and form
electrochemically inactive and insulating species, such as NaOH and Na2CO3, on
the surface. Zuo et al. carried out an in-depth study of the presence of CO2 and their
impact on the structural transformation of layered metal oxides upon exposure to
moisture. It was verified that C atoms were mostly on the surface rather than in the
bulk [48]. But CO2 increased the acidity of the oxides and accelerated the Na+ loss
as well as the metal corrosion. Moreover, the Jahn–Teller effects associated with
the Mn3+ and Fe3+ migration also hampers the stability and capacity of the layered
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metal oxides [49]. Though, it is predicted theoretically that Na-rich layered metal
oxides, such as Na2RhO3 and Na2PdO3, could potentially be stable and serve as new
stable high-energy density electrode materials. The preferable metals are expensive
and their performance is still awaiting experimental verification [50]. As for the
above reasons, it is critical to suppress the complex phase transitions and construct
more stable and robust layered metal oxides to improve their electrochemical
performance. Zhou’s group reported Na3Ni2RuO6 with ordered arrangement in
the honeycomb superlattice from a solid-state reaction [51]. As compared to the
disordered electrodes, it showed an ultralong voltage platform and stable cycling
performance. This was attributed to the coexistence of O3 and P3 phase in the
firmer superlattice-stabilized structure. The idea to stabilize the layered metal
oxides through constructing structures with superlattice is also supported by other
researchers [52]. However, as revealed by Zuo et al. [48], to improve the stability
of metal oxides, it is required that the Na content should be controlled above
the critical value, e.g. 0.38–0.44 for NaxNi0.33Mn2/3O2 electrode. Besides, other
than superlattice stabilization, they tend to believe that the key parameter that
determines the stability of TM oxides is the redox couples, and the electrodes with
redox couples of Ni2+/4+, Cu2+/3+, and O2−/n− are regarded as more stable than
those with V3+/4+, Mn3+/4+, Co3+/4+, etc. Furthermore, calcinating the electrode at
higher temperatures to achieve better crystallinity is also helpful to improve their
air stability.

3.3.1 NaFeO2

NaFeO2 has been investigated as a cathode material for SIBs since 1985 [53]. It
has two polymorphs, i.e. α- and β-NaFeO2. No electrochemical activity has been
reported for the orthorhombic β-NaFeO2 so far. The rhombohedral α-NaFeO2
shows a typical O3-type layered structure with a space group of R3m. Kikkawa
et al. firstly revealed that Na ions can be chemically deintercalated from α-NaFeO2
[53]. Besides, α-NaFeO2 presents a high thermal stability. The thermal stability
of α-NaFeO2 in SIBs is similar or even better than that in LIBs with conventional
LiCoO2 as the cathode [54], which potentially can solve the safety concerns
in large-scale applications such as EVs. The reversible Na storage capability
of α-NaFeO2 is based on the Fe3+/Fe4+ couple, which can deliver a theoretical
capacity as high as 242 mAh g−1. However, the preliminary electrochemical tests of
α-NaFeO2 only revealed a capacity of 85 mAh g−1 with a potential plateau at 3.4 V.
When a higher charging voltage was applied, because of the Jahn–Teller distortion
and polarization, the electrode structure was degraded, and the Na-ion diffusion
pathways were partly blocked which resulted in the deteriorated rate performance.
Upon extraction of Na ions, vacancies were generated at the face-shared tetrahedral
sites. The neighboring Fe3+ migrated into these tetrahedral sites and blocked the
transportation pathway of the Na+ ions. Though it was reported that the Na-ion
migration barrier at the Fe4+O6 octahedral site is much lower, the migration of
Fe species is also facilitated when Fe cluster is formed. Other than these issues,
Na+ ion in the α-NaFeO2 is prone to exchange with H+ and forms the FeOOH and
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NaOH when exposed to moisture or air. As mentioned earlier, the uptake of CO2
also results in the formation of the inactive species like Na2CO3 and NaHCO3 on
the surface. These insulating and electrochemically inactive species hamper the
cycling stability of the electrodes. Therefore, an inert environment is required for
the storage and preparation of α-NaFeO2.

When the electrode is charged to high voltages, the performance of the O3-type
NaFeO2 is compromised by the migration of Fe ions and the cycling performance
is hindered by the as-resulted particle cracks. Partial substitution with Ru not only
suppressed the migration of Fe ions but also reduces the particle cracks, thereby
has led to an improved electrochemical performance of the O3-type NaFeO2
(e.g. 80% capacity retention after 100 cycles) [55]. So far, various strategies have
been developed to suppress the undesirable phase transition and improve the
cycling capability of α-NaFeO2, of which reducing the particle size and surface
coating are two representative ones. Yabuuchi et al. reported the cutoff voltage
dependency on the cathode performance of Na1−xFeO2 in SIBs [56]. It is only in the
range of x = 0–0.45 that the electrode can show acceptable cycling performance.
When x was above 0.5, the electrode underwent irreversible structural changes
and drastic capacity decay. Lee et al. systematically studied the structural and
chemical quasi-reversibility of the α-NaFeO2 cathode material [57]. They examined
the chemical stability of Fe4+ by the ex-situ Mössbauer spectroscopy and found
that the concentration of Fe4+ was reduced in the electrode stored at the charged
state due to the spontaneous reduction of partial Fe4+ into Fe3+ (Figure 3.6a).
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Figure 3.6 (a) Ex situ Mössbauer spectra for NaFeO2 electrodes. (b) Illustration of the O3
and P3 structures that can be reversibly changed. 3D (c) and 2D (d) view of the SXRD
pattern of the cathode during the initial cycles. Source: Lee et al. [57]/with permission from
American Chemical Society.
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In contrast to the general O3-type layered metal oxides, which experiences the
phase transition into the P3-type structure by gliding the layers instead of breaking
the M—O bonds (Figure 3.6b), desodiation of α-NaFeO2 results in the formation of
coherently nucleated O′′3-Na1−xFO and m-Na1−xFO phases. The nonequilibrium
phase transition was confirmed by the in situ synchrotron X-ray diffraction (SXRD)
analysis (Figure 3.6c,d). This unique phase transition is attributed to the presence
of tetrahedral Fe3+ that resists the layer gliding and blocks the Na-ion diffusion
pathway. This results in the concentration gradient of the Na+ ions and negatively
affects the cycling stability of the α-NaFeO2 cathode in SIBs. Silván et al. revealed
the mechanisms of such distinctive phase transition behavior of α-NaFeO2 as
compared to other O3-type layered metal oxides [58]. They pointed out that Fe
migration is responsible for the phase transition. ∼40% of the initial Fe migrated
into the Na layers when charging the electrode to 4 V and suppressed the O3 to P′3
phase transition. The migration of Fe ions, on the other hand, blocked the diffusion
pathway for the Na+ ions and resulted in the poor performance under high voltage.
This highlights the importance of suppressing the unfavorable metal migration as
an important measure to optimize the performance of α-NaFeO2 cathode materials.

At the meantime, the highly oxidative Fe4+ also results in the decomposition of the
electrolyte which not only caused inferior Coulombic efficiency but also increased
the impedance by building up the solid–electrolyte interface (SEI) on the electrode
surface [56]. Li et al. observed the migration of Fe ions at the atomic scale and before
3.5 V, and the content of Fe4+ kept increasing owing to the oxidation of Fe3+ ions;
however, at higher voltages (∼4.4 V), the Fe4+ ions decreased [59]. Thus, they pro-
posed that both Fe and O participated in the charge compensation. Susanto et al. also
tried to elucidate the origin for the instability of the O3-type NaFeO2 under high volt-
age [60]. They carried out investigation using in situ X-ray absorption and found that
it was the oxygen redox activity instead of Fe3+/Fe4+ redox couple that was respon-
sible for the charge compensation. As a result, the oxygen released facilitated the
formation of Fe3O4 at higher voltage which inhibited later Na insertion and caused
the irreversibility of the material.

An effective strategy to improve the electrochemical properties of α-NaFeO2 is to
partially replace Fe with other TMs [61]. The electronic structure of NaxFeO2 can
be systematically tuned without breaking the layered structure when substituting
Fe with metals over a wide range of the composition and concentrations. In
particular, partial replacement of Fe with other TMs could enhance the migration
of electrons and holes, stabilize the structure of the electrode, and smoothen the
charge and discharge curves [61d, 62]. Thorne et al. found that Ni3+ could suppress
the Fe migration more efficiently than the Co3+ ions [63]. NaFeO2–NaCoO2 and
NaFeO2–NaNi1/2Mn1/2O2 solid solutions with improved electrochemical prop-
erties have been proposed [61c, 64]. Compared with Na1–xFeO2, the high-spin
Fe4+, which is the main cause for the Jahn–Teller distortion, was significantly
decreased owing to the presence of the Ni4+/3+ redox couple, thereby suppressing
the irreversible migration of Fe4+ during the cycling process [61d]. The Ni-doped
O3-NaFe0.3Ni0.7O2 delivered an initial discharge capacity of 135 mAh g−1 with a
high initial Coulombic efficiency of 93% and showed enhanced cycling stability.
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Kubota et al. investigated the structural evolution of the NaFeO2–NaCoO2 solid
solutions [65]. The NaFe1/2Co1/2O2 cathode delivered a high initial discharge
capacity of 160 mAh g−1 with good cycling and rate performance. The excellent
performance was attributed to the phase transition from O3- to P3-layered structure
over a wide capacity range. The partial substitution of Co stabilized the crystal
structure upon extraction of Na+ ions which resulted in more superior rate per-
formance as compared to the NaFeO2 electrodes. Besides, as revealed from the ex
situ SXRD analysis and the Monte-Carlo simulation, Na+–vacancy ordering was
observed in the interslab space but not the ordering of Fe or Co in the TM slabs.
The P2-type NaxFe1/2Mn1/2O2 cathode with high purity and good crystallinity was
achieved by an eutectic synthesis [66]. By coupling with a pre-sodiated hard carbon
anode, the compound delivered a reversible capacity of 180 mAh g−1.

3.3.2 NaxCoO2

NaxCoO2 are well studied as a promising cathode for SIBs because of the success
of its analogy LiCoO2 in LIBs [67]. In general, NaxCoO2 can show different crystal
forms with variation in the Na content and synthetic environment [68]. The
O3-NaxCoO2 tends to form at temperatures lower than 650 ∘C, and in the O3-type
structure, Na ions occupy the octahedral holes between the CoO6 slabs. The struc-
ture will transition from O3 to O′3, to P′3, and then to P3 during the desodiation
process. The gliding of the CoO6 slabs results in poor structural stability and inferior
conductivity of O3-NaxCoO2 as compared to the P2 phase. Most P2-NaxCoO2 is
produced at temperatures above 650 ∘C, and in the P2-NaxCoO2, Na ions locate
in face-shared and edge-shared tetragonal prisms. The P2 phase is more stable
and can realize reversible Na insertion/deinsertion without causing the slippage
of CoO6 slabs. P2-type NaxCoO2 showed charge–discharge curves complexed with
several voltage plateaus caused by Na+–vacancy ordering for energy minimization.
Formation of such domains will result in abrupt change of the crystal structure and
hence the instability of the electrode performance. Only limited number of Na+ ions
can be extracted from the octahedral sites without hampering the host structure
during the desodiation process, which resulted in a much lower capacity than the
theoretical value expected from NaCoO2, i.e.∼235 mAh g−1. Three-component cath-
ode system provides alternative solution to address the undesired Na ordering.
Through doping or substitution of TMs, Na+–vacancy ordering can be controlled,
so as the diffusivity and rate capability of the cathode material [69]. Substituting
Co with Mn stabilized the crystal structure and eliminated the voltage plateaus in
NaCo2/3Mn1/3O2 [70]. The Jahn–Teller distortion can be effectively avoided by the
presence of Mn4+ instead of Mn3+. But the presence of Mn ions also resulted in
higher migration barrier for the Na ions. Theoretical calculation has indicated that
addition of Ni dopant could lower the migration barrier. Besides, the introduction
of Ni with higher redox potential can enlarge the energy density. As shown in the
electrochemical test, the Ni-doped cathode material showed remarkable stability
with only 3% loss after 100 cycles. Na0.75Ni0.22Co0.78O2 delivered a specific capacity
of 134 mAh g−1 within the voltage range between 1.5 and 4.2 V [68b]. Kang et al.
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managed to control the Na+–vacancy ordering in the Na0.67Co1−xTixO2 through Ti
doping [71]. As a result, most of the complicated plateaus presented in the pristine
NaxCoO2 disappeared and the capacity retention was significantly improved, e.g.
the capacity maintained at 100 mAh g−1 after 150 cycles. Besides, the cutoff voltage
can be elevated to 4.5 V due to stronger bonding between oxygen and Ti.

Generally, sodium extraction beyond x = 0.25 results in the collapse of the Na
layers due to gliding of the MO2 slab. Therefore, it requires to develop P2-NaxCoO2
with more robust crystal structure. Doping of the inactive materials could stabilize
the crystal structure as well as maintain stable cycling performance. For example,
it was found that presence of Ca2+ could suppress the Na ordering effectively and
improve the performance of P2-type materials [72]. Since Ca2+ is much larger than
Co3+ and Co4+, it will not substitute them in the crystal structure, but the presence of
Ca2+ between the CoO6 slabs could enhance the electrostatic interaction and disrupt
the Na+–vacancy ordering. As a result, the cyclability of electrode materials can be
improved. At the meantime, the occupation of large Ca2+ will block the transporta-
tion of Na ions and eventually compromises the performance of electrode materials.
More effective strategies to suppress the Na+–vacancy ordering as well as more effi-
cient cation doping are still highly desirable in the future exploration.

3.3.3 NaxMnO2

The NaxMnO2 was firstly reported as a cathode material for SIBs in the 1980s [73].
They were regarded as a more favorable cathode for practical applications as com-
pared to NaCoO2 with a high theoretical capacity of 242 mAh g−1 originated from
the highly active Mn4+/Mn3+ couple. Besides, Mn shows more natural abundance
and environmental friendliness than the scare and toxic metal Co. NaMnO2 exists
in two polymorphic forms, denoted as α and β, both of which show layered struc-
ture composed of alternating MnO2 and Na sheets [74]. The monoclinic α-NaMnO2
shows flat layers and belongs to the C2/m space group. It is low energy and thermo-
dynamically stable under ambient conditions. The orthorhombic β-NaMnO2 shows
corrugated (zigzag-like) layers in the Pmnm space group. Mendiboure et al. tested
the electrochemical performance of α- and β-NaMnO2 in the 1980s, and only 0.22
and 0.15 Na can be reversibly extracted, respectively [73b]. Ma et al. revisited the
performance of α-NaMnO2 and deintercalated 0.85 Na from NaMnO2, correspond-
ing to an initial discharge capacity of 185 mAh g−1 [75]. Clément et al. studied the
structural changes of the β-NaMnO2 during the charge and discharge process. The
results revealed that it consisted of both α-NaMnO2 and β-NaMnO2 domains. At low
Na content, the long-range structure collapsed and compromised the reversible Na
extraction and insertion processes, i.e. only 70% of the initial reversible capacity is
retained after 100 cycles. The solid-state 23Na nuclear magnetic resonance (NMR)
and first-principles density functional theory (DFT) study were then carried out to
study the evolution of β-NaMnO2 structure during the cycling process [76]. The cal-
culations showed that the formation energy of the α and β-NaMnO2 was quite close
and planar defects could form between the nanodomains of the two polymorphs.
The Na ions would be firstly extracted from the α-domains, then the β-domains, and
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finally the twin boundaries. Upon cycling, the Na content in the α-NaMnO2 domain
increased and led to the phase separation from the dominant β-NaMnO2. As reported
by Jiang et al., the β-NaMnO2 could be stabilized by the addition of a small portion
of Cu2+ ions [77]. β-NaCu0.1Mn0.9O2 was synthesized from sintering the precursors
in air and allowed for cooling to room temperature naturally. The Cu-doped sample
showed higher initial Coulombic efficiency and can be reversibly cycled at a high
voltage of 3.5 V. After cycling for 100 times, it showed better capacity retention as
compared to the undoped samples. This is attributed to the absence of local structure
rearrangements in the planar defects that normally occurred in the β-NaMnO2.

Besides of α- and β-NaMnO2, O3 and P2-type NaxMnO2 have also been investi-
gated [52b, 78]. The O3-NaxMnO2 shows multiple-phase transitions upon charge
which vanishes during discharge. Chen et al. identified the “superplanes” in the
superstructure ordering under certain Na content [79]. The superplanes contain
rich Mn3+ and Na, dividing the Mn4+-rich and Na-deficient blocks periodically. The
pillaring effects of Na ions in the superplanes allow for larger interlayer distances
of the O1 phases and help the diffusion of Na ions, creating an asymmetric phase
evolution with strong-ordering-free discharge of high capacity. As compared to the
O3 phases, the P2 phases show more robust crystal structure and open prismatic
pathway for Na-ion transportation [80]. However, during the electrochemical
reaction, the complex phase transitions along with the distortions of the parent
NaxMnO2 resulted in rapid decay of the electrode performance, especially at
high voltages [61a, 78a, 81]. For example, the Na0.6MnO2 cathode delivered a
specific capacity of 150 mAh g−1 in the first cycle, but in the following cycles the
capacity quickly decreased due to the collapse of the host structure during the
intercalation–deintercalation process of Na ions. Na0.67MnO2 showed a high initial
discharge capacity, while due to structural transitions and the presence of the
Jahn–Teller active Mn3+, the cycling performance was unsatisfying [73b, 78a]. The
Jahn–Teller distortion with the Na ordering induces the large volume change with
more Na content in the crystal. Besides, the disproportion of Mn3+ to Mn2+ and
Mn4+ can result in dissolution of active materials in the electrolyte. In order to
suppress the complex phase transitions and optimize the stability, the structure
of the NaxMnO2 compounds were usually carefully tuned by either changing the
stoichiometry of the Na and Mn ions or adding hetero-metal species to substitute
Mn [81a, 82]. On the other hand, manipulating the crystal structure of the layered
metal oxides, e.g. the defects and vacancies, is an effective strategy to achieve
higher specific capacities. For example, high-temperature quenching method could
eliminate the Mn vacancies and gain more capacity, but this process also generates
more Mn3+ ions responsible for the Jahn–Teller effect, hampering the long-term
stability of the material [83]. Liu et al. thus developed a liquid N2 quenching strategy
that can fully eliminate the Mn vacancies [84]. At the same time, they also doped a
small amount of Al and Fe into the compound to tailor the valence of Mn species
and suppress the multiple-phase transitions during the charge and discharge
process. The Al—O bond enlarged the spacing between the Na layers and stabilized
the structure, while the Fe dopants disrupted the cation ordering and enhanced
the cycling stability. The Na0.67Al0.1Fe0.05Mn0.9O2 compound delivered a high
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capacity of 202 mAh g−1 in the initial cycle with an outstanding rate performance
and excellent capacity retention. But it is worth to mention that the Jahn–Teller
distortion is not always disadvantageous to the electrochemical performance of the
material. For example, Komaba et al. rationally controlled the stoichiometry ratio
of the sodium and manganese in the Na0.67MnO2 and achieved two polymorphs
with similar composition but differently distorted structure [83]. By quenching
from over 1000 ∘C, the pure-phase orthorhombic P′2 NaxMnO2 was synthesized
and denoted as o-NMO. It showed a remarkable cooperative Jahn–Teller distortion
of six-coordinate MnIII but no Mn vacancy. On the other hand, the undistorted
P2-NaxMnO2 containing a Mn vacancy (denoted as h-NMO) was also investigated.
Electrochemical tests revealed that the o- and h-NMO delivered the first charge
capacity of 142 and 94 mAh g−1, corresponding to 0.54 and 0.37 Na, respectively.
During cycling, the o-NMO displayed a reversible capacity of 216 mAh g−1 with an
average working potential of 2.74 V. While the h-NMO had a capacity of 198 mAh
g−1 with smoother curves. The cycling stability of the o-NMO was also better than
the h-NMO, which might be resulted from the presence of the 10% Mn defects that
induced severe charge disorder in the Mn0.9O2 slab and hampers the diffusivity
of the Na ions. Such localized distortion with the Mn defects and the Jahn–Teller
Mn3+ ions led to the irreversible structural changes and fast capacity decay. In a
later work, they further replaced Mn with different metal elements and investigated
their electrochemical properties [85]. All the substituted samples showed reversible
capacities higher than 200 mAh g−1. Besides, the charge–discharge curves for these
doped samples were smoother as compared to the undoped one. This is because
the metal substitution disrupted the long-range ordering of both Na vacancy and
Mn3+/4+ charge, thereby suppressing the phase transitions in the charge–discharge
process. The sample doped by Ti and Co with more severe distortion in structure
showed higher structural stability when Na was extracted/inserted. The Mg-, Ni-,
and Zn-doped samples which were less distorted suffered from the local strain
between the distorted and undistorted MO2 octahedra. Only Cu-doped sample
showed both exceptional rate and cycling stability, which might be originated
from the high cooperative Jahn–Teller distortion induced by Cu substitution. The
positive contribution of Cu2+ as a doping cation has also been reported elsewhere.
In another work, Li et al. found that the Cu substitution could improve the air
stability of the P2-Na2/3MnO2 compound [86]. Wang et al. further demonstrated
that the substitution of Cu2+ ions could also modulate the water sensitivity of such
compound [87]. When Na ions were extracted from the Na2/3MnO2 electrode, the
Na+/vacancies were generated and made it easier for the water to insert into
the sodium layer. The water insertion rate was related with the arrangement of
the Na+–vacancy. But no hydrate phase appeared in the Cu-substituted electrode,
which affected the arrangement of the Na+–vacancy ordering and suppressed the
water intercalation. Besides, the effect of Jahn–Teller distortion can be alleviated
when Mn3+ is replaced with Cu2+ and Mn4+ in the doped sample.

Guo’s group reported that partial substitution of Ti for Mn in the compound of
NaδNi1/3Mn2/3O2 could refrain electron delocalization and suppress the charge
and Na+–vacancy ordering, which increased the mobility of Na ions [88]. In the
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Ti-substituted tunnel-type Na0.66[Mn0.66Ti0.34]O2, the Na at the Na(1) sites was fully
occupied and most of the Mn sites were co-occupied by the Mn3+/Mn4+ and Ti4+ in
a disordered manner [89]. The charge ordering can thus be avoided in such type of
compounds [90].

Ni3+ was also added to partly replace the Mn3+ in the P2-type Na2/3MnO2 [91].
The as-synthesized compound exhibited improved capacity retention and thermal
properties. As revealed by the in situ operando SXRD analysis, the stability of the
material was improved with the partial substitution of the Ni3+ due to suppressed
Jahn–Teller distortion. But bi-phasic reaction and the transformation from P2 to
O2 phase were observed when charging the electrode to 4.3 V. Figure 3.7a shows
the typical charge and discharge curves of the NaδNi1/3Mn2/3O2, and Figure 3.7b
illustrates 2D Na ordering patterns for this compound. For 𝛿 = 2/3, a zigzag pat-
tern is formed by the Naf sites. When 𝛿 is reduced to 1/2, the ordering converted
into rows where Na orders alternate in one row of Naf and two rows of Nae in the
plane. With further decrease in 𝛿 to 1/3, either Naf or Nae arranges in rows within a
single layer.

On the other hand, Choi et al. found that the substitution of Fe3+ could suppress
the Jahn–Teller distortion in the P′2-type Na2/3MnO2 [92]. Owing to the similar sizes
of the Fe3+ ion and the Mn3+ ions, Fe3+ preferentially occupied the Mn3+ sites and
formed the compound Na2/3[Fe0.22Mn0.78]O2. As a result, the oxygen–metal–oxygen
(Mn3+–O) length decreased and the multistep phase transition was also inhibited.
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With the additional redox couple of Fe3+/Fe4+, the specific capacity, the voltage,
along with the cycling stability of the electrodes improved significantly.

Findings show that introduction of Li and Mg can oxidize part of Mn3+ into
Mn4+ and reduce the Jahn–Teller effect. As a result, the charge and discharge
curves will be smoothed with better capacity retention [81b, 93]. Sehrawat et al.
investigated the phase transitions of P2 Na0.7MnO2 modified with K, Rb, and Cs
[94]. The K-modified Na0.7MnO2 formed two P2’s and one K-rich phase. One P2
phase was responsible for the solid solution reaction and the other P2 phase was
stabilized at the initial stage and remains unchanged in the subsequent charge
and discharge cycles (Figure 3.8a). The newly formed P2 phase tended to fuse with
the major P2 phase in the Rb-modified P2 Na0.9MnO2 (Figure 3.8b). The P2 phase
emerged from the Cs-modified P2 Na0.7MnO2 electrode was highly disordered and
multiple phases appeared near the discharge state. On the other hand [95], the
Rb-modified Na0.7Mn0.8Mg0.2O2 evolved as a solid solution with multiple-phase
region observed (Figure 3.8c). For the Cs-modified Na0.7Mn0.8Mg0.2O2, it also
formed a new P2 phase with preexisted P2 phase near the end of the discharge state
(Figure 3.8d).

Besides of cation doping, Chae et al. doped both fluorine (F) and aluminum (Al) in
the Na0.44MnO2 and achieved a new compound with the chemical composition of
Na0.46Mn0.93Al0.07O1.79F0.21 (AFMO) [96]. Na0.44MnO2 is orthorhombic with Pbam
symmetry. It consists of double and triple linear chains with edge-shared MnO6
octahedra and single chains of edge-shared MnO5 square pyramids. For AFMO,
it shows a layered structure built with edge-shared MnO6 octahedra, and Na ions
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occupy two sites active for Na diffusion: Na(1) locates in the 2d crystallographic site,
and Na(2) in the 2b site. F/O are positioned at the 4f sites and bonded with the Mn
and Al mixed 2a sites. Bond valance energy landscape calculations were applied to
study the barrier energies for possible diffusion pathways. With the 2D diffusion
path between TM layers, the AFNMO showed a lower energy barrier as compared
to the Na0.44MnO2 structure, which is mainly contributed from the fluorine doping.
Besides, by substituting the M/O with the Al/F, the phase transition from P2 to O3
at higher voltages was also suppressed. As demonstrated by the mechanistic study,
initially a two-phase reaction was observed without any structural transformation.
P2 ordering was observed with internal Na diffusion pathways, followed by the sub-
sequent solid solution reactions. The retention of the highly active P2-type ordering
in the electrode upon cycling is favorable to the stability and capacity retention of
the electrode.

Other than cation or anion doping, surface coating is believed to be able to
alleviate the undesirable side reactions and prevent particle exfoliation during the
cycling process [97]. Al2O3 coating has been applied to the surface of doped and
undoped Na2/3MnO2 and enhanced the mechanical stability and suppressed the
particle exfoliation [98]. But the nonconductive Al2O3 posed increased kinetic
barrier and hindered the migration of the Na ions. To address this problem,
Na2Ti3O7 was applied as the coating material [99]. It is consisted of zigzagging
layers of titanium oxygen octahedral with Na ions in the interlayer. The diffusion of
Na ions along with the TiO6 layer can be realized with a relatively lower activation
energy based on the vacancy-hopping mechanism. Some Ti4+ could be introduced
into the bulk structure accompanied by the Na2Ti3O7 coating. The synergistic
presence of the Na2Ti3O7 coating and the Ti4+ dopants not only suppressed the
Na+–vacancy ordering but also suppressed the P2–O2 phase transition. As a
result, the Na2Ti3O7-coated Na2/3Ni1/3Mn2/3O2 showed improved cycle stability
and rate capability. As suggested by You et al., surface modification with ZrO2
could improve the stability of oxide cathodes in the air [100]. The degradation
mechanism of O3-type Na[NixCoyMnz]O2 was explored by Sun et al. [101] The
degradation mechanism was related to the mechanical stress imposed by the phase
transitions with the side reaction induced by surface degradations. The electrolyte
penetration further accelerated the capacity fade. They improved the stability of
Na[NixCoyMnz]O2 by designing a nanorod gradient Na[Ni0.65Co0.08Mn0.27]O2 with
AlF3 coating. The AlF3 coating layer prevented the electrolyte infiltration into
the bulk particle and circumvented the side reaction/decomposition of electrolyte
with commonly applied Al2O3 coating. As a result, the electrode delivered a
discharge capacity of 160 mAh g−1 at 0.1 C with good capacity retention. Chen’s
group optimized the coating process and reported a molecular layer deposition
(MLD) technology to create an uniform and ultrathin coating layer onto the
Na0.66Mn0.9Mg0.1O2 cathode [102]. The alucone-coated cathode exhibited stabilized
structure even under a high cutoff voltage of 4.45 V. The cycling stability and rate
performance of P2-Na0.66(Mn0.54Co0.13Ni0.13)O2 were improved with presence of
ultrathin metal oxides (e.g. Al2O3, ZrO2, and TiO2) deposited by an atomic layer
deposition technique on the surface [103].
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3.3.4 NaxNiO2

Ni behaves like Co when serves as the redox center. But it is much cheaper, more
environmentally friendly and natural abundance as compared to Co. Therefore,
NaxNiO2 cathodes and their analogues are well studied as the Na insertion elec-
trodes. However, it has been found that Ni2+-based Na2NiO2 and Ni3+-NaNiO2
show poor stability in terms of both structure and chemical property. The NaNiO2
can stably exist in two polymorphs: the monoclinic and the rhombohedral phases.
The monoclinic phase is isostructural to that of NaMnO2 and shows a layered
structure in the space group of C2/m, in which the Ni-O layer is formed by the
edge-shared and Jahn–Teller distorted NiO6 octahedra [74, 104]. The Na+ ions that
located in between the NiO2 slabs exhibit a distorted octahedral coordination by
oxygen atoms. The rhombohedral phase forms at higher temperature with a similar
structure with that of 𝛼-NaFeO2 [105]. The electrochemical behavior of NaNiO2
was first reported in 1982 [106]. Only 0.2 Na+ can be extracted from the pristine
material during the first charging process due to the multiple-phase transformation
occurred at the voltage range of 1.8–3.4 V. Later on, 0.85 Na+ can be extracted
corresponding to the intercalation of 0.62 Na+ during the first charge–discharge
process at the voltage between 2.0 and 4.5 V [4]. X-ray diffraction (XRD) pattern
for the NaNiO2 electrode revealed a new phase at the highly charged state. It
was later found from the in situ XRD that there were actually two new phases
emerged at the end of discharge and at 3.38 V, respectively [107]. To better clarify
the phase evolution process, Wang et al. tried to understand the mechanism of the
dissymmetric phase transition and structure evolution of layered NaNiO2 at the
initial stage during the cycling process. They demonstrated that at the voltage below
3.0 V and above 4.0 V, the NaNiO2 electrode underwent severe phase transition
and deformation which resulted in the irreversible capacity loss during the initial
cycle [108]. The sodium diffusion process and the phase transformation kinetics
were investigated by the galvanostatic intermittent titration technique, and the
sodium diffusion coefficient was three times higher for the electrode cycled at
2–3.8 V as compared to the one at 2–4.5 V. The phase transformation is illustrated
in Figure 3.9.

The O3-type NaTi0.5Ni0.5O2 reported by Yu et al. delivered a specific capacity of
121 mAh g−1 at 0.2 C with an average operation potential of 3.1 V [109]. In general,
the degradation of the layered metal oxides is often triggered by the gliding of the
metal slabs and the air exposure degradation of the Na layers. Besides, the ordering
behavior in the layered metal oxides also results in the poor structural stability and
multiple-phase transitions during the reactions. The typical ordering includes the
cation ordering, the Na–vacancy ordering, and the charge ordering. The cationic
ordering can be achieved with large disparity in the M ionic radii and the M—O
bond energies. Yang’s group has identified the honeycomb-ordered O3-Na3M2SbO6
(M = Ni, Cr, Cu, Co, etc) [110]. It resembles the structure of NaxMO2 but with an
M2+/Sb5+ cationic ordering or a superstructure within each slab, i.e. each SbO6
octahedron is surrounded by six MO6 octahedron and forms a honeycomb network.
Such kind of structure allows the fast mobility of Na ions with facile changing in



62 3 Transition Metal Oxide Cathodes for Sodium-Ion Batteries

Pristine

5.23 Å

5.47 Å

5.46 Å

5.41 Å

Distorted O3 (Oʹ3, Oʺ3)

Distorted O3 (Oʹʺ3, Oʺʺ3) Pʹ3

Figure 3.9 Structural evolution of NaNiO2. Source: Wang et al. [108]. Reproduced with
permission, 2017, Elsevier.

the oxidation state. In particular, the Na3Ni2SbO6 has demonstrated a high capacity
and superior stability upon cycling. They further investigated the electrochemical
behavior of Na3Ni2SbO6 as cathode for SIB. Despite the similar multiphase tran-
sitions as shown by the layered metal oxides, the reactions in Na3Ni2SbO6 can be
completed within a much narrow potential range, rendering an average working
potential of 3.3 V. As confirmed by the XRD spectra, the Na-ion extraction/insertion
took place via three-phase transformations between O3-Na3Ni2SbO6 ↔ P3-Na2
Ni2SbO6 ↔ O1-NaNi2SbO6, of which the capacity was mainly contributed by the
redox reaction of the Ni2+/Ni3+ couple, while SbO6 octahedron contributed to
the structural stability of the honeycomb-ordered Ni2SbO6 slabs. Similarly, Wang
et al. constructed a highly ordered Ni6 ring superstructure within the metal layers
with two ions that have different M—O bond energies. By substituting 1/3 of Ni
with Sb in the NaNiO2, Ni6 rings are formed. This has rendered the electrode a
symmetric atomic configuration, which degenerates the electronic orbital and
improves the stability as well as increases the redox potential of the electrode
material. Layered s-ordered O′3-Na3Ni1.5M0.5BiO6 (M = Ni, Cu, Mg, Zn) phases
were developed [111]. With the Ni2+/Ni3+ and Cu2+/Cu3+ as the active redox
couples during the cycling, the Na3Ni1.5Cu0.5BiO6 electrode delivered a discharge
capacity of 94 mAh g−1 with a high voltage of 3.3 V. The notable difference between
M2+ and Bi5+ resulted in the formation of cationic ordering or superstructures,
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Figure 3.10 In situ XRD patterns of (a) Na/Na3Ni2BiO6 and (b) Na/Na3Ni1.5Cu0.5BiO6 cells
at 0.1 C between 2 and 4 V. (c) Phase transition during the sodiation and desodiation
process. Source: Wang et al. [111]. Reproduced with permission, 2017, American Chemical
Society.

and meanwhile, the substitution of metal in similar ionic radius with Ni2+ would
suppress the P′3-O1 phase transition and improve the stability. As shown in the
in situ XRD patterns (Figure 3.10), the Na3−xNi2BiO6 (x = 0) showed pristine
monoclinic O′3 phase. Upon Na-ion extraction, O′3, O′′3, and P′3 coexised in the
voltage range of 3.32–3.4 V. Further Na extraction led to the formation of newly
formed P′3 phase until the O1 phase emerges at the 3.53 V plateau. And the single
O1 phase was retained until 4 V. With partial substitution of Cu, only O′′3 structure
was observed when charged to 3.28 V without forming any P′3 phase. Then till the
end of 3.4 V, O′3, O′′3, and P′3 coexisted. The solid solution region can be obtained
without any new phase until 4 V. These results indicate that the partial substitution
of Cu will extend to solid solution zone over a wider compositional range.
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Li2NiO2 is a cathode additive in LIBs that can supply extra Li ions to the anode.
Based on these previous research, its analogue, Na2NiO2 has also been investigated
as the cathode additive for SIBs [41d]. Similar to Li2NiO2, Na2NiO2 shows an
orthorhombic structure with Ni occupying the edge-shared square planar sites. If
Ni2+/Ni4+ redox couple can be fully accessed, the compound can deliver a high
capacity of 392.2 mAh g−1. The crystal structures of Li2NiO2 and Na2NiO2 are
illustrated in Figure 3.11. It is also sensitive to air and water, due to the low open
circuit voltage at 1.7 V. As reported by Park et al., upon electrochemical reaction,
Na2NiO2 is transformed into NaNiO2 irreversibly at the initial stage and then the
crystalline NaNiO2 can act as the cathode in the following cycles. In this case, the
Na2NiO2 can also regarded as a cathode additive for SIBs to compensate for the loss
of Na ions at the anode side.

To date, the capacity decay of the high-Ni cathode under ambient conditions
presents a grand challenge for their further commercialization. The degradation
is possibly originated from the water molecules inserted between the TMO2 slabs,
carbonate ions located between the TM layers or oxidation of NaxTMO2 [46b, 52a,
100, 112]. Regarding the water stability, recently Zhang et al. theoretically calculated
the surface adsorption energy of the water molecules and the results revealed that
the Co/Mn and Fe/Mn units exhibit much lower adsorption energy than that of the
Li/Mn unit. As a result, the water molecules tended to absorb on the Co/Mn and
Fe/Mn units instead of the Li/Mn units. Besides, the Li/Mn unit also suppressed the
Na+–vacancy ordering and improved the Na-ion diffusion kinetics. Benefited from
the above reasons, Na2/3Li1/9Ni5/18Mn2/3O2 cathode showed improved structural
stability and excellent rate and cycling performance even after water soaking
treatment, i.e. 78% capacity retention at 20 C and 87% capacity retention after
1000 cycles [113]. Zheng et al. presented a systematic study of the water stability
of the NaNi0.5Mn0.5O2 cathode stored in different atmospheres. Exposure to water
resulted in desodiation and material degradation. It was found that ethanol washing
can effectively reduce the air sensitivity by removing the side products generated

(a)

Li
Li

Li

Li
Li

Li Na2 Na2

Na2Na2

Na1 Na1

Na1Na1

(b)

aa
b b

c c

Figure 3.11 Crystallographic structures of Li2NiO2 (a) and Na2NiO2 (b). Source: Park et al.
[41d]. Reproduced with permission, 2015, American Chemical Society.
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in air [114]. As indicated by the DFT calculations, Yao et al. found that the air
stability can be improved by reducing the interlayer space between the Na layers
and increasing the valence state valence of the TMs [52c]. To confirm the DFT
prediction, they modified the NaNi0.5Mn0.5O2 structure by Cu/Ti doping. Because
Ni ions shows substantial difference in the Fermi level from Mn4+, their presence
will prevent charge ordering and decrease electronic localization. Besides, the
valence state of Ni ions can be elevated as the electronic delocalization decreases
the number of electrons around Ni. Cu2+ was further added to deform the TMO6
octahedrons and rearrange the electrons. As such, the valence of Ni species could be
increased. As shown in the electrochemical test results, the pristine NaNM suffered
from drastic capacity fading upon exposure to air, while the Cu/Ti co-doped sample
showed high-capacity retention after the aging tests. You et al. effectively quantified
the concentration of the sodium species in the residue by a chemical titration
method and analyzed the spatial distribution and composition of the degradation
species at the nanoscale using the sub-nanometer surface-sensitive time-of-flight
secondary ion mass spectroscopy (TOF-SIMS) [100]. As revealed by their results, the
degradation products were primarily composed of NaOH, Na2CO3, Na2CO3⋅H2O,
and NiO at the surface. Ni dissolved from the electrode and accumulated on the
surface. Besides, the side reaction between the alkaline sodium species and the
polyvinylidene fluoride (PVDF) binder resulted in the formation of the F-containing
species, such as NaF. The products from these side reactions were insulating and
led to degradation of the electrodes. Risthaus et al. reported a discharge capacity of
228 mAh g−1 within the voltage of 1.5–4.5 V of the P2-Na2/3Ni1/3Mn2/3O2 [115]. The
high capacity was attributed to the redox activities of Ni ions, surface Mn ions, and
oxygen ions. It was also found that the poor cycling stability of the electrode was
partly resulted from the electrolyte decomposition. By using the NaTFSI instead of
the ionic liquid, severe drop in capacity drop was suppressed.

3.3.5 NaxVO2

NaVO2 resembles the structure of O3-type α-NaFeO2 [116]. Delmas’s group isolated
the single-phase Na1/2VO2 and Na2/3VO2 from electrochemical deintercalation of
Na ions and carried out systematical investigation of their electrochemical prop-
erties [117]. During deintercalation of Na ions, the material showed a monoclinic
distortion with a O′3 structure. At least 0.5 mol Na+ can be extracted from NaVO2,
corresponding to a capacity of 126.4 mAh g−1. Above 0.5, multiphase single-phase
domains were observed. They suggested this material not suitable for battery appli-
cations due to the large voltage variation during the cycling and the sensitivity of the
material toward the oxygen. Later, they monitored the structure changes of NaxVO2
by in situ XRD and identified a superstructure in the Na1/2VO2 [118]. The structure
featured the Na–vacancy ordering in the interslab space. Due to repulsions between
Na ions, Na ions were displaced from the center of octahedral sites and lowered
the crystal symmetry. The structure changed from rhombohedral to monoclinic to
allow the deformation of vanadium layers. The vacancies on the [VO2] slabs were
closer to the shortest V–V distances and Na ions faced the longest V–V distances to
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minimize the V3+/4+/Na+ electrostatic repulsions. Later, Guignard et al. provided
the first phase diagram for P2-NaxVO2 [119]. This substance can only be obtained at
high temperature (850 ∘C) within a narrow composition range (x ∼ 0.71). Otherwise,
the O3-type NaVO2 or impurities like V2O3 and Na3VO4 will appear. Due to the
competition between the V3+/4+/Na+ repulsions through the face-shared polyhedral
(NaO6 trigonal prisms and VO6 octahedra) and the Na+/Na+ repulsions in the inter-
slab space, some specific properties are expected from this material. When applied
as cathode for SIBs, it can be reversibly cycled in the voltage range of 1.4–2.5 V with
small polarization and achieves a specific capacity of 110 mAh g−1. When tested at
a higher voltage (>2.5 V), the reaction became irreversible. Many potential plateaus
emerged and the voltage vs. composition curves showed continuous variation,
which is indicative of the formation of the solid solution domains. Single phases
only existed at specific Na/V ratios (1/2, 5/8, and 2/3), which suggests a specific
ordering of the Na+ ions between the VO2 slabs and the V3+/V4+ ions within
the slabs. During the sodium deintercalation, the average V–V interslab distance
decreased owing to the oxidation of vanadium, while the average V–V interslab
distances increased. In the 0.5< x <0.9 range, three ordered phases and two solid
solution domains were identified. Besides, this material exhibited pseudo-trimers
with very short V–V distances owing to the overlapping of the t2g orbitals through
the common edge of the VO6 octahedra. A detailed thermally or electrochemically
driven topotactical transformation pathways in the NaxVO3 system were described
by the same group [120]. In particular, within a small x-range, the layered structure
can accommodate more Na ions to best accommodate the Na ions and minimize
the electrostatic repulsions between adjacent alkaline ions.

3.3.6 NaxCrO2

It has been generally accepted that LiCrO2 is electrochemically inactive with irre-
versible Li intercalation behavior in LIBs. However, its analogue, NaCrO2 turns out
to be an active electrode material in the organic electrolytes [1]. Since the first report
in the 1980s [67], NaCrO2 has drawn considerable attention because of the high
specific capacity (∼120 mAh g−1) and the thermal stability of Na0.5CrO2 [121]. In
terms of the crystal structure, NaCrO2 bears a O3-type layered structure resembled
that of α-NaFeO2 [3]. The theoretical capacity for NaCrO2 is 250 mAh g−1, but prac-
tically only 0.5 mol Na can be extracted from the crystal structure by cutting off
the voltage at around 3.8 V [122]. Otherwise, the structural reversibility will be lost
and very small specific capacity can be delivered. Kubota et al. studied the struc-
tural change of the NaCrO2 at high voltage and revealed the mechanism of the irre-
versible loss (Figure 3.12a,b) [123]. They found that in the range of 0.0≤ x ≤ 0.5,
the crystal structure of Na1−xCrO2 evolved from O3 to O′3 and then P′3 reversibly
via gliding the CrO2 slabs. But beyond the voltage of 3.8 V, Cr ions migrated from
the slabs to the interslab space when the structure irreversibly changed from P′3
to O3′ type. The interslab space drastically shrunk and caused extremely low dis-
charge capacity (∼9 mAh g−1 when the cell was charged up to 4.8 V). Therefore, it
is only in the range of 0.0≤ x ≤ 0.5 that the Na1−xCrO2 can be reversibly charged
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Figure 3.12 (a) The initial charge–discharge curve of the half cell with the NaCrO2 cathode at 0.05 C. (b) Change in structure parameter and phase
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and discharged with good cycling stability. Ceder’s group also studied the mecha-
nism of the capacity fading associated with the O3-type NaMO2 electrodes using
combined techniques of SXRD and electron diffraction pattern of the intermediate
products [124]. They argued that the O′3-type products identified by Kubota et al.
was actually a two-phase mixture comprised of O3 NaδCrO2 and rock salt CrO2
(Figure 3.12c,d). NaxCrO2 (0< x <1) can maintain the layered structure framework
without Cr migration with the maximum composition of Na0.4CrO2. Desodiation
process of this composition triggered the layered-to-rock-salt transition and resulted
in poor cycling performance of the electrodes, as illustrated in Figure 3.12e.

Luo et al. reported that the performance of NaCrO2 electrode can be controlled
through proper structural defects engineering [125]. The misplacement of Cr3+ at
the Na-ion sites and the Na—O bond length are two key parameters that determine
the capacity and stability of the material. On the other hand, the performance
of the NaCrO2 has been improved through nanoengineering and proper surface
modification. For example, the nanosized NaCrO2 from heat treatment showed
suppressed phase transition and MO2 layer gliding due to the presence of rich
grain boundaries [126]. The high-performance NaCrO2 synthesized via a novel
emulsion-drying method was reported by Yu et al. [127]. In contrary to the conven-
tional solid-state synthetic process, such a “water-in-oil”-based method enabled the
modification of electrode material surface with uniform carbon coating. Liang et al.
synthesized the ultralong NaCrO2 nanowires and used them as the cathode material
for SIBs that can survive a wide operating temperature ranged from −15 to 55 ∘C
[128]. The atomic-scale-controlled carbon coating has brought about a significant
improvement in the electrical conductivity (e.g. from 8× 10−5 S cm−1 of the bare
NaCrO2 to 0.47 S cm−1 of the C-coated NaCrO2). At the same time, the carbon
coating also retarded the exothermal decomposition of the Na0.5CrO2 particles
at high temperature by generating less heat. The C-NaCrO2 cathodes exhibited
excellent rate capability at the rate of up to 150 C, holding great promise for the
manufacturing of safe and high-performance SIBs. Even coated with the inactive
Cr2O3, the rate performance of the NaCrO2 cathode was significantly improved as
the side reactions between the active material and the electrolyte were effectively
addressed [129]. As a result, the Cr2O3-coated NaCrO2 sample achieved a capacity
of 108 mAh g−1 at a high current rate of 60 C.

On the other hand, partial substitution of Cr3+ with Ti4+ induces a strong inductive
effect and endows the Na2/3−xCr2/3Ti1/3O2 electrode with higher operating voltage,
though x is limited to <1/3 due to the concerns over the oxidation and migration
of Cr6+ into the tetrahedral sites upon charging [130]. Similar to most layered metal
oxides, another challenging issue of this type of cathode material is their hygroscopic
and vulnerable nature upon long-term exposure to moisture or air. With the pres-
ence of Ru, the irreversible migration of Cr ions could be suppressed. As a result,
the Ru-doped Na0.88Cr0.88Ru0.12O2 delivered a high capacity of 156 mAh g−1 with an
elevated operating voltage at 3.8 V [131]. The stability of the Ru-doped electrode was
also significantly improved with 80.7% capacity retained after cycling for 1100 times.
With minor ratio of Mn doped in the NaCr0.8Mn0.2O2, the operating voltage was
increased and as the oxidation of Mn3+ took place ahead of the oxidation of Cr3+,
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the formation of the toxic Cr6+ ions was also suppressed [132]. The stability of the
NaCrO2 could also be improved with the presence of minor Ca2+ ions in the Na
sites [133].

3.3.7 Mixed Cation Oxides

As a popular strategy in optimizing the property and electrochemical performance
of the TM oxides cathodes, integration of various metals in one system not only
endows the layered oxides with improved electrochemical activity but also improves
the structural stability. The ternary, quaternary, and even more complexed metal
oxide have showed more remarkable performance as cathodes for SIBs when
compared to the one composed of single-TMs [134]. For example, the capacity
and cycling stability of the P2-type Na2/3[Ni1/3Mn2/3]O2 consisted of active Ni2+

ions and inactive Mn4+ ions were significantly enhanced [135]. The three types
of ordering in the layered metal oxides, i.e. TM ordering, charge ordering, and
Na+–vacancy ordering, are detrimental to the ion transportation and will lower
the Na-ion diffusion coefficient. By forming compounds from different TMs, the
Jahn–Teller-induced structural transition and the Na+–vacancy ordering could be
effectively suppressed and the Na+ diffusion kinetics were also enhanced. Wang
et al. selected two TMs, Cr3+ and Ti4+, which are similar in ionic radii but different
in redox potential to suppress the Na+–vacancy ordering [136]. The Na+–vacancy
disordered Nax[Cr0.6Ti0.4]O2 (x = 0.33–1.0) showed high ionic conductivity and
rate capability. On the other hand, Cao et al. realized the multi-electron transfer of
Cr2+∼3+/Cr4.4+ redox in the layered Na0.66Fe1/3Cr1/3Ti1/3O2 [137]. The substitution
of Fe3+ and Ti4+ suppressed the disproportion reaction of Cr4+ and improved
the cyclability of the compounds. The presence of the electrochemically inactive
tetravalent Ti4+ also improved the cycling stability of oxide cathodes [109]. P2 phase
Na2/3Mn0.8Fe0.1Ti0.1O2 cathode delivered a capacity of 146.5 mAh g−1 in the second
cycle with good capacity retention (95.9% of the initial capacity was retained after 50
cycles at 0.1 C) [90]. Sometimes, the presence of the electrochemically inactive metal
ions such as Sb3+, Mg2+, and Ca2+ could also bring about improved performance by
effectively suppress the phase separation during the charge and discharge process
[138]. Mariyappan et al. reported that by partial substituting Ni2+ with inactive
cations such as Zn2+, Mg2+, and Ca2+, the potential capacity of the layered NaMO2
could be fully exerted, as the undesired phase transition and structural degradation
were effectively suppressed upon the cycling. The Na0.2Ni0.45Zn0.05Mn0.4Ti0.1O2
formed the nanodomains composed of intergrown P3–O1 phases and showed more
robust crystal structure upon long-term cycling [138a]. Besides, the introduction of
Li+ ion eased the O3–P3 phase transformations and was believed to be favorable to
optimize the electrochemical performance of the O3-type cathode in SIBs. Xu et al.
introduced a new type of potassium-containing layered oxides K0.5Mn0.7Fe0.2Ti0.1O2
as the cathode material for SIBs [139]. The cathode containing 0.5 K+ showed an
interlayer spacing of 0.63 nm which expanded with the subsequent extraction of
K+ ions. The lattice expansion enabled the exchange between K+ and Na+ ions.
With a small portion of K+ left in the structure and acted as the pillar to maintain
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the stability of the electrodes, Na+ ions could insert the structure and decrease the
interlayer spacing without disturbing the P2 structure of the material. Such type
of cathode could achieve a high initial capacity of 147.1 mAh g−1 and 71.5% of the
capacity was retained after 1000 cycles, indicating its good stability.

Though O3- and P2-type electrode materials suffer from different issues, forming
the hybrid phases of O3 and P2 structures in turn brings about combined advan-
tages while at the meantime can eliminate some undesired features. For example,
the O3-type NaNi0.5Mn0.5O2 materials with minor P2 phases showed smoother pro-
file [140]. The P2/O3 Na0.66Li0.18Mn0.71Ni0.21Co0.08O2 compound delivered a specific
capacity of 200 mAh g−1 [141]. The O3 phase in the Na0.67Mn0.55Ni0.25Ti0.2−xLixO2
could optimize the stability of the electrode [142]. Qi et al. systematically studied
the hybrid P2/O3 phase of Nax[Ni0.2Fex−0.4Mn1.2−x]O2 (x = 0.7−1.0) [143]. The in
situ XRD pattern revealed a reduced polarization when the cutoff voltage was below
4 V, which can be attributed to the co-presence of P2 phase.

High entropy oxides (HEOs) is an another new concept material [144]. It is
formed with multiple metals that can crystallize in a single phase. Different
elements share equiatomic sites in HEO, and owing to the complex compositions,
they exhibit better electrochemical performance. The reason for the superior
performance of HEOs may lie in the oxygen vacancies created by the metals and
increase percolating channels which enable diffusion of Na ions. A nine-component
HEO, NaNi0.12Cu0.12Mg0.12Fe0.15Co0.15Mn0.1Ti0.1Sn0.1Sb0.04O2, was reported [145].
The presence of these different elements causes variation in the local interactions
between elements, TMO2 slabs, and Na in NaO2 slabs, and some of the elements
are responsible for the charge compensation during the charge–discharge process.
The O3 to P3 phase transition was delayed in the HEO cathode, and the entropy
stabilization could facilitate the long-term stability and rate performance of the
electrode structure.

3.3.8 Other Emerging Metal Oxides

In recent years, introducing the anionic redox reaction (ARR) becomes an effective
strategy to boost the specific capacity and energy density of the battery [146]. ARR
normally occurs in TM oxides partly substituted by Li, Na, Mg, and Zn. By trigger-
ing ARRs, it is viable to achieve higher voltage and thus higher specific capacity. For
example, small amount of Mg+ in the P2-type electrode could stabilize the structure
and improve the cycling performance. However, as the Mg species are electrochem-
ically inactive, concerns were raised that their presence would decrease the overall
capacity. But a latter finding revealed that the large quantity of Mg will suppress
the oxygen evolution reaction and contribute to the extra capacity of the electrode
materials. For example, the Mg-doped P2 electrode can better maintain the original
crystal structure at high-voltage region, i.e. 2–4.5 V [147]. However, a trade-off was
observed between the voltage and the specific capacity in such type of material. That
is, the higher voltage brings about higher specific capacity, while at the same time,
it also induces the electrolyte decomposition and multiple-phase transitions during
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the charge–discharge process, causing obvious voltage hysteresis and rapid capacity
decay of the electrodes [148].

The TM deficiency is believed to the key to activate the oxygen anion redox. Dop-
ing of metal ions to form the ionic bond, e.g. Li—O, Na—O, and Mg—O bond,
creates O(2p) nonbonding orbitals so that the electrons are fully localized on the
oxygen anions. Na0.78Ni0.23Mn0.69O2 as a cathode delivered a specific capacity of
138 mAh g−1 with an average potential of 3.25 V vs. Na+/Na [149]. Oxidation of Ni2+

contributed to the charge compensation, while lattice oxygen participated in part of
the reaction and contributed to the excessive capacity of the electrode.

Besides of boosting the capacity of layered metal oxides, Rong et al. demonstrated
that ARR is also favorable to stabilize the structure of the electrode [150]. They
reported a P2-type Na0.72[Li0.24Mn0.76]O2 with a high initial discharge capacity of
270 mAh g−1 and a high energy density of 700 Wh kg−1. The electrode maintained
the P2 structure even when 0.93 Na was extracted. The change in the oxygen radii
and charges carried by the oxygen ions resulted in a decrease in oxygen repulsion
around the empty Na layer and hence stabilized the structure. Moreover, trigger-
ing the oxygen redox activity has also been highlighted as a potential strategy to
increase the intrinsically low-redox potential of SIBs. Kim et al. investigated the
thermodynamic mixing enthalpy value, the bonding length, and electronic structure
of the Na[Mn1−xNix]O2, and they predicted that the thermodynamically stabilized
Na[Mn0.5Ni0.5]O2 would show a double-redox reaction from both Ni2+/Ni4+ and
O2−/On−, which should achieve a higher-redox potential than that from single-redox
reaction in NaMnO2 [151].

But materials based on ARR often suffer from structural degradation associated
with the complex phase transitions, migration of cations, and loss of oxygen
during the cycling. Zn ion shows higher Pauling electronegativity than other
alkaline ions but no orbital and is expected to be covalently bond with oxygen.
P2-Na2/3Mn1−yZnyO2 was synthesized by Bai et al. and exhibited oxygen redox
activity associated with nonbonding O(2p) orbitals [148]. Wang et al. reported that
doping of Zn ions could not only trigger the ARR but also enhance the air stability
of the electrode material [152]. The high Zn content suppressed the reduction from
Mn4+ to Mn3+, thereby alleviating the strain stress and enhanced the structural
stability. As a result, the Zn-doped electrode showed a volume change as low as
1% and no phase transformation was observed during the initial cycles. Even after
exposure to air for 30 days, the single P2 phase could be well preserved in the
Zn-doped samples. But the overall performance of Zn-based cathode was inferior to
those based on alkaline metals due to cation-migration-induced phase transition.

It has also been discovered that some metal oxides exhibit the intrinsic ARR
activity even without doping of heteroatoms. For example, Su et al. investigated the
NaVO3 as a cathode material for SIBs and the electrode delivered a high capacity
of 245 mAh g−1 without phase transition [153]. NaVO3 is consisted of O–V–O slabs
made of VO4 chains. Na ions are sandwiched between the VO2 slabs and occupy
the half distorted octahedral sites. The O atoms adopt three different configurations
surrounded with different numbers of Na and V with vacancies nearby. The VO4
tetrahedral framework suppresses the migration of metal ions and endows the
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electrode with superior rate and cycling performance. The cathodic (V4+/V5+)
and anionic (O2−/O−) redox couples during discharge contribute to the high
capacity. Boisse et al. identified the self-repairing phenomenon of stacking defaults
driven by the strong long-range cooperative Coulombic interactions between MO3
slabs intermediated by the ordered vacancies in the Na2RuO3 [146a]. Qiao et al.
demonstrated that the Na storage capacity of Na3RuO4 was dominated solely by
ARR. With the highly covalent Ru—O bond and the existence of the high Na/Ru
ratio, pure nonbonding O2p states can be generated during Na extraction, facilitate
the formation of sable peroxo O—O bond upon charging, and contribute to the
high-redox reversible capacity [154].

As layered oxides are mostly air-sensitive, tunnel-type oxides are also widely
investigated. However, the specific capacity achieved by the tunnel-type material is
lower. For example, the tunnel-type Na0.44MnO2 only delivered a specific capacity of
80 mAh g−1 at 0.1 C. Besides, the capacity retention after long-term cycling was even
poor. Cation doping could improve the stability of tunnel-type oxides. For example,
it has been widely demonstrated that the Ti-doped Na0.44MnO2 compounds could
show better capacity retention [89, 155]. Shi et al. found that the Ti substitution
could relieve the strain in the tunnel structure and they have achieved a higher
capacity retention, e.g. 88 mAh g−1 at 1 C after 600 cycles [156].

3.4 Concluding Remarks

As above, cathode materials based on TM oxides have been extensively investigated
because of their low cost and high specific capacity. However, the relatively low
working potential and complex phase variation have severely limited their appli-
cation. With the tremendous efforts devoted by the researchers, a variety of effective
strategies have been developed. For example, for the Na-free metal oxide, such as
MnO2 and V2O5, the stability and specific capacity can be significantly improved
by tailoring the particle size, crystal structure (crystallinity, defects, and exposed
crystal plane), and inserting suitable ions or molecules to serve as pillars to enlarge
the channels and enhance the structural stability. In comparison, the Na-containing
cathode materials are more intriguing in terms of practical application as presodia-
tion process can be excluded. The main challenge lies in the complicated phase tran-
sition which not only results in unstable electrochemical performance but also poses
difficulties in clarifying the mechanisms for the sodium storage. Introducing single
or multiple dopants into these layered metal oxides has proved to be effective in
suppressing the phase transition, increasing the specific capacity, and widening the
operation voltage window. Besides of the materials based on the intercalation mech-
anism, several new concept cathodes have emerged in recent years. For example,
triggering the ARR activity by partial substitution of layered TM oxides with Li, Na,
Mg, and Zn can boost the specific capacity and promise the high energy density.
Tunnel-structured oxides show better stability as compared to layered oxides, but
less capacity. The HEOs have also been proposed and showed superior electrochem-
ical performance.
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In general, the Na-containing layered metal oxides are the most promising can-
didate that might be suitable for the future commercialization. As they are most
extensively studied, technologies in controlling their composition and crystal struc-
ture are relatively mature, and successful attempts have been made in suppress-
ing the phase transitions and realizing stable output. To realize cathode materials
with higher capacity and high voltage and seek further breakthrough in achieving
high-performance SIBs, more research attention should be paid to the new concept
materials as well, given the intriguing performances they have demonstrated and
the insufficient fundamental understanding in their sodium storage mechanism.
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4

Polyanion-Type Cathodes for Sodium-Ion Batteries

4.1 Introduction

In stark contrast to the transition metal (TM) oxide cathodes, polyanionic
compounds are more stable in structure and display good cycling stability. NaFePO4
in olivine structure is highly pursued and optimized as a sodium-ion battery (SIB)
cathode to duplicate the success of its counterpart LiFePO4 in lithium-ion batteries
(LIBs). The most appealing feature of NaFePO4 lies in its high theoretical capacity
of 154 mAh g−1 and working voltage plateau of 2.9 V (vs. Na+/Na), along with
rigid lattice framework that guarantees facile sodium-ion migration within the
host structure. Moreover, as compared to low-dimensional sodium-ion transport
pathways in NaFePO4, the three-dimensional (3D) open framework of NASICON
(Na Super Ionic Conductor)-type Na3V2(PO4)3 seems to allow faster sodium diffu-
sion channels. Two sodium ions can be extracted from the lattice via a two-phase
transition (Na3V2(PO4)3 ↔ NaV2(PO4)3, 3.4 V vs. Na+/Na) based on the V3+/V4+

redox reaction, which yields a theoretical capacity of 117 mAh g−1 [1].
Higher operating potential can be achieved by pyrophosphates Na2MP2O7

(M = Fe, Mn, and Co). Despite the low capacities of ∼90 mAh g−1, a high energy
density of around 350 Wh kg−1 can be delivered. However, the ultrahigh poten-
tial (even up to 4.9 V) of pyrophosphates exceeds the stable voltage window of
commercial electrolytes. In fact, the pyrophosphate anion [P2O7]4− is more thermo-
dynamically stable than phosphates, which is beneficial for the accommodation of
sodium ions without undergoing severe distortion. Research findings also show that
the relatively high working voltage of Na2MP2O7 arisen from its abundance crystal
configuration can manage to hold sodium ions over a wide potential range [2].

Furthermore, the inductive effect of fluoride allows fluorophosphates to operate
at higher operating potential when coupled with other TMs M3+/M4+ (M = Ti, Fe,
and V). For example, the working voltage of vanadium-based fluorophosphates can
reach 4.0 V (vs. Na/Na+) with redox couple V3+/V4+, which reflects that a decent
energy density could be potentially obtained in full cell operation [3]. In fact, there
are three polymorphic forms of sodium–vanadium fluorophosphates that have
been studied for SIBs, which are NaVPO4F, Na3(VO)2(PO4)2F, and Na3V2(PO4)2F3.
NaVPO4F has been demonstrated to be electrochemically active in the voltage range
of 2.5–4.2 V (vs. Na/Na+) with the successive reduction of V5+ to V3+ at 3.3/3.5 V
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and 3.65/3.75 V, respectively, giving rise to a theoretical capacity of 143 mAh g−1 [4].
NASICON-type Na3(VO)2(PO4)2F shows slightly higher reaction plateaus at 3.68
and 4.15 V (vs. Na/Na+) upon extraction of two sodium ions per formula, along with
the oxidation of V3+ to V4+ [5]. Therefore, a specific capacity of 120 mAh g−1 can be
obtained if the theoretical value is fully claimed. For Na3V2(PO4)2F3, it outperforms
the Na3(VO)2(PO4)2F counterpart in terms of structural stability thanks to the
stable V4+ phase that remains in the structure under oxidizing environment, despite
of relatively lower theoretical capacity (120 mAh g−1) [6].

Unfortunately, the absence of direct electron delocalization of polyanionic
units results in inferior intrinsic electron conductivity. To solve this problem,
strategies such as coating with a variety of conductive materials, the construc-
tion of unique micro-nano structures, and lattice doping are useful to achieve
excellent energy storage performance for polyanionic cathode materials. Based on
the knowledge and developments accumulated from fundamental research and
application practices of polyanionic compound cathode materials, it is considered
that this type of material will have great potential in large-scale energy storage
systems.

In this chapter, we focus on the recent developments of advanced polyanionic
compound cathode materials (i.e. olivine-type, NASICON-type, pyrophosphates,
fluorophosphates, sulfates, silicates, other polyanion-type compounds, etc.) for
high-performance SIBs.

4.2 Phosphates

4.2.1 NaMPO4 (M = Fe and Mn)

Olivine-type LiFePO4 cathode with advantages of high energy density, high safety,
and low cost has been commercialized in LIB systems. Its sodium counterpart
NaFePO4 has also been widely studied, which is considered to be one of the earliest
discussed cathode materials for polyanion-based SIBs [7]. The NaFePO4 has a
orthorhombic (space group: Pnma) crystal structure, where the hexagons are tightly
arranged in the oxygen lattice and P atoms are confined to 1/8 of the tetrahedral
center, while Na and Fe atoms occupy 1/2 of the octahedral center [8]. The NaO6
octahedra and FeO6 octahedra are distinguished owing to the difference in ionic
radius and charge between sodium and iron ions [9]. The NaO6 octahedra are
arranged in a straight chain along the [010] direction through a common edge,
while FeO6 units are connected with each other through angle sharing to form a
linear 1D zigzag chain parallel to the c-axis. Phosphate-ion PO4 tetrahedron and
FeO6 octahedron share one edge and four corners, which constitute the main
skeleton structure of NaFePO4 [10]. The co-bordered NaO6 octahedra provide a 1D
Na+ transfer channel following the direction of b-axis in the NaFePO4 phase, which
allows a relative low diffusion barrier (Figure 4.1a) [14]. The Fe3+/2+ redox couple is
able to retain a relatively stable polyanion skeleton structure; thus, a high working
potential (∼2.8 V vs. Na+/Na, corresponding to Fe3+/Fe2+ redox couple) together



4.2 Phosphates 81

(a) (c)

(b)

O

4.5

4

3.5

3

2.5

E
 (

vs
. N

a/
N

a+
)

2

1.5

0 0.2 0.4 0.6
x

3.8%

12.8%
Vol. 6.8%

NaFePO4

Na2/3FePO4

FePO4

LiFePO4

0.8 1
1

A

B

C

P
Fe
Na vacant
Na

b

a

PO4

FeO6

Figure 4.1 (a) Scheme of the refined crystal structure of NaFePO4 including Na+ vacancies
and polyhedrons. Source: Galceran et al. [11a]. Reproduced with permission, 2014,
American Chemical Society. (b) Typical electrochemical curve for the formation of NaFePO4
and Na0.7FePO4 in potentiostatic intermittent titration technique (PITT) mode. Source:
Moreau et al. [12]. Reproduced with permission, 2012, Elsevier. (c) Schematic diagram
comparing the volume expansion of the FePO4 upon sodium insertions. Source: Lu et al.
[13]. Reproduced with permission, 2013, American Chemical Society.

with a high theoretical capacity (154 mAh g−1) for NaFePO4 cathode materials can
be achieved [15].

Olivine-type NaFePO4 was commonly derived from homologue LiFePO4 via
chemical/electrochemical ion-exchange, instead of conventional solid-phase
transition reactions [10]. In one unit mole of NaFePO4 material, one Na+ ion
participates in the redox reaction, corresponding to the Fe3+/Fe2+ redox couple
[16]. The electrochemical properties of olivine-type NaFePO4 prepared by electro-
chemical Li–Na ion exchange route were studied for the first time in 2014 [17].
The material had a high initial capacity of 125 mAh g−1 with a voltage platform of
∼2.8 V vs. Na+/Na, posing itself a promising cathode material for SIB applications
[18]. During the reversible reaction with Na+, a transition stage occurs to buffer
the mechanical strain that caused by large volumetric mismatch between iron
phosphate (FePO4) and NaFePO4 (difference in unit volume of 17.58%). Olivine
NaFePO4 cathode usually has two independent charging platforms and one
discharge platform (Figure 4.1b) [12]. The asymmetric (de)insertion of sodium
ions into olivine NaFePO4 cathode under different mechanisms was reported.
For example, there is a stable intermediate phase composed of Na2/3FePO4 in
the (de)intercalation process in Moreau and Casas-Cabanas’s reports [12, 15, 19].
In the range of NaxFePO4 (0< x < 2/3), two-phase transformation reaction is
occurred, and NaxFePO4 (2/3< x < 1) is in the solid solution phase. The existence
of Na2/3FePO4 phase is beneficial to alleviate the large volume expansion in
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electrochemical reaction (Figure 4.1c) [13]. The Na ordering, electron mobility,
and local magnetic environment of olivine-type NaFePO4 were studied [11].
The average occupancy rate is 0.7, and there is no restriction on the modulation
component.

The electrochemical performance of the NaFePO4 cathodes in Na-ion cells is
also investigated. The NaFePO4-based SIBs could deliver a theoretical capacity
of 125 mAh g−1 with a working voltage of 2.7 V (vs. Na/Na+) [18]. However, a
high volumetric mismatch of 17.58% between olivine-type NaFePO4 and des-
odiated FePO4 is highly detrimental to structural stability. Thus, reducing the
volume change and improving the stability are the key matters to improve their
Na+ storage performance. The amorphous NaFePO4 nanoengineering is able to
relieve volume expansion and boost Na+/e− transport by providing large surface
area and short diffusion distance. Li et al. employed an in situ hard template
method to synthesize hollow amorphous NaFePO4 nanospheres, whose hollow
amorphous structure significantly improved the electronic transport and Na+
(de)intercalation kinetics. As a result, it showed a high sodium storage capacity
of 152 mAh g−1 at 0.1 C and long-term cycling stability with a retained capacity
of 144 mAh g−1 after 300 cycles, implying superior performance to those bare
NaFePO4 materials [20]. Other than amorphous modification, improving the
volumetric mismatch between the NaFePO4 and the desodiated FePO4 in the
electrochemical reaction process is considered as a fundamental starting point
to essentially strengthen the structure stability during cycling. Lately, a new type
of Na0.71Fe1.07PO4 cathode was also studied owing to its small volume change
(∼1%) upon desodiation, which not only promoted the rapid transport of ions and
electrons but also ensured the structural stability during the repeated (de)sodiation.
The Na0.71Fe1.07PO4 cathode delivered a high discharge capacity of 140 mAh g−1

at a 0.1 C rate and an excellent rate capability exceeding 50 C as well as excep-
tional cycling stability over 5000 cycles at a high charging/discharging rate of
20 C [21].

Besides olivine-type NaFePO4, NaMnPO4 has also been considered as one of the
most popular cathode materials for SIBs owing to its high theoretical capacity of
160 mAh g−1. Unfortunately, the low electronic conductivity, poor sodium-ion diffu-
sivity, and possible Mn dissolution in the electrolyte prevent NaMnPO4 from getting
satisfying electrochemical performance. Effective strategies such as nanocrys-
tallization, uniform carbon coating, and cationic doping were implemented to
gain excellent electrochemical performance of NaMnPO4 [22]. Boyadzhieva et al.
adopted uniform carbon coating and Mg-doping to improve the kinetics and
thermal stability of the crystals during chemical and electrochemical desodiation.
The Mg-substituted NaMnPO4/C (Mg-NMP/C) displayed a more stable plateau at
3.9 V and higher discharging capacity (78 mAh g−1) than that of the NMP phase
[23]. Zou et al. also adopted a combination of the above strategies to improve the
kinetics and thermal stability of the crystals during electrochemical (de)sodiation.
The carbon-coated Mg-doped Na(Mn,Fe)PO4 (NMMFP) nanoparticles (∼50 nm)
delivered a reversible specific capacity of 127 mAh g−1 at 0.1 C with an average
discharge voltage of 3.1 V [24].
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4.2.2 NASICON-Type Phosphates

The typical NASCION (Na Super Ionic Conductor) compounds were first studied
as solid electrolytes by Goodenough 20 years ago [25]. Since then, Delmas reported
that NASICON is a suitable and attractive framework for electrode materials based
on the study of NASICON-structured NaTi2(PO4)3 [26]. Generally, the basic formula
of NASICON cathode materials can be defined as NaxMM′(PO4)3 (M = V, Mn, Ti,
Fe, Ni, Cr, etc.; x = 0–4). And, the NASICON-type structure can be divided into two
MO6 octahedrons separated by three XO4 tetrahedrons, sharing the same angular
oxygen. The hexagonal NASICON has a total of four possible sodium positions in
each recipe unit. While only one is a sixfold coordination 6b between the eight edges
of MO6, and the other three are 10-fold coordination 18e between these bands on
the c-axis. Moreover, there are no shared edges or faces in the matrix, which result
in all these large sodium sites being interconnected, thus forming an open, flexi-
ble 3D framework. It is unrealistic to expect high electronic conductivity in this
structure because of the isolated metal octahedrons [27]. Necessary modifications
are desirable.

4.2.2.1 NASIClON-type Na3V2(PO4)3

Many NASICON materials, such as Na3V2(PO4)3, Na3MnTi(PO4)3, Na3Ni2Cr(PO4)3,
Na3MnZr(PO4)3, Na4MnCr(PO4)3, Na2Co2Fe(PO4)3, Na2Ni2Fe(PO4)3, and
Na3CoFe2(PO4)3, have been particularly well investigated as cathode materi-
als of SIBs [28]. Among them, Na3V2(PO4)3 (NVP) with better thermal stability,
longer cycle life, and better safety features has been considered as a popular cathode
in SIBs [29]. The rhombohedral NVP with the space group of R3c offers an open
framework, in which VO6 octahedra and PO4 tetrahedra interlinked each other by
corner-sharing O, forming a conceptual framework: [V2(PO4)3]3− “lantern” unit
(Figure 4.2a) [30]. The unit cell shows the lattice parameters of a = b = 8.728 Å
and c = 21.804 Å via Visualization for Electronic and Structural Analysis (VESTA).
Moreover, there are two kinds of isolated Na ions locating in the passages with
two distinct oxygen environments: Na1 (M(1), sixfold coordination) locating in
a V2(PO4)3 environment along the c-axis and Na2 (M(2), eightfold coordination)
coordinated analogously but along b-axis. When Na+ is extracted from NVP, two
Na2-sited ions (2/3 occupancy) are easily extracted and the remaining one Na+

anchored in Na1 site (1 occupancy) [32]. When applied as cathode, NVP based
on the V3+/V4+ redox conversion demonstrates a typical two-phase transition
reaction via the equation: Na3V2(PO4)3 ↔ NaV2(PO4)3 + 2Na+ + 2e−. Specifically,
an impressive theoretical capacity of 117.6 mAh g−1 with a flat voltage platform
at ∼3.4 V (vs. Na+/Na) is achieved (Figure 4.2b) [31]. The detail Na-extraction
mechanism from Na2 sites was studied by applying first-principles calculations.
The three possible migration routines for sodium ions were listed to evaluate their
internal migration energies (E). Diffusion pathway 1, carrier Na+ diffuses in the
channels between two PO4 tetrahedral along the a-axis direction. Gaps between
PO4 tetrahedron and VO6 octahedron in the b orientation are defined as diffusion
pathway 2. The migration energies (E values) of the above two pathways were
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calculated to be very low (0.0904 eV for pathway 1 and 0.11774 eV for pathway 2),
showing the most likely migration ways for Na+ diffusion. While Na ions migrating
in channels between adjacent [VO6] octahedra along the c direction consume
large energy (E > 200 eV), which is considered as an unachievable pathway. Yet,
Na+ transportation along a curved c direction (noted as pathway 3) significantly
decreased E value to reach 2.438 eV, demonstrating another possible migration
pathway (Figure 4.2c) [32d, 33].

Though NVP shows good thermal stability and safety, the inferior intrinsic elec-
tronic conductivity causes obstacles in achieving good electrochemical performance
and practical applications [34]. The traditional modification strategies are mainly
focusing on surface conductivity modification (e.g. conductive carbon coating),
micro-nano structure designing, elemental doping, and so on. Thus, conductive
media and carbon materials are usually utilized including amorphous carbon, hol-
low carbon nanospheres, carbon nanotubes, graphene, mesoporous-ordered carbon
frameworks, and interconnected carbon frameworks, which not only enhance
the electrical conductivity of grains but also prevent particle agglomeration and
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electrode polarization during long-period cycling at a high current density [32c, 35].
Moreover, doped carbon materials by nitrogen and boron seem to be particularly
advantageous [36]. Figure 4.3 summarizes the various ways to improve the overall
conductivity of NVP [37].

Many organic polymers, sugars, organic acids, and surfactants can be pyrolyzed
into amorphous carbon in inert atmosphere under high-temperature calcination.
For example, the carbon-coating NVP nanoparticles were embedded in a porous car-
bon matrix originated from vanadium(III) 2,4-pentanedionate, which generated a
double-carbon-embedding structured (C@NVP)@pC nanocomposite. The obtained
(C@NVP)@pC composite showed exceptional electrochemical performance [35c].
In addition, Mai and co-workers evaluated the different electrochemical properties
of the NVP nanoparticles coated with various carbon materials such as amorphous
carbon, carbon nanotube, and graphite [34]. The result showed that the uniform
coated NVP/amorphous carbon composite exhibited the highest energy storage
properties among all tested samples.
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in all these cases. Source: Chen et al. [37]. Reproduced with permission, 2017, Wiley-VCH.
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Carbon nanotube is a carbon allotrope with superior conductivity, high surface
area, and excellent chemical stability, which is considered as an excellent current
collecting phase. The commercial multi-walled carbon nanotubes (MWCNTs,
2 wt%) and NVP precursors were mixed and ball-milled to achieve an uniform
composite [35d]. Due to the incorporation of MWCNT as a charge transfer
medium, the MWCNT-modified NVP/C (MWCNT-NVP/C) composites exhib-
ited favorable electrochemical behavior such as high sodium storage capacity of
146.5 mAh g−1 and high capacity retention of 94.3% after 50 cycles compared with
the carbon-coated NVP.

Graphene, a 2D layered sp2-bonded carbon atoms, has been applied in many
research fields because of its particularly high electronic conductivity, large specific
surface area, good thermal and mechanical performances as well as steady chemical
stability [38]. For example, the NVP nanoparticles coated with the graphene sheets
(amount of 5 wt%) achieved a superior high-rate capability (e.g. 75 and 60 mAh g−1

at 20 and 30 C, respectively) and exhibited good structure stability at both 1 C and
10 C over 300 cycles [39]. Besides, the layer-by-layer structured NVP@reduced
graphene oxide (NVP@rGO) nanocomposites prepared by interfacial coupling
of NVP/acetylacetone gel and reduced graphene oxide (rGO) nanosheets could
provide high electronic and ionic conductivity and mechanical stability in the
sodium insertion/extraction processes and exhibited remarkable high rate capacity
(e.g. 73 and 41 mAh g−1 at 100 and 200 C, respectively) and ultra-long cyclic life
with the capacity of 63 mAh g−1 at 50 C after 15 000 cycles [40].

Ordered porous carbon frameworks are widely used in many fields because of their
high specific surface area, uniform porosity, good skeletal connectivity, and high
electrical conductivity [41]. For example, a NVP@C nanoparticle set in mesoporous
carbon material (CMK-3) chambers (abbreviation for NVP@C@CMK-3) was stud-
ied by Yu and co-workers [35a] Thin carbon coatings and mesoporous carbon CMK-3
matrix allowed rapid Na+/electron transfer paths for NVP particles during electro-
chemical reactions. As a result, the unique architecture stimulated a super rate per-
formance (81 mAh g−1 at 30 C) and stable cyclability (78 mAh g−1 at 5 C over 2000
cycles). A novel “honeycomb-graded porous microsphere” was prepared via a simple
sol–gel method by Wang et al. The surfactant of cetyltrimethylammonium bromide
(CTAB) played an important role in the preparation process, which acted as both a
carbon source and a soft template to form a multistage porous structure. The pre-
pared composites demonstrated a macro/mesopore structure with interconnected
ion diffusion channels on the surface of the spherical particles, which facilitated
the penetration of electrolytes and efficient Na+ transport, obtaining high sodium
storage capacities of 97 and 80 mAh g−1 at the 5 and 20 C, respectively [42].

Interconnected carbon frameworks are free-standing and binder-free substrates,
which are easily acquired via varied techniques such as electrostatic spray depo-
sition (ESD), filtration-freezing-drying, and spray-drying methods. For instance, a
self-supported interpenetrating 3D tricontinuous cathode (NVP: reduced graphene
oxide–carbon nanotube, abbreviated as NVP:rGO-CNT) was synthesized by the ESD
technique, in which no additives or binders were used [32c]. The homogenously
distributed NVP nanoparticles displayed outstanding electrochemical performance
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owing to the high porosity and interconnectivity. Specifically, the NVP:rGO-CNT
composite demonstrated an impressive capacity (e.g. 82 mAh g−1 at the extremely
high current density of 100 C rate) and excellent cycling performance with 96% of its
initial capacity at 10 C after 2000 cycles. Besides, carbon-coated hollow-structured
NVP/C spheres were prepared by using the ultrasonic spray pyrolysis procedure [43].
NVP particles uniformly distributed on the surfaces of the porous hollow carbon
spheres accelerated the Na+ transmission, exhibiting an enhanced energy storage
property for SIB systems.

Beyond the pure carbon materials, nonmetallic elements such as nitrogen- and
boron-doped carbon exhibit significantly higher electron transfer kinetics [44].
For nitrogen-doped carbon materials, three types of binding configurations, i.e.
pyridine nitrogen, pyrrolidine nitrogen, and quaternary ammonium (or graphite
nitrogen), are generally studied. (i) Pyridine nitrogen is interwoved with two
adjacent carbon atoms at the edge or vacancy, which provides a p electron for the π
system, thus showing a sp2 hybrid structure. (ii) Pyrrolidine nitrogen provides two
p electrons in the π system with a sp3 hybrid structure, forming a five-membered
ring. (iii) The quaternary nitrogen is formed by substituting n-type dopant for C in
hexagonal ring, resulting in sp2 hybridization [44f, 45]. Studies have shown that all
these three types of N doping can affect the conductivity of carbon coating on host
materials. Specifically, both pyridinic N and pyrrolic N create atomic defects and
active sites that are beneficial to sodium storage [44f]. Different nitrogen/carbon
ratio-coated NVP (NVP–C–N) nanoparticles were prepared, and their electro-
chemical properties were discussed by Wang and co-workers [36a] The N-doped
NVP–C–N142 (molar ratio of N to C was 14.2%) sample with a thin carbon shell
(∼5 nm) released a high specific capacity of 102 mAh g−1 at 0.2 C, excellent rate
capacities, and stable cycling performance (e.g. 92.6% of initial capacity after 100
cycles at 5 C). The good electrochemical performance is mainly profited from the
preferentially sodium traveling through vacancies caused by N-doping on carbon
shells. As a contrast, the sodium-ion conductivity was poor in the undoped carbon
matrix. Furthermore, recent reports demonstrated that the N-doped carbon shell
can improve sodium-ion diffusion and electron transfer simultaneously during
charging and discharging processes [46]. Later, Wang and co-workers applied the
similar strategy to compose the double-nanocarbon synergistically modified NVP
composite, in which the N-doped carbon nanotubes encapsulated amorphous
carbon-coated NVP nanoparticles (NVP@C+N@CNT) in the form of self-linking
network [36c]. Benefiting from the extrinsic defects produced by the N-doping, the
NVP@C-N@CNT composite exhibited exceptional rate capabilities from 0.2 C to
70 C.

Although N-doped carbon shells improved the electrochemical performance of
NVP materials greatly, they are relatively sensitive to water and oxygen, resulting
in adverse effects on its conductivity. Recently, boron-doped carbon materials
derived from boron trichloride (BCl3), borane tetrahydrofuran adduct (BH3–THF),
or boron oxide (B2O3) were not affected by the environment and had high electrical
conductivity [47]. For instance, Shen et al. adopted sodium tetraphenylborate
(NaBC24H2O) as boron source to modify a carbon-coated NVP (NVP–C–B) by a
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facile sol–gel method [36b]. The obtained B-doped carbon layer displayed quick
charge transfer and fast Na+ ion diffusion. Thus, with a proper molar ratio of B
to C (∼0.38%), the NVP–C–B(0.38%) exhibited lower electrochemical impedance
and better rate capabilities than those of NVP–C–B(0.24%), NVP–C–B(0.51%),
and NVP–C composites. Moreover, Jiang et al. designed a nitrogen (N), boron (B)
co-doped carbon-coated 3D flower-like NVP composite (NVP@C-BN) using a wet
chemical method [48]. This special micro-nano architecture with N, B co-doping
not only improved surface wettability to relieve the volume expansion, shortened
the distance of electron/Na-ion diffusion but also provided numerous active sites
for Na-ion storage. As a result, the NVP@C–BN showed improved sodium storage
capability, especially in cycling stability (e.g. maintained 79 mAh g−1 over 1000
cycles at 100 C).

In addition to the incorporating carbon materials into NVP and micro-nano
structure design, crystal lattice doping with metal element is proven to be another
effective method to improve electronic/ionic conductivity of NVP and many cations,
including Mg2+ [49], Mn2+ [50], Al3+ [51], Ca2+ [52], Ni2+ [53], Ce3+ [54], Fe3+

[55], Ti4+ [56], Mo6+ [57], K+ [58], Li+ [59], etc., have employed as dopants in
NVP cathodes. For instance, Li et al. composed different amounts of Mg2+-doped
NVP/C cathodes (i.e. Na3V2-xMgx(PO4)3/C) with the different values of x = 0, 0.01,
0.03, 0.05, 0.07, and 0.1 via a simple sol–gel method [49a]. Because the radius of
Mg2+ (rMg2+ = 0.65 Å) is smaller than that of V3+ (i.e. rMg2+ = 0.65 Å<rV3+ = 0.74 Å),
the mixing of the Mg2+ dopant could cut down the average lengths of V—O
and P—O bonds, providing broader Na+ diffusion passages. The electrochemical
testing revealed that the modified composites had remarkable enhancement
in terms of the rate capability and cycle stability performance. The optimized
Na3V1.95Mg0.05(PO4)3/C composites displayed a high capacity of 94 mAh g−1 at a
high rate of 30 C. Besides, another cathode of Mg2+-doped NVP/C nanocrystals
embedded in graphene sheets was also studied, which showed an optimum per-
formance of 85 mAh g−1 at 20 C [49c]. Klee et al. employed a citric acid as carbon
source to prepare Mn3+-doped NVP/C composites, that is, Na3V2-xMnx(PO4)3/C
(0≤ x ≤ 0.7) [50b]. Moderate amount of Mn3+ played a considerable important
role in the sample morphology. And, a homogeneous composite was controlled
in the range of x = 0.3−0.5 for the Mn substitution. It was noted that the low
Mn3+ content (x < 0.5) would not alter the unit cell parameters of NVP. And, the
Na3V1.7Mn0.3(PO4)3/C composite as the cathode for SIBs exhibited the excellent
properties, e.g. showing discharge capacity of 104 and 92 mAh g−1 at 0.5 and 2 C,
respectively. Aragón et al. employed iron to partially substitute the vanadium site in
NVP (Na3V2−xFex(PO4)3/C, 0≤ x ≤ 0.5) [55b]. It was found that the unit cell volume
was slightly increased with the increasing of iron content. The main reason is the
larger radius of Fe3+ (rFe3+ = 0.785 Å) than that of V3+. Galvanostatic cycling implied
a significant raise of capacity for the composites with x = 0.1, 0.2, and 0.3. Later,
Aragón et al. selected Al3+ cation to dope NVP and improved its electrochemical
performance [51c]. In this work, a simple sol–gel method was employed to prepare
four Na3V2−xAlx(PO4)3/C (0≤ x ≤ 0.3) samples. And, the Na3V1.8Al0.2(PO4)3/C
showed the perfect capacity of 97 mAh g−1 at 6 C. Additionally, the high-valance
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Mo6+ (rMo6+ = 0.62 Å) was introduced to substitute the vanadium sites of NVP
(i.e. Na3−5xV2−xMox(PO4)3/C, 0< x < 0.04) by Li et al. [59] It was found that the
Mo6+-doped NVP showed an enhanced conductivity and Na+-ion diffusion kinetics
and displayed a superior rate capability of 94 mAh g−1 at 10 C and a stable cycle life
with a capacity retention of 93.5% over 500 cycles.

Besides, doping monovalent cations such as Li+ and K+ at the Na sites in the
NVP system was also discussed. It was concluded that there was a positive effect on
the utilization of active substances and capacity attenuation by univalent cations
doping. For example, the large K+ as the doping ions can broaden the Na+ transfer
channels, making the NASICON framework more robust during long-term cycling
[58]. Depending on the different K+ doping contents in the crystal structure of
NVP (i.e. Na3−xKxV2(PO4)3/C, x = 0.04, 0.09, and 0.12), the electrochemical activity
of the as-obtained composites was also inequable. The Na2.91K0.09V2(PO4)3/C
owned a lower charge transfer resistance and a higher Na+ diffusivity than those
of other controlled composites, exhibiting the best rate capability. The Li+ ions
doped Na3−xLixV2(PO4)3/C (x = 0, 0.01, 0.05, 0.1, 0.5, 0.7, and 1.0) composites were
synthesized and investigated by Zhang and co-workers [59] When x = 0.01, 0.05,
and 0.1, Li+ preferred occupied the Na2 sites. Yet, Li+ continues to occupy the
Na1 site as x > 0.1. The electrochemical testing verified a favorable rate capability
with a high discharge capacity of 102 mAh g−1 at 20 C for the Na2.5Li0.5V2(PO4)3/C
compound.

Apart from the cation doping, anion doping was also one of the effective
approaches to improve the cell performance of NVP. For instance, Muruganantham
et al. selected the F- as the dopant to prepare Na3−xV2(PO4−xFx)3 (x = 0, 0.1, 0.15,
and 0.3) composites via applying a simple sol–gel method [60]. As the radius of
F− is very close to that of O2− and much larger than that of V3+ and Na+ ions
(i.e. rO2− = 1.40 Å, rF− = 1.33 Å, rV3+ = 0.64 Å, rNa+ = 1.02 Å), it is easy to replace
O2− with F− and increase the operating voltage by induction effect. And, the ionic
conductivity of the host NVP material is also significantly improved. Specifically,
the pre-obtained Na2.85V2(PO3.95F0.05)3 compound exhibited good cyclic stability
and brilliant rate performance.

4.2.2.2 NASICON-type Na3MnTi(PO4)3

The NASICON-structured Na3MnTi(PO4)3 (NMTP) material has drawn increasing
attention as an immensely promising high energy substitute for the cathode mate-
rial of SIBs due to its features of robust crystal framework, low toxicity, low cost,
as well as high performance. The NMTP crystallizes in a rhombohedral structure
(R−3c) with the cell parameters of a = b = 8.8343 Å and c = 21.6654 Å. In the inter-
nal crystal structure of NMTP, the isolated TiO6 and MnO6 octahedra shared all the
corners with PO4 tetrahedra and formed [MnTi(PO4)3] “lantern” units, which fur-
ther construct a 3D open framework with excellent structural stability and intrinsic
safety [61]. When NMTP is applied as the cathode for SIB system, similar Na+ extrac-
tion mechanism as NVP is demonstrated. A single interstitial site (Na1 site, sixfold
coordination) per formula is occupied by a less mobile Na+ ion (occupancy factor:
0.981), and three equivalent sites (Na2 sites, eightfold coordination) per formula unit
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are occupied by two mobile Na+ ions (occupancy factor: 0.673) [62]. Specifically, the
NMTP electrode can display a high theoretical capacity of 176 mAh g−1 based on the
reversible three-electron redox reactions (i.e. Ti3+/4+ (≈2.1 V), Mn2+/3+ (≈3.6 V), and
Mn3+/4+ (≈4.1 V vs. Na+/Na) redox couples) [63].

Despite the favorable characteristics mentioned above, the NMTP cathode still
suffers from inferior electronic conductivity, leading to disappointing cycling stabil-
ity and unsatisfactory rate performance. For example, the NMTP only displayed a
discharge capacity of 80 mAh g−1 at the current density of 0.1 C and obvious capacity
fading (from 80 to 62 mAh g−1) during the first 20 cycles [64]. Some efficient meth-
ods aimed at improving the electron/ion transportation dynamics and enhancing
the electrochemical performance of SIB system have been explored and applied. For
instance, a stable structured NMTP/carbon hollow microspheres were synthesized
by a spray-drying-assisted process, and they provided a superior cyclability with 92%
capacity retention after 500 cycles at 2 C [61]. Zhu et al. employed a dual carbon dec-
oration strategy to optimize the sodium storage performance. Semi-graphitic carbon
and rGO were selected as carbon sources to co-functionalize NMTP microspheres
(NMTP/C@rGO). The prepared NMTP/C@rGO manifested a high energy density
of 410 Wh kg−1 and long-term durability with a capacity of 76% after 800 cycles
[63]. And, Li et al. also carried out the structural optimization by interpenetrating
graphene coating and carbon-shell design for NMTP (rGO@NMTP-C) cathode to
overcome its drawback of inferior electron/ion diffusion dynamics. Consequently,
the rGO@NMTP-C showed outstanding cycling performance (e.g. 74.5% of capacity
retention after 3500 cycles at 20 C) and ultra-high rate capability (92.4 mAh g−1 at
50 C) [65].

In addition to the above representative cathode materials, other NASICON-
type cathode materials, such as Na3Ni2Cr(PO4)3 [66], Na3MnZr(PO4)3 [67],
Na4MnCr(PO4)3 [68], Na2Co2Fe(PO4)3 [69], Na2Ni2Fe(PO4)3 [70], and Na3CoFe2
(PO4)3 [71], also showed their superiority in distinctive open framework geometry,
excellent structural flexibility, facile scalable synthesis, and outstanding electro-
chemical performance, which are expected to become promising sodium insertion
cathode contenders for large-scale energy storage application.

4.3 Pyrophosphates

Encouraged by the application of Li2FeP2O7 as high-performance cathode material
for LIBs [72], Na-based pyrophosphate has emerged as an insertion host of SIBs
in the past few years [73]. There are several major types of pyrophosphates:
sodium monometallic pyrophosphates NaMP2O7 (M = Fe, V, and Ti) [74], sodium
bimetallic pyrophosphates Na2MP2O7 (M = Fe, Co, and Mn) [75], and the mixed
metal sodium pyrophosphates Na4M3(PO4)2P2O7 (M = Fe, Co, Mn, and Ni) [55a,
76]. Pyrophosphate, which is easily obtained from the thermal decomposition and
oxygen evolution of phosphate, has thermodynamic stability and is comparable to
other polyanionic compounds. The high intrinsic stability pyrophosphate P2O7

4−
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anions offer many clear advantages for Na-based pyrophosphate materials in the
large-scale SIB applications.

4.3.1 NaMP2O7 (M = Fe, V, and Ti)

Sodium pyrophosphate compounds are usually composed of TM octahedral
MO6 and P2O7 units, which are interconnected to form a solid framework [74b].
The study of Na-pyrophosphate can be dated back to 1969 when NaFeP2O7 was
first unveiled [77]. NaFeP2O7 has two different crystal structures: NaFeP2O7-I
is isostructural with KAlP2O7 and KFeP2O7; NaFeP2O7-II is isostructural with
NaAlP2O7. As shown in Figure 4.4, NaFeP2O7 (monoclinic crystals, space group:
P21/c) can be divided into two distinct crystal structures (I-type and II-type) owing
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Figure 4.4 Crystal structures of (a) NaFeP2O7-I, (b) NaFeP2O7-II, and (c) NaVP2O7/
NaTiP2O7. Source: Ng and Calvo [78]. Reproduced with permission, 1973, National Research
Council. Crystal structure of β-NaVP2O7 viewed along the [001] and [110] directions (d, e)
and α-NaVP2O7 along the [110] and [101] directions (g, h). Schematic representation
illustrates Na+ local coordination in the β- and α-phases (red, green, and blue “semi-bonds”
correspond to O, P, and V atoms, respectively). Overlapped Na+ positions from every image
obtained from optimization with the NEB method for the shortest migration pathways in (f)
β-NaVP2O7 and (i) α-NaVP2O7 structures. Source: Drozhzhin et al. [79]. Reproduced with
permission, 2019, American Chemical Society.
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to the irreversible phase transition at different temperatures [78]. NaFeP2O7-I
is composed of FeO6 octahedrons and PO4 tetrahedrons sharing angles, and its
structure has channels for sodium-ion migration in the [001] direction (Figure 4.4a).
Furthermore, NaFeP2O7-I can easily transform into the thermodynamically stable
NaFeP2O7-II phase under high temperature conditions (≥750 ∘C). For example,
Robert and Hagenmuller’s groups studied the structure of NaFeP2O7-II, which was
synthesized by annealing the mixed precursor at 900 ∘C, then melting at 1100 ∘C
for one hour, and finally quenching the crystal to ambient temperature [80]. On
the other hand, NaFeP2O7-II is a cage structure composed of corner-sharing FeO6
octahedrons and PO4 tetrahedrons, where the P–O–P angle reaches a high angle of
132.86∘ (Figure 4.4b). Although this solid frame structure is very dense, it can also
provide Na+ migration channels along the [101] direction. However, even though
the above two structures can provide open channels for sodium (de)insertion and
are electrochemically active in at least one direction, they have not been reported as
electrodes for SIBs.

In addition to NaFeP2O7, there are many substitutes studied (e.g. NaTiP2O7 and
NaVP2O7) with good electrochemical activities for SIBs. As shown in Figure 4.4c,
NaVP2O7/NaTiP2O7 was isostructural to NaFeP2O7-II polymorphs. In 1988,
Leclair et al. determined two-type crystalline forms and cell parameters of 𝛼- and
β-NaTiP2O7, in which α-NaTiP2O7 was closed to β-cristobalite structure with
intersecting hexagonal tunnels and β-NaTiP2O7 was isostructural to NaFeP2O7 and
NaMoP2O7 [74a]. Both α- and β-NaTiP2O7, belong to P21/c space group, constructed
by TiO6 octahedra that share their corners with diphosphate P2O7 groups, forming
an alternated stacking of octahedral layers and phosphate layers parallel to [001]
plane. In literature, the differences between α- and β-NaTiP2O7 originate from the
fact that the diphosphate P2O7 groups share one or two corners with the same TiO6
octahedron, respectively. Despite they pose stable NASICON structure that known
for good ion-exchange capability and ionic conductivity, their application in energy
storage is still lacking.

Centrosymmetric NaVP2O7 (space group: P21/c (Z = 4), a = 7.3169(2) Å,
b = 7.9350(2) Å, c = 9.567(2) Å) consists of a slightly twisted VO6 octahedron con-
nected with five unique P2O7 groups, first reported by Okada and coworkers in 2015
[74c]. And, NaVP2O7 can deliver a high theoretical specific capacity of 108 mAh g−1

with the average V4+/V3+ redox potential centered at 3.4 V (vs. Na+/Na) when it
was employed as cathode materials for SIBs. However, it just exhibited an inferior
initial discharge capacity of 38.4 mAh g−1 at 1/20 C (1 C = 108 mA g−1) in the
voltage window of 2.5–4.0 V [74c]. In this case, the electrochemical impedance
spectroscopy (EIS) results indicated that the increased internal resistance limited
the phase change dynamics between NaVP2O7 (P21/c) and Na1−xVP2O7 (P21)
during the charging–discharging processes. Additionally, on the basis of density
functional theory (DFT) calculation, X-ray photoelectron spectroscopy (XPS),
Fourier-transform infrared spectroscopy (FT–IR), and ex situ X-ray diffraction
(XRD) analyses, it was further confirmed that the deintercalation of Na ions would
cause slight deformation of the pyrophosphate group and reduce the symmetry
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of the pyrophosphate group, resulting in the limited electrochemical activity
of NaVP2O7.

Based on the thermal dehydration of hydrogen phosphate intermediate
(NaV(HPO4)2 →NaVP2O7 +H2O), Drozhzhin’s group first reported a new
type of β-polymorphic sodium vanadium pyrophosphate (β-NaVP2O7) [79]. The
obtained β-NaVP2O7 is isomorphic with KAlP2O7-type structure, and its 3D
skeleton is formed by VO6 octahedron and P2O7 bi-tetrahedral pyrophosphate
group. In this work, they also found that the different structural configurations of
α- and β-NaVP2O7 would lead to significant differences in the Na+ coordination
environment (Figure 4.4d,e,g,h). For instance, the sodium channels of β-NaVP2O7
are along the [001] and [110] directions. The penetration and diffusion of Na
vacancies in the direction of [110] requires two different hops with distances of
4.54 and 8.51 Å. In addition, the authors further focused on the direction of [001],
where the penetration and diffusion requires two hops with almost the same
distances of 4.12 Å. Furthermore, based on the result of DFT calculations, the
corresponding migration barriers of β-NaVP2O7 were calculated to be 0.25 and
0.17 eV, and these low diffusion barriers were resulted from the small displacement
of oxygen around the Na vacancy (Figure 4.4f). More importantly, the barrier of Na
migration along [001] is even reduced to 0.2 eV after Na is completely released from
β-NaVP2O7.

For α-NaVP2O7, its diffusion channels are along the [110] and [101] directions.
The permeation diffusion along [110] requires two different hops with distances
of 5.37 and 5.72 Å, and the corresponding migration barrier in this direction is
0.85 eV, which prevents the effective diffusion. For the other direction of [101], two
hops of 4.12 and 5.68 Å are required with the corresponding migration barriers
of 0.5 and 2.6 eV, respectively, making this direction completely independent of
diffusion (Figure 4.4i). For SIBs, β-NaVP2O7 could provide a reversible capacity of
104 mAh g−1 at 10 mA g−1, which corresponded to 96% of its theoretical capacity.
Remarkably, it also displayed two high-voltage platforms of 4.1 and 3.8 V and a
high-rate capacity of 77 mAh g−1 even at 50 C (1 C = 108 mA g−1). Besides, it was
worth nothing that the β-NaVP2O7 could also act as the anode, which provided a
reversible capacity of 93 mAh g−1 with an average potential of 1.5 V at a low rate of
10 mA g−1. Finally, the full battery system with the β-NaVP2O7 electrodes delivered
an overall sodium storage capacity of more than 200 mAh g−1 within the voltage
range between 1.0 and 4.4 V.

4.3.2 Na2MP2O7 (M = Co, Fe, Mn, Cu, and Zn)

The Na2MP2O7 based on the possible tetrahedral MO4 or octahedral MO6 coordina-
tion with metal M can be classified into three distinct polymorphs: (i) orthorhombic
[P21/cn], (ii) triclinic [P1], and (iii) tetragonal [P42/mnm] [75a, 81]. Among them,
I-type pyrophosphate has the highest thermodynamics stability, while that of the
III-type is the weakest. The polymorphism of the two-sodium metal pyrophos-
phates present the layered and 3D structure with tunnels containing Na atoms,
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promoting the transporting of the sodium ions, and showing fine sodium storage
performance.

Na2CoP2O7 is one of the typical two-sodium pyrophosphates with the three
different normal polymorphs [82]. In Yamada’s study, a layered orthorhombic
Na2CoP2O7 belonging to Pna21 space group was determined [2]. As shown in
Figure 4.5a, this layered structure was constructed by CoO4 tetrahedra and PO4
tetrahedra, in which both tetrahedral units forming [Co(P2O7)]2− slabs are parallel
to (001) plane and filled with Na atoms. Inspired by these structural features,
Yamada and co-workers have explored an orthorhombic Na2CoP2O7 for SIBs
through a combination of solid-state and solution combustion process [85], which
exhibited a reversible discharge capacity of ∼80 mAh g−1 at C/20, which corre-
sponded to 80% of the theoretical capacity. Furthermore, the average Co3+/Co2+

redox potential was centered at 3.0 V (vs. Na/Na+) during the (de)sodiation reaction
process.
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Figure 4.5 (a) Schematic presentation of layer-structured orthorhombic polymorph of
Na2CoP2O7 viewed along the (100), (010), and (001) planes. The CoO4 tetrahedra (blue), PO4
tetrahedra (light gray), and Na atoms (yellow) are illustrated. Source: Barpanda et al. [2].
Reproduced with permission, 2013, American Chemical Society. (b) Galvanostatic
charge–discharge curves of Na2FeP2O7 at a rate of C/20 showing highly reversible Na
(de)insertion activity with the average Fe3+/Fe2+ redox potential centered at ∼3 V. Inset: a
representative illustration of the crystal structure of Na2FeP2O7 viewed normal to the bc
plane. The tunnels for Na+ migration (black dotted rectangles), FeO6 octahedra (green), PO4
tetrahedra (light purple), and Na atoms (yellow) are showed. Source: Barpanda et al. [83].
Reproduced with permission, 2012, Elsevier. (c) A representative illustration of the crystal
structure of Na2MnP2O7. In this periodic image, the octahedral MnO6 and pyramidal MnO5
moieties share one oxygen atom (blue) to make Mn2O10 unit. The rearrangements of atomic
positions and their bond lengths between the charged and discharged states for (d)
Li2MnP2O7 and (e) Na2MnP2O7. Source: Park et al. [84]. Reproduced with permission, 2013,
American Chemical Society.
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In literature, the triclinic polymorph in disodium metal pyrophosphates
(Na2MP2O7) is referred to as the “rose” form, while the orthorhombic polymorph
in Na2MP2O7 calls the “blue” form. In this context, Jung et al. proposed that the
“blue” form is more stable than “rose” type [86]. By introducing Na deficiency
in Na2−xCoP2O7, they further found that the “rose”-type Na2CoP2O7 trended
to become systematically stabilized with the increase of Na deficiency. Conse-
quently, the authors have induced defects in triclinic Na2CoP2O7 via controlling
the reaction temperature (600–800 ∘C), which provided an increase in energy
density of more than 40% and a high average voltage of 4.3 V (vs. Na/Na+).
Jung et al. further devised a computational strategy for selecting the best sub-
stituents to generate the desired polymorphs Na2Co1–xMxP2O7 (M = Ca, Ni, or
Mn) [87].

Besides, Na2FeP2O7 is also one popular cathode material for SIBs in the family
of pyrophosphates [83]. In 2010, Yamada’s research group first demonstrated a
decent electrochemical property of Li2FeP2O7 particles [88]. Inspired by this, for
the first time, Yamada and co-workers explored the application of pyrophosphates
Na2FeP2O7 in SIBs [83]. As shown in the inset of Figure 4.5b, the crystal frame-
work of the as-prepared Na2FeP2O7 was assumed to own a triclinic structure
with the cell parameters of a = 6.43382(16) Å, b = 9.4158(3) Å, c = 11.0180(3) Å,
𝛼 = 64.4086(15)∘, 𝛽 = 85.4794(19)∘, 𝛾 = 72.8073(17)∘, and V = 574.16(3) Å3.
Na2FeP2O7 is composed of FeO6 octahedrons and PO4 tetrahedrons that con-
nect in a staggered manner, forming an open tunnel for the accommodation
of Na+ ions along [100], [110], and [011] directions [75a]. In this context, its
interesting structure offers the possibility to store metal ions. When used as the
cathode for SIBs in the voltage window of 2.0–4.0 V, Na2FeP2O7 displayed a high
reversible capacity (82 mAh g−1 at C/20), stable average voltage platform (∼3.0 V
vs. Na/Na+), and good rate performance (10 C). Meanwhile, it is worth noting
that the Na ions (de)insertion process was divided into three small steps. This
phenomenon can be ascribed to the structural rearrangement or Na+ ordering
upon cycling, which can be also observed in other Na-based cathodes (such as
P2-Na2/3Co2/3Mn1/3O2) [89].

In addition to the advantages of low cost, stable and high-voltage platform, and
promising electrochemical activity, the superior thermal stability of Na2FeP2O7
further promotes its application in large-scale energy storage [90]. For example,
Chen et al. studied the cycling lifespan of batteries at high temperature condition
[91]. When tested at 363 K, the NaFeP2O7 electrode realized a high reversible
capacity (91 mAh g−1 at 10 mA g−1), excellent rate performance (59 mAh g−1 at
2000 mA g−1), and good cycling stability (a capacity retention of 91% after 1000
cycles at 100 mA g−1). In this study, based on the X-ray absorption spectroscopy
analysis, the authors indicated that the increase of average oxidation state of Fe was
accompanied by the shorten of Fe—O bonds upon charging process. Along this
line, the NaFeP2O7 cathode-based batteries assembled by Chen and colleagues also
manifested an impressive electrochemical performance over a wide temperature
range (253–363 K) [75c]. In Yamada’s study, they found that the charged state
(i.e. NaFeP2O7) of Na2FeP2O7 had good stability at ultra-high temperatures (up to
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600 ∘C) and would not suffer thermal decomposition that generates oxygen from
the active material [90a]. Nevertheless, owing to the temperature-induced phase
transition, NaFeP2O7 will generate an irreversible polymorphic transition above
560 ∘C (i.e. from triclinic P−1 to monoclinic P21/c). The high operational safety can
prevent the occurrence of chemical/thermal breakdown in battery system, which is
beneficial to drive its application in SIBs [90a].

While the actual capacity of NaFeP2O7 is inferior to its theoretical capacity
of 97 mAh g−1. Aiming to improve the achievable capacity, cycling stability and
rate capability of NaFeP2O7, large amounts of efforts have been directed to this
material over the past few years [92]. The modification strategies of NaFeP2O7
mainly involve the hybridization with carbon materials and introduction of cations
[93]. Owing to the intrinsically poor conductivity of NaFeP2O7, the researchers
have paid attention to constructing NaFeP2O7-carbon material composites for the
enhancement of electrochemical performance. For example, through aqueous
synthesis followed by thermal treatment, Ruffo and co-workers have prepared
a Na2FeP2O7/multiple-walled carbon nanotube (NaFeP2O7/MWCNT) compos-
ite that featured a decent electrochemical property (68 mAh g−1 at 10 C) [93b].
Additionally, Zhang et al. reported an in situ carbon-coated layer and rGO
matrix-modified Na2FeP2O7 composite (NFPO@C@rGO) through a one-step
urea-nitrate combustion process [93e]. As a result, the NFPO@C@rGO cathode
achieved improved electrochemical performance compared to the NFPO@C and
pure NFPO electrodes, retaining a capacity of ∼100% after 300 cycles at 1 C. Very
recently, to further modify Na2FeP2O7 (NFPO), Liu and co-workers adopted a
scalable sol–gel method combined with the ball-milling treatment to prepare a
Na2FeP2O7@C/expanded graphite (NFPO@C/EG) cathode for SIBs [93f]. With
this unique multiscale carbon-modified structure, the electronic conductivity of
active material can be ameliorated and the diffusion pathway of sodium ions can
be shortened. Impressively, ultrahigh reversible capacities of 95 (almost close to
theoretical capacity) and 60 mAh g−1 can be obtained at 11.6 and 2320 mA g−1,
respectively.

To raise the operational voltage, many research groups have focused on the
Mn-based pyrophosphates (A2MnP2O7) due to the electrochemical activity of the
Mn2+/Mn3+ redox couple. Owing to the sluggish kinetics of above redox couple,
Whittingham’s and Yamada’s groups proposed the inactive nature of Li2MnP2O7
at room temperature in LIBs [94]. But fortunately, Choi and co-workers have
demonstrated a Mn-based pyrophosphates (Na2MnP2O7) cathode with effective
Na+ storage at room temperature. Based on the XRD pattern and Rietveld refine-
ment result, Na2MnP2O7 was assumed to adopt a triclinic structure with the cell
parameters of a = 6.5373 Å, b = 9.5404 Å, c = 11.0735 Å, 𝛼 = 64.5664∘, 𝛽 = 79.9632∘,
and 𝛾 = 73.4167∘. As shown in Figure 4.5c, the octahedral MnO6 and neighboring
pyramidal MnO5 in triclinic Na2MnP2O7 form a Mn2O10 unit by corner-sharing of
one oxygen atom, which is different from the type of edge-sharing in monoclinic
Li2MnP2O7 [95]. Based on DFT calcgulations, they further found that the two
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edge-sharing Mn–O bonds in Li2MnP2O7 were completely ruptured after charging.
Furthermore, one new bond was formed to accommodate Jahn–Teller distortion
and to minimize the electrostatic repulsion between Mn3+ ions. As a result, a pair of
octahedral and pyramidal TM polyhedrons were disjointed into two pyramidal-like
polyhedrons (Figure 4.5d). This transition would produce substantial kinetic
barrier which made the deintercalation reaction unlikely to occur at room tem-
perature. In contrast, benefiting from the corner-sharing type in Na2MnP2O7 as
shown in Figure 4.5e, the Mn—O bonds only rearranged. Therefore, the authors
concluded that the significantly enhanced kinetics of Na2MnP2O7 is mainly due
to the corner-sharing crystal structure assisting the local flexible adjustment of
Jahn–Teller distortion. Besides, the low degree of atomic rearrangement is beneficial
for reducing the barrier energy of the electronic conduction and ionic migration.
Consequently, the Na2MnP2O7 cathode featured an impressive electrochemical
activity for SIBs.

Moreover, Yamada’s study unveiled a novel Na2MnP2O7 phase, β-Na2MnP2O7,
registering a high Mn3+/Mn2+ redox potential (ca. 3.6 V vs. Na/Na+). The
β-Na2MnP2O7 was assumed to adopt a triclinic structure with the cell parameters
of a = 9.922(3) Å, b = 11.083(4) Å, c = 12.473(2) Å, 𝛼 = 148.39(1)∘, 𝛽 = 121.94(5)∘,
𝛾 = 68.42(3)∘, and V = 599.4(1) Å3. It is worth nothing that the lattice constants
of the above two types of Na2MnP2O7 turn out to be larger in all three directions
compared to those of the Fe and Co counterpart perhaps because the ionic radius of
Mn (0.97 Å) is larger than that of Fe (0.92 Å) and Co (0.89 Å). This structure consists
of twisted MnO6 octahedrons and PO4 tetrahedrons and has 3D channels for ion
(de)intercalation along [−110], [111] and [100] directions. By virtue of this open
framework, the β-Na2MnP2O7 was found to be electrochemically active in SIBs,
showing a good reversible capacity of 80 mAh g−1 at C/20 and high average voltage
platform of 3.6 V (vs. Na/Na+) [75d].

Even though Na2MnP2O7 has been reported as a promising cathode for SIBs
due to its high potential, low cost and non-toxicity, its low initial CE, poor rate
and cycling performance caused by the inferior electronic conductivity and
manganese dissolution seriously hinder its practical applications. In this regard,
through a feasible high-energy vibrating activation process, Jiao et al. proposed a
robust graphene layer (GL)-modified Na2MnP2O7 (NMP@GL) that can effectively
improve its electrochemical performance [96]. In the ultrahigh-frequency vibrating
activation process, the bulk NMP material was pulverized into sub-micron size
and the rGO wrapped on the surface prevented these smaller particles from
aggregating during the re-annealing process. The size reduction of particles not
only shortened the migration pathway of sodium ions but also increased the
specific surface area, which was beneficial for the contact between the electrolyte
and the electrode, thus improving the rate capability of the active material. As a
result, the NMP@GL electrode could display a reversible capacity of 93 mAh g−1 at
0.1 C with an initial CE of ∼90%, and capacity retention of 83% over 600 loops at
2 C.
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4.3.3 Na4M3(PO4)2P2O7 (M = Fe, Co, Mn, Ni, and Mg)

Currently, a unique mixed pyrophosphate Na4M3(PO4)2P2O7 (M = Fe, Co, Mn, Ni,
and Mg) with a strong structural stability during the sodiation/desodiation reac-
tion is considered as an interesting new type of polyanionic cathodes for SIBs [76a,
97]. Many researchers found the phosphate PO4

3− and pyrophosphate P2O7
4− exhib-

ited good structural stability during reversible electrochemical reactions, promoting
excellent electrochemical properties in sodium storage [9, 55a, 98].

In terms of electrode materials, the earth-abounded and low-cost elements
are instrumental for large-scale energy density storage application. Iron-based
Na4Fe3(PO4)2P2O7, as a representative of this category, was confirmed to be
one of the most popular candidates for cathode materials of SIBs [55a, 99].
Na4Fe3(PO4)2P2O7 was crystallized into orthorhombic structure (space group:
Pn21a) with the structural parameters of a = 18.0165(16) Å, b = 6.5510(6) Å,
c = 10.6972(9) Å, and unit cell volume = 1262.54(24) Å3 [100]. The structure of
Na4Fe3(PO4)2P2O7 can be defined as a 3D network of Fe3P2O13 sheets blocking par-
allel to the bc plane built up by FeO6 octahedra and PO4 tetrahedra. The blocks are
connected along the a-axis by diphosphate groups. Along the [100], [010], and [001]
directions, large tunnels for Na+ diffusion are produced by FeO6 octahedra with PO4
tetrahedra and P2O7 diphosphates [101]. On the basis of first-principles calculation
and the solid-state nuclear magnetic resonance (NMR) spectroscopy, there are
four symmetrically distinguishable Na sites in the structure of Na4Fe3(PO4)2P2O7.
Two Na sites (Na1 and Na4) formed by NaO6 octahedra are shown on the b−c
plane (Figure 4.6a). And, the other two Na sites (Na2 and Na3) formed by seven
coordinated NaO7 polyhedra and NaO6 octahedra are located along the a-axis
orientation [99a]. The extraction sequence of Na is described as follows: Na2 site
(five-coordinated) is extracted first, followed by 1/2 Na in Na1 and 1/2 Na in Na4 in
the meantime. And then, 1/2 Na in Na3 and the remaining Na in Na1 are extracted
simultaneously, leaving the rest of Na in the Na3 and Na3 sites in NaFe3(PO4)2P2O7
occupied [99a, 101b]. The (de)sodiation mechanism of NaFe3(PO4)2P2O7 was
further analyzed by electrochemical potentiostatic intermittent titration technique
(PITT) measurements to monitor the redox reaction. And, the “Cottrel-type” curves
represented the one-phase reaction with a reversible Fe2+/Fe3+ redox reaction
(Figure 4.6b,c) [55a].

Inspired by the feasible Na diffusion in the iron-based phosphate crystal, the
electrochemical activity of NaFe3(PO4)2P2O7 was evaluated. NaFe3(PO4)2P2O7
exhibited a theoretical capacity of 129 mAh g−1 with a high average discharge
voltage of ∼3.1 V (vs. Na/Na+) and low volume change (<4%) [102]. While, the
major obstacles of NaFe3(PO4)2P2O7 as cathode material for SIBs are the low
electronic and ionic conductivities which hinder its rate capability and cyclability.
Surface modification (e.g. highly conductive carbon coating), fine granulationp
treatments, and functionalization treatments (e.g. acidification) can obviously
improve the electronic and ionic conductivities of electrodes for SIBs. Profiting from
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Figure 4.6 Schematic representations (a) and PITT measurements of Na4Fe3(PO4)2P2O7
during (b) charging and (c) discharging processes. Source: Kim et al. [99a]. Reproduced with
permission, 2013, American Chemical Society.

the presence of an in situ formed 3D carbon network, the electronic conductivity of
Na4Fe3(PO4)2P2O7/C nanocomposite prepared via the sol–gel process was improved
markedly, which displayed a high initial capacity of 110 mAh g−1 at 0.05 C with the
average discharge voltage of ∼3.1 V, excellent rate capability of 78 mAh g−1 at 10 C,
and stable cycling stability (e.g. 89% of capacity retention over 300 cycles) [103].
Cao et al. succeeded in scalable synthesizing the nanospherical Na4Fe3(PO4)2P2O7
growing on the MWCNTs (Na4Fe3(PO4)2P2O7@MCNTs) by using a simple acidi-
fication method and then a quickly spray drying method. The obtained composite
as a cathode material for SIBs exhibited high electronic conductivity and revealed
a high discharge capacity of 116 mAh g−1 at 0.1 C, an excellent rate capability
with a capacity of 63 mAh g−1 at 20 C, as well as an outstanding cycle stability
with a capacity retention of 95% after 1200 cycles at 2 C rate [104]. Yuan et al.
studied the Na+ storage property of the 3D graphene-decorated Na4Co3(PO4)2P2O7
microspheres (NFPP@rGO) prepared by applying a simple spray drying method.
Combing the superiorities of Na4Co3(PO4)2P2O7 nanoparticles and the flexible
3D graphene network, the electronic conductivity and thermal stability of the
as-prepared NFPP@rGO composite have been significantly improved, leading
to the enhanced electrochemical properties in terms of high reversible capacity
(e.g. 128 mAh g−1 at 0.1 C), super rate performance up to 200 C, and ultra-long
cycling lifetime over 6000 cycles at 10 C [105]. Besides, Na4Fe3(PO4)2P2O7/C
(NFPP/C) nanospheres with tunable size (∼30 nm) and carbon layer thickness
(∼3 nm) synthesized by a template approach delivered a high discharge capacity
of 128.5 mAh g−1 at 0.2 C and 79 mAh g−1 at 100 C [106]. Moreover, designing
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and fabricating structurally optimized Na4Fe3(PO4)2P2O7 cathodes also realized
excellent electrochemical performance for SIBs. A core-double shell-structured
Na4Fe3(PO4)2P2O7@NaFePO4@C nanoparticles grown on a carbon cloth (CC) sub-
strate (NFPP@NFP@C-CC) was designed to study the enhanced electrochemical
activation. Combined with the superiorities of high voltage of Na4Fe3(PO4)2P2O7,
high capacity of NaFePO4, and high conductive CC, the as-obtained composite
exhibited outstanding rate capability (68 mAh g−1 at 100 C) and cycling stability
(without capacity decay over 3000 cycles at 10 C) [102]. Later, Na4Fe3(PO4)2P2O7
plates (NFPP-E) were also investigated to exploit the enhanced electrochemical
performance by structural designing. Specifically, the NFPP-E delivered high
capacity retention of 69% after 4400 cycles, which was much higher than that of
the microporous Na4Fe3(PO4)2P2O7 particles (NFPP-C, capacity retention: 57%)
under the same operating conditions [107]. Na4Fe3(PO4)2P2O7 thin films with
uniform grain size (∼220 nm) and surface morphology delivered a reasonable
electrochemical performance with a highly reversible Na+ storage capacity of
∼120 mAh g−1 and good reversibility of over 500 cycles [108]. Additionally, the
selection of electrolyte is also important to ameliorate the Na+ storage performance
of Na4Fe3(PO4)2P2O7 cathodes. Recently, Jang et al. substantially improved the
electrochemical performance of Na4Fe3(PO4)2P2O7 cathodes by employing an
ethylene carbonate (EC)/propylene carbonate (PC)-based NaClO4 salt electrolyte.
The Na4Fe3(PO4)2P2O7||Na cell with EC/PC/1 M NaClO4 delivered a high discharge
capacity of 128 mAh g−1, closing to the theoretical capacity of 129 mAh g−1 [109].
And, Lee et al. used the linear carbonate-containing electrolytes with fluoroethylene
carbonate (FEC) additive (i.e. EC/PC/DEC (5/3/2, v/v/v)/0.5 M NaClO4 with FEC
additive) to assist the exploration of sodium storage of Na4Fe3(PO4)2P2O7 cathodes.
The investigation revealed that a remarkable enhancement in electrochemical
performance of this cathode material with high-rate and long-cycle characteristics
(e.g. 98% capacity retention after 300 cycles at 30 C) [110].

Following the research of Na4Fe3(PO4)2P2O7, homologue Na4Co3(PO4)2P2O7 has
also shown its superiority in sodium storage property [98b, 111]. Recently, Nose et al.
reported high voltages and high rate behavior for SIBs using Na4Co3(PO4)2P2O7 as
the cathode material [76c]. Na4Co3(PO4)2P2O7 shows an orthorhombic structure
with a Pn21a space group [112]. There are four crystallographically distinct Na sites.
Na1 and Na4 sites are sixfold coordinated to oxygen, while Na2 and Na3 sites have
sevenfold coordination. The large channels enable a long-range Na-ion migration to
occur with a low activation energy, making Na4Co3(PO4)2P2O7 a good 3D ion con-
ductor [76a, 113]. This is advantageous over 1D conductors because even if some
channels are blocked (e.g. by crystalline defects), other pathways would still be avail-
able to allow Na insertion into (and extraction from) the cathodes.

Despite having a high-voltage plateau at 4.5 V (vs. Na+/Na) and a good theoretical
capacity of 129 mAh g−1, the rate capabilities of Na4Co3(PO4)2P2O7 cathode are lim-
ited due to unsatisfactory electronic/ionic conductivity and structural instability at
high voltage [76c]. Highly conductive carbon modification is considered as the com-
mon strategy to solve this problem. Recently, the carbon-coated Na4Co3(PO4)2P2O7
(NCP–C) synthesized by a sol−gel method exhibited an enhanced electrochemical
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property. Specifically, the NCP–C cathode material delivered a stable reversible
capacity of 70 mAh g−1 after 100 cycles with an excellent capacity retention of
above 95% [113]. Additionally, the MWCNT-decorated Na4Co3(PO4)2P2O7 cath-
ode (NCPP–CNT) was investigated by using suitable high-voltage electrolytes,
which delivered a high initial discharge capacity of 92 mAh g−1 at 0.1 C and
negligible capacity fading after 50 cycles [114]. Such excellent properties make
Na4Co3(PO4)2P2O7-based composites one of the most promising cathode materials
for SIBs. However, another drawback of Na4Co3(PO4)2P2O7 cathode material is
its high cobalt content. Then, research efforts to reduce the cobalt amount in this
material (i.e. metallic ionic doping) have been performed [115]. Metal doping (e.g.
Mn, Ni, and Al) not only enhances its ionic conductivity but also improves the
structural stability, which is beneficial to achieve excellent sodium storage proper-
ties [115a, 116]. For example, Nose et al. explored the electrochemical properties of
Mn and Ni co-doped Na4Co3(PO4)2P2O7 material. It showed a high redox potential
of 4.5 V and excellent rate capability with the reversible capacity of 103 mAh g−1

at 5 C rate [115a]. And, the effect of the Al dopant content on the sodium storage
property of the Na4Co3(PO4)2P2O7 cathode was also investigated in Liu’s work, from
which concluded that the Na3.85Co2.85Al0.15(PO4)2P2O7 (Al0.15-NCPP) delivered
a superior rate capability (80 and 73 mAh g−1 at 20 C and 50 C, respectively) and
better ultralong cycling stability (96% capacity retention after 900 cycles at 10 C and
83% capacity retention after 8000 cycles at 30 C) than that of the NCPP, Al0.05–NCPP,
Al0.1–NCPP, and Al0.2–NCPP (e.g. only 80% capacity retention during 900 cycles at
10 C for NCPP) [116].

Ni-based polyanionic material Na4Ni3(PO4)2P2O7 as a potential high-voltage
cathode for SIBs is also explored recently. Similar to Na4Fe3(PO4)2(P2O7),
Na4Ni3(PO4)2P2O7 is crystallized in the orthorhombic Pn21a space group with
a = 18.0006(3) Å, b = 6.4933(1) Å, and c = 10.4115(2) Å [117]. It offers a stable 3D
(P2O7)4− framework with a low migration barrier for diffusion of multiple Na sites
[90b]. Zhang et al. first experimentally demonstrated the Ni2+/3+ redox activity in
the mixed polyanionic framework for SIBs. Na4Ni3(PO4)2P2O7 enabled a reversible
(de-)insertion of 1.3 Na with a theoretical capacity of 127.2 mAh g−1 under a
high operating potential of 4.8 V vs. Na+/Na [118]. Kumar et al. proposed the
investigation of Na4Ni3(PO4)2P2O7 with rGO and carbon to increase the electronic
conductivity. Na4Ni3(PO4)2(P2O7)-rGO and Na4Ni3(PO4)2(P2O7)-C delivered the
discharge capacities of 72 mAh g−1, exceeding the data reported in the recent
literatures [119].

The Mn-based mixed-phosphate Na4Mn3(PO4)2P2O7 cathode material is very
popular in SIB systems due to its high stable capacity, which would not be jeopar-
dized by the structural volume changes induced by Jahn–Teller distortion (Mn3+).
The orthorhombic Na4Mn3(PO4)2P2O7 (group space: Pn21a; lattice parameters:
a = 18.02651(7) Å, b = 6.65673(2) Å, and c = 10.76886(4) Å) demonstrates a
high energy density of 416 W h kg−1 under the high working potential of 3.84 V vs.
Na+/Na based on Mn2+/Mn3+ redox couple [120]. Ryu et al. adopted a Co-substituted
procedure and incorporated reduced graphene oxide (NMCMP/rGO) to study the
sodium storage property of the Na4Mn3(PO4)2P2O7 materials and compared with
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no Co adjunction (NMMP/rGO). The NMCMP/rGO cathode exhibited a better elec-
trochemical property with a high-voltage platform (4.5 V, corresponding to Co2+/3+

redox couple) and excellent cyclic stability (88% capacity retention at 0.1 C) [121].

4.3.4 Other Pyrophosphates

Apart from the above-mentioned pyrophosphates, new type mixed-polyanion
compounds such as sodium vanadium pyrophosphate Na7V3(P2O7)4 and
vanadium-based ortho-diphosphate Na7V4(P2O7)4(PO4) are also considered as
potential cathode candidates for SIBs owing to their merits of rich crystal chemistry,
upstanding framework, and good sodium ionic mobility.

Sodium vanadium pyrophosphate Na7V3(P2O7)4 shows a structural characteristic
of a space group of C2/c and lattice parameters of a = 9.7219(4) Å, b = 8.3185(4) Å,
c = 27.6051(11) Å, which is isostructural with the well-known Na7Fe3(P2O7)4 com-
posite [122]. The schematic crystal structure of Na7V3(P2O7)4 is mainly composed
of two consecutive layers (i.e. quasi-layer 1: V(1)[P(1)P(2)O7]2, and quasi-layer
2:[V(2)P(3)P(4)O7]2). Here, the three distinct sites Na2, Na3, and Na4 are inter-
linked in quasi-layer 1. While Na1 ions locate in quasi-layer 2, connecting the Na2
and Na4 ions in quasi-layer 1. The octahedra VO6 shares every corner with P2O7,
which creates large tunnels and a stable 3D skeleton for the rapid Na+ diffusion
(Figure 4.7a). The redox potential of Na7V3(P2O7)4 is significantly affected by the
interaction between TMs and polyanions, and will increase through the induction
effect. Therefore, the Na7V3(P2O7)4 is expected to display a higher theoretical
redox potential than other cathode materials. The (de)sodiation mechanism in a
high-voltage zone manifests almost four Na ions per formula unit are deintercalated
from the structure with the following order: two Na+ in Na2 site → one Na+ from
Na3 site → one Na+ in Na4 site (>4.5 V vs. Na/Na+), remaining one Na+ in Na4
site and all Na+ in Na1 site in the NaxV3(P2O7)4 structure (Figure 4.7b). The overall
electrochemical reaction within a practical voltage window (e.g. 2.5–4.35 V) mainly
occurs between Na7V3(P2O7)4 and Na4V3(P2O7)4 based on the V3+/V4+ redox
reaction. Notably, a high redox potential at ≈4.13 V (vs. Na+/Na) and a satisfactory
theoretical capacity (≈80 mAh g−1) can be obtained (Figure 4.7c) [123]. While
Kovrugin et al. studied the V5+/V4+ redox activity without achieving fully reversible
reaction at high voltage, which delivered a capacity of about 106 mAh g−1. Moreover,
based on three redox couples (V3+/V2+, V4+/V5+, and V3+/V4+) in a wide voltage
range of 1.3–4.8 V vs. Na+/Na, Na7V3(P2O7)4 was able to release a reversible capacity
of 118 mAh g−1 [124]. In addition to broadening the voltage range, micro-nano
structure design and surface conductive carbon decoration are always applied to
facilitate fast electron/ion transport and enhance the electrochemical activities
[125]. Ke et al. introduced a biochemical-enabled strategy with the hexahedral
natural fern spore as the biotemplate. The hierarchical structure bio-Na7V3(P2O7)4
composites owned small nanoparticles and high surface area, greatly facilitating
the rapid ion transport. As a result, it provided excellent rate capability with a high
capacity retention of 93% after 500 cycles at 20 C [126]. Then, freestanding 3D hybrid
foams of Na7V3(P2O7)4@biomass-derived porous carbon were also synthesized, and
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Figure 4.7 (a) Schematic of Na7V3(P2O7)4 structure with 3D Na diffusion path.
(b) Calculated average redox potential of NaxV3(P2O7)4 (3≤ x ≤ 7). (c) A charge/discharge
profile of Na7V3(P2O7)4 with the calculated voltage (inset: the corresponding differential
capacity plots of Na7V3(P2O7)4). Source: Kim et al. [123]. Reproduced with permission, 2016,
Wiley-VCH.

its sodium storage performance was studied. In this work, a graphene-like frame
is extracted from the fungus and applied to realize the construction of a highly
conductive 3D porous framework, which closely wrapped nanocrystals together to
form a hierarchical hybrid structure. The self-assembled 3D hybrid foam achieved
fast Na+ (de)insertion kinetics and excellent cycling stability (e.g. 91% of initial
capacity retained after 800 cycles at 3 C) thanks to the advantages of hierarchical
porosity, high electrical conductivity, and good stability [127].

The Na7V4(P2O7)4(PO4) compound is also a popular alternative cathode
for high-performance SIBs, which demonstrates the tetragonal P−421c space
group with well-defined lattice parameters (i.e. a = 14.225(3) Å and c = 6.364
(17) Å). The crystal structure of Na7V4(P2O7)4(PO4) cathode is assembled with
the repetition of a basic unit: (VP2O7)4PO4 (Figure 4.8a), which interconnect
together to make up a 3D skeleton structure with explicit Na+ diffusion chan-
nels [128]. The sodium (de)intercalation mechanism of Na7V4(P2O7)4(PO4)
was evaluated using galvanostatic intermittent titration technique (GITT) mea-
surement (Figure 4.8b). Based on the quasi-open-circuit potential (QOCP)
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charge and discharge curves obtained from the GITT curves and the differential
capacity (dQ/dV) curves calculated from Figure 4.8c, an intermediate phase
Na5V3.5+

4 (P2O7)4(PO4) during the discharge and charge process was found, which
derived two equilibrium potential plateaus at 3.8713 and 3.8879 V, correspond-
ing to the V3+/V3.5+ and V3.5+/V4+ redox reactions, respectively (Figure 4.8d).
The evaluation during sodium extraction process can be described in two steps:
Na7V3+

4 (P2O7)4(PO4)
charge

−−−−−−→Na5V3+
2 V4+

2 (P2O7)4(PO4)
charge

−−−−−−→Na3V4+
4 (P2O7)4(PO4)

[129]. Thanks to the robust host framework and favorable charge–discharge
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mechanism, the Na7V4(P2O7)4(PO4) held exceptional electrochemical perfor-
mances with long cycling capability over 1000 cycles. Additionally, the impurity
of Na7V4(P2O7)4(PO4) samples synthesized via conventional solid-state methods
and their intrinsic low electronic conductivity limit their further development.
Nanoengineering with a feasible synthetic method is needed to improve the
purity and facilitate the electron/ionic diffusion, leading to a distinctly improved
electrochemical performance. Recently, a 1D nanostructured Na7V4(P2O7)4(PO4)
with high purity prepared by a sol–gel method and subsequent high-temperature
calcination process displayed favorable Na+ intercalation kinetics and excellent
electrochemical property with a large reversible capacity of 92.1 mAh g−1 at 0.05 C
(nearly close to the theoretical capacity: 92.8 mAh g−1) [129]. Subsequently, a
freestanding 3D Na7V4(P2O7)4(PO4)-based hybrid foam also achieved favorable
Na+/electron diffusion kinetics and a ultralong-term cycling capability with
94% capacity retention following 800 cycles at a high rate of 20 C [127]. Coating
conductive carbon is also an efficient strategy to promote a fast electron transfer.
Prepared by a hydrothermal-assisted method with the introduction of templates and
carbon additive, the Na7V4(P2O7)4(PO4)/C nanorods exhibited enhanced electronic
dynamics and a good sodium storage capability [130].

4.4 Fluorinated Phosphate Cathodes

Fluorophosphates, produced by the addition of electronegative fluorine anions
(F−) into Na-based phosphate cathodes, are capable to maintain the charge balance
of the structure in relation to phosphates. Na2VPO4F first caught the attention of
researchers in 2003 [131], which not only stimulated the exploration of various
fluorophosphates as SIB cathode materials but also promoted the development
and extension of fluorophosphate to other TMs. The anionic F− in the strong
covalent anion lattice structure delivers strong inductive effect, resulting an
enhanced redox voltage. There are three types of promising fluorophosphate-based
cathodes for SIBs, which are NaVPO4F, Na2MPO4F (M = Fe, Mn, and Ni), and
Na3(VO1−xPO4)2F1+2x (0≤ x ≤ 1).

4.4.1 NaVPO4F

NaVPO4F is the first type that been studied as cathode material for SIBs in the flu-
orophosphate group, which is crystallized into two polymorphs: tetragonal sym-
metric phase (space group: I4/mmm) and monoclinic phase (space group: C2/c)
[132]. The tetragonal NaVPO4F showed an extended 3D framework consisting of
[VO4F2] octahedron and [PO4] tetrahedron for sodium-ion diffusion. Due to the
synergistic effect of strong P—O bond and the inductive effect of F-anion, a high
working platform of ∼3.7 V can be achieved for sodium-ion full cell coupled with
hard carbon as anode. The cycling stability of the tetragonal NaVPO4F, however,
was inferior, whose discharge capacity faded to less than half of the initial capac-
ity only after 30 cycles [131]. In the monoclinic NaVPO4F, two PO4 tetrahedra are
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Figure 4.9 (a) Crystal structure of NaVPO4F. (b) Theoretical voltage profile for Na1−xVPO4F.
Source: Mamoor et al. [133]. Reproduced with permission, 2019, Royal Society of Chemistry.

connected with two different VO4F2 octahedra by the two angular oxygen atoms
(Figure 4.9a), which provides a two-dimensional pathway along the (010) plane for
the rapid Na+ diffusion [134]. Moreover, monoclinic-Na2VPO4F realized a reversible
(de)insertion of one Na+ per NaVPO4F formula unit on the basis of V4+/V3+ redox
reaction, showing a high theoretical capacity of 143 mAh g−1. The desodiation pro-
cess can be analyzed by removing Na+ from Na1−xVPO4F with x = 0, 0.25, 0.5, 0.75,
and 1 (Figure 4.9b). The evolution process can be divided into the following pro-
cesses: Na1VPO4F(C2/c) → Na0.75VPO4F(C2/c) → Na0.5VPO4F(P2/c) → Na0.25VPO4
F(C2/c) → VPO4F(C2/c). It was found that the structural symmetry of NaVPO4F
shifted from the space group of C2/c to P2/c when 0.5 Na+ was extracted. The rele-
vant reason behind the transition may be the significant difference in bond length
between C2/c and P2/c phases [133].

Although the NaVPO4F material showed high capacity, its cycling performance
needed to be enhanced [135]. Carbon coating, doping with other elements,
and designing porous networks with different synthesis methods are effective
approaches to increase the overall electrochemical performance of the NaVPO4F
cathode material [136]. Zhao et al. developed a novel sol–gel route to synthesize
NaVPO4F, which showed 83% of capacity retention after 100 cycles at 2 C [137].
Ling et al. employed a molecular level blending technique, followed by a facile
ball-mining to prepare a NaVPO4F@C, which delivered a high initial specific
capacity of 135 mAh g−1 at the current density of 0.2 C and ultrahigh rate perfor-
mance of 112.1 mAh g−1 at 30 C [134a]. Researchers also doped Cr into NaVPO4F
to improve its cyclability (e.g. a reversible capacity retention of 91.4% during the
20th cycles) [138]. Xu et al. reported a novel approach to synthesize NaVPO4F/C
network consisting of nano/microparticles with open interconnected 3D porous
microstructure, which achieved an enhanced discharge capacity of 121 mAh g−1

and long cycle life (76% capacity retention after 65 cycles) [139]. Ge et al. employed
a solution method to prepare the interface conductivity enhanced NaVPO4F/C,
in which PVP acted as both the particle size regulator to restrict particles growth
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and the carbon source to generate a uniform carbon coating layer on the surface
of NaVPO4F. The obtained NaVPO4F/C composite showed much enhanced elec-
trochemical performance, delivering a highly reversible capacity of 111 mAh g−1

at 0.1 C [140]. In addition, modifying morphology of the NaVPO4F material is
also an effective approach to enhance their sodium storage properties. Jin et al.
successfully prepared novel NaVPO4F/C nanofibers via a feasible electrospinning
method as self-supporting cathode. The 3D conductive network formed by the
interconnection of 1D NaVPO4F/C nanofibers improved the ionic and electronic
transport of NaVPO4F and effectively restrained the aggregation of NaVPO4F
particles during charge/discharge process, leading to the high electrochemical
performance of the NaVPO4F/C [141]. Cheng et al. designed nano-NaVPO4F
particles (<100 nm) enwrapped in rGO sheets. Even at an ultrahigh rate of 100 C,
a reversible capacity of 86.5 mAh g−1 can be achieved [134b]. A 3D coral-like struc-
tured NaVPO4F/C was synthesized by Feng et al. using sol–gel as the main strategy.
The NaVPO4F particles were anchored by effective fluorine–hydrogen bonds in the
sol–gel template route, resulting in a final product with an interconnected porous
3D coral-like structure consisting of an oriented stack of uniform nanoparticles
(15–20 nm). The prepared NVPF/C exhibited enhanced electronic conduction and
demonstrated excellent sodium storage performance based on SIBs electrochemical
testing [142].

4.4.2 Na2MPO4F (M = Fe, Mn, and Ni)

Na2FePO4F shows a layered orthorhombic structure with a space group of Pbcn
(a = 5.2352(2) Å, b = 13.8365(4) Å, and c = 11.7728(3) Å) [143]. Layered Na2FePO4F
consists of 2D framework with PO4 tetrahedra connected by Fe2O6F3 biotetra-
hedra, which are formed by sharing the faces of two iron-based octahedra and
interconnected by F atoms. The long chain of Fe2O6F3 extends along the a-axis
and is connected to the PO4 tetrahedron on the ac plane. There are dense large
channels between [Fe2O6F3–PO4]∞ chains, where Na+ ions are mobile upon extrac-
tion/insertion reactions (Figure 4.10a,b). The facile 2D Na+ pathways lead to good
structural stability with only 3.7% volume variation during Na+ insertion/extraction
processes, satisfying theoretical capacity (∼124.2 mAh g−1), and decent operating
voltage (∼3.0 V vs. Na+/Na) [144]. However, the electrochemical performance of
Na2FePO4F also suffered from poor intrinsic electronic conductivity [144a, d].

Wang et al. reported an electrospinning method to homogeneously encapsulate
small Na2FePO4F nanoparticles (≈3.8 nm) into porous N-doped carbon nanofibers
[145]. The unique network structure of carbon nanofibers surrounding the ultrafine
Na2FePO4F nanoparticles facilitated the enhancement of the electrochemical
activity, electron/ion transport capacity, and structural stability of the cathode
material. The Na2FePO4F@NC nanofibers, as expected, exhibited an excellent long
cycling life with 85% capacity retention after 2000 cycles. Ko et al. used a simple
low-temperature process to prepare Na2FePO4F surrounded by nanospheres of
conductive polymer, poly(3,4-ethylenedioxythiophene) (Na2FePO4F–PEDOT). The
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prepared Na2FePO4F–PEDOT materials delivered a high rate capacity at 10 C,
which was ∼10 times higher than that of the pristine Na2FePO4F [144b].

Zhang and co-workers designed a mesoporous Na2FePO4F@C (M-NFPF@C)
composite, which was synthesized by a facile ball-milling method [144d]. Thanks
to the mesoporous structure and high conductive carbon, the M-NFPF@C mate-
rial had good SIB performance of high discharge capacity (e.g. 114 mAh g−1 at
0.1 C), good rate performance as high as 10 C, and excellent cycling property
over 600 cycles at 5 C. Analogously, Hu et al. also used ball-mining as a synthetic
method to prepare Na2FePO4F, and the as-prepared Na2FePO4F/C nanocomposites
delivered 108.6 mAh g−1 at 0.1 C [144c]. This good performance can be ascribed
to uniformly dispersed Na2FePO4F nanoparticles and mixed-carbon sources
derived unique carbon network with hierarchical pore structure. Additionally,
Yan et al. reported a multi-layered Na2FePO4F/CNT material synthesized via
employing layer-by-layer nanoassembly method, which easily generated a 3D
porous structure in which the highly interwoven CNT layers and abundant
pores act as conductive carbon network and ion transport paths, respectively.
Expectedly, the Na2FePO4F/CNT material provided a capacity of 103.5 mAh g−1 at
0.4 C [146].

Na2MnPO4F possesses a 3D P21/n structure, as shown in Figure 4.10c. The F-ions
are distributed around the MnO4F2 and NaO4F2 octahedra extending along the
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b-axis. The two MnO4F2 octahedra alternate with F-ions along the main chain
angles to form single chains. And, the MnO4F2 chains are interconnected with
the PO4 tetrahedra (Figure 4.10d). The sodium ions, and every four sodium ions
located in the gaps of the framework, are surrounded by one F− ion along the
backbone (Figure 4.10e). The open skeleton of Na+ along the MnO4F2 octahedral
backbone suggested that the Na+ ions may conduct along the b-axis direction
[143]. Due to the strong induction effect of [PO4]3− and the strong electronegativity
of F−, Na2MnPO4F had high working potential (3.6 V), high theoretical capacity
(124 mAh g−1), and good thermal stability [144a, 146]. Unfortunately, the poor
electrochemical kinetics, including intrinsic low electron conductivity and sluggish
diffusion of Na+, hinder its further application in SIBs [144a, 147, 148]. And, many
scholars have made their efforts to solve this problem.

For example, a micro-nano structured Na2MnPO4F/C composite prepared via
wet ball-milling was reported by Zhong et al. [149] The micrometer-scale secondary
aggregates were composed of small primary nanoparticles (10–30 nm) wrapped
in a carbon network and presented a mesoporous structure. The material served
as the cathode in SIBs exhibited excellent capacity capability (121 mAh g−1 at
10 mA g−1) and cycling behavior. And, a 3D hybrid conductive network composed
of interconnecting nanofibers was fabricated by the electrospinning method
[144a]. After high-temperature calcination under 650 ∘C, the cathode materials
with good crystallinity exhibited good electrochemical performances with a high
initial discharge specific capacity of 122.4 mAh g−1 at 0.05 C, which was very close
to its theoretical capacity of 124.7 mAh g−1. Ling et al. applied a hydrothermal
method to synthesize a dual-carbon confined Na2MnPO4F nanoparticles, in
which core–shell structured nanoparticles (Na2MnPO4F nanoparticles coated by
carbon coating layers) were uniformly anchored on the surface of well-dispersed
reduced graphite oxide nanosheets. Evidently, it delivered an improved discharge
capacity of 122 mAh g−1 at a current density of 0.05 C [150]. Besides, an efficient
synthesis method is also important to improve the electrochemical performance
of cathode materials in SIBs. For example, spray drying is a simple method to
produce solid powders from liquids by fast drying of hot gases. Its advantages
include the following: (i) the raw materials are well mixed and homogeneous
in the liquid phase; (ii) spherical precursors with uniform particle size distribu-
tion; and (iii) in situ uniform carbon thin layers can be obtained after sintering.
Therefore, the spray drying method would be the ideal preparation method based
mainly on the construction of small particles and well-distributed carbon coatings
[147, 148]. Hu et al. designed carbon-coated Na2MnPO4F hollow spheres via a
spray drying method. The obtained hollow spherical shell Na2MnPO4F/C consisted
of nanosized primary Na2MnPO4F particles coated with the uniform amorphous
carbon layer, which released an enhanced discharge capacity of 122.4 mAh g−1 at
0.05 C [147]. Analogously, Lin et al. successfully synthesized a Na2MnPO4F/C by
spray drying. The highly phase-pure Na2MnPO4F was uniformly mosaiced in the
carbon framework, which was particularly important for building efficient electron
transfer channels and improving the electrical conductivity of the nanocomposites.
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Unsurprisingly, an excellent initial discharge capacity of 140 mAh g−1 at 0.05 C for
the Na2MnPO4F/C could be achieved [148].

Na2NiPO4F has a unit cell volume of 823.4 A3 which is 4% and 1.5% smaller than
that for Na2FePO4F and Na2CoPO4F respectively, owing to the smaller size of the
nickel ion compared to the other TM ions. The SIB with Na2NiPO4F as the cath-
ode material did not show any electrochemical activity below 5 V. It was expected
that this compound has a Ni2+/Ni3+ redox couple above 5 V, similar to other nickel
phosphates such as LiNiPO4 and Li2NiPO4F [151].

4.4.3 Na3(VO1−xPO4)2F1+2x (0≤ x ≤1)

Sodium vanadium fluorophosphate (Na3(VO1−xPO4)2F1+2x (0≤ x ≤ 1)) belongs to
polyanionic compound type, which contains a variety of molecular structures due
to the variation of O and F. It can be divided into three categories: Na3V2(PO4)2F3
(x = 1), Na3V2O2(PO4)2F (x = 0), and Na3(VO1−xPO4)2F1+2x (0< x < 1) with mixing
valence states of vanadium ions. They all belong to the tetragonal system but differ-
ent space groups, which is attributed to the regulation of the lattice parameters and
unit cell volume by different oxygen content.

The synthesis and crystal structure of Na3V2(PO4)2F3 (NVPF) were first reported
by Meins et al. in 1999 [152]. When one phosphate group in NVP is replaced by three
fluorine atoms, a rhombohedral structure Na3V2(PO4)2F3 (space group: P42/mnm)
is formed, in which [V2O8F3] bi-octahedra and [PO4] tetrahedra are interconnected
by sharing angles (Figure 4.11a,b) [155]. The lattice parameters are calculated to
be a = b = 9.047 Å and c = 10.749 Å. In the open framework structure, the occu-
pancy ratio of Na1 sites and Na2 sites is 2 : 1. While when three F− ions replace
one (PO4)3− anion, additional interstitial spaces for fast sodium-ion diffusion are
generated. On account of the extreme electronegativity of fluorine, NVPF displays
high redox potentials (3.9 and 4.28 V for desodiation and sodiation processes, respec-
tively) and good thermal stability [156]. The full electrochemical reaction can be
described as the following equation [154]:

Na3V2(PO4)2F3 ↔ NaV2(PO4)2F3 + 2Na+ + 2e− (4.1)

The GITT technique and 23Na NMR were employed to study the charge/discharge
process [154a]. The Na+ in NVPF was removed non-selectively from two different
Na sites (i.e. the fully occupied Na1 site, and the partially occupied Na2 site) with
three separate phases: Stage I (3.6–3.7 V) and Stages II and III (4.05–4.5 V) at the
earlier stage of charging process (Figure 4.11c). And, a high theoretical capacity of
128 mAh g−1 can be achieved for NVPF cathode material. The ex situ 23Na NMR
spectrum showed no obvious peak shift; however, the peak intensity and line width
(after x = 0.3) decreased significantly in the first stage. For the second and third
stages, there were obvious peak shift and intensity decrease with new peaks appear-
ing at lower resonance (Figure 4.11d). There is no obvious tendency of Na transfer
in Na1 and Na2 sites at early stage of sodium extraction or late stage of sodium
insertion, which is in contradiction with previous reports [153, 157]. As a result,
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permission, 2014, American Chemical Society.

the Na3V2(PO4)2F3 cathode exhibits high-voltage platforms located at 3.66 and 4.1 V
(vs. Na/Na+) [158], a very low volume change (1.79%) and exceptional thermody-
namic stability with only 5% weight loss at 550 ∘C, manifesting the rapid Na+ dif-
fusion and minimal structural collapse. These all indicate that the NVPF material
shows good potential for safe SIB application.

Similar to other types of polyanionic compounds, NVPF also suffers from low
electron conductivity. Therefore, modification strategies such as carbon coating,
nanoparticles granularity controlling, morphology construction, and metallic ion
doping have been excavated by scholars to improve the conductivity of NVPF
compounds. For example, Song et al. reported the sodium storage performance
of amorphous carbon-coated NVPF nanoparticles (NVPF@C) synthesized by the
carbothermal reduction [159]. Compared with the pure NVPF, the NVPF@C
nanoparticles exhibited superior electrochemical properties with a high discharge
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capacity of 114.6 mAh g−1 at 0.045 C, and a high capacity retention ratio of 97.6%
(Coulombic efficiency: ∼98%) after 50 cycles. And, multifunctional dual NVPF@C
composites with a thin carbon shell (thickness: ∼7 nm) derived from citric acid were
proposed by Du and co-workers [160] These novel NVPF@C composites yielded
high capacity of about 130 mAh g−1 and a good rate capacity up to 30 C [156].
Noked and co-workers used a solvothermal method to construct Na3V2(PO4)2F3
hollow sphere as the cathode material for SIB, which released a pronounced specific
capacity of 197 mAh g−1 in a wide voltage window (1.0–4.8 V (vs. Na/Na+)) at
10 mA g−1. But stability was still a key problem [161]. In addition, the researchers
have also constructed microcubes [162], nanofibers [163], and flower shapes [164]
to optimize the transport path and stability of Na+ ions through morphology
modification. In the aspect of metallic ion doping, researchers have also spent a lot
of effort. Zheng and co-workers first proposed doping rare earth element yttrium (Y)
into the Na3V2(PO4)2F3 system to improve the intrinsic conductivity. After partially
replacing the V site, the electrochemical performance of the material was improved
and the discharge capacity (121 mAh g−1) at low rate of 0.5 C was very close to the
theoretical capacity [165]. Then, the effects of different titanium ions doping on the
electronic conductivity and Na+ diffusion of Na3V2−xTix(PO4)2F3 materials were
explored. In this doping routine, the valence state of the titanium ions (i.e. Ti2+,
Ti3+, and Ti4+) changed during the synthesis and thus the Na3V2−xTix(PO4)2F3
compounds were abbreviated to NVPF − Tix+

y samples (x = 2, 3, 4; y = 0, 0.01, 0.05,
0.1, 0.2). As a result, the optimized NVPF − Ti2+

0.1 material effectively enhanced
the rate capability, which released 125 mAh g−1 reversible capacity at 0.2 C, and
41 mAh g−1 capacity even at high rate of 200 C [166]. Other researchers have
also explored the effects of K [167], Cr [168], Zr [169], and Mn doping [170] on
the electrochemical activity of NVPF in SIB application. These element doping
experiments can improve the conductivity and enhance the sodium storage capacity
to a certain extent.

Additionally, another new type of sodium vanadyl (IV) fluoride phosphate
Na3V2O2(PO4)2F was discovered by Massa’s team in 2002 using hydrothermal syn-
thesis. Na3V2O2(PO4)2F (space group: I4/mmm; cell parameters: a = 6.3856(2) Å,
c = 10.6119(9) Å) is formed by replacing fluorine atom with oxygen atom in
NVPF (Figure 4.12a,b) [171]. The crystal framework consists of alternating [VO5F]
octahedra and [PO4] tetrahedra sharing O atoms. Along the c direction, the [VO5F]
octahedra pairs are inversely connected with fluorine ions as the common vertex.
And, the disordered sodium ions locate in the space formed by octahedron and
tetrahedron [174]. Sauvage et al. investigated the structure of stoichiometric
Na3V2O2(PO4)2F and found that its structural framework was the same as that
of NaVPO4F, but there are two different Na sites (8h and 8j), one F site (2a),
and a octahedral V4+ site [VO5F]. Moreover, Sauvage et al. also measured that
Na3V2O2(PO4)2F had a lower ionic conductivity of 1.8× 10−7 S cm−1 at room tem-
perature [175]. Subsequently, Sharma et al. studied the sodium storage mechanism
of the Na3V2O2(PO4)2F cathode, and revealed that there were two-phase reaction
and solid solution reaction in the process of charge and discharge, as well as the
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Figure 4.12 Schematic representation of the crystal structure of Na3V2O2(PO4)2F
projected (a) down the c axis and (b) down the b axis. Source: Li et al. [171]. Reproduced
with permission, 2015, Wiley-VCH. (c) Crystal structure of Na3(VO1−xPO4)2F1+2x with PO4
shown in purple and VO4F2 in red. Oxygen is red, fluorine is light blue, and sodium is yellow
with the shading indicating occupancy. Source: Serras et al. [172]. Licensed under CC BY 3.
(d) The reaction mechanism evolution during charge/discharge with brown/orange shading
indicating two-phase behavior (first order transition) and blue shading indicating solid
solution behavior (second order transition). Source: Palomares et al. [173]. Reproduced with
permission, 2018, Royal Society of Chemistry.

structural order of the cathode remained unchanged during the whole process
[176]. Goodenough and co-workers determined through theoretical calculation that
there should be three chemical potential values and three voltage platforms in the
phase transition process of Na3V2O2(PO4)2F [177]. However, due to the limitation
of electrolyte decomposition under high voltage, the third sodium extraction which
can only be occurred at 5.3 V has never been successful.

With the further investigation of Na3V2O2(PO4)2F in SIB, the existing problem is
also exposed: an inferior electronic conductivity (1.8× 10−7 S cm−1). The main solu-
tion is to coat or composite with different carbon materials, including 3D graphene
[178], graphene quantum dots [179], MWCNTs [6], rGO [180], amorphous carbon
[181], and so on. Moreover, controlling the morphology is also a good way to
improve the electrochemical performance. Hu and co-workers used a one-step
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room temperature strategy to design in situ bubble templates to generate nanocrys-
tals assembled Na3(VOPO4)2F microspheres, where the unique structure design
provided a large surface area and a short electron diffusion path with enhanced
electrochemical performance. The obtained Na3(VOPO4)2F microspheres exhibited
a capacity of 81 mAh g−1 at a high rate of 15 C and maintained excellent sodium
storage performance of 70% after 3000 cycles [182]. Other researchers also designed
hierarchical mulberry-shaped Na3V2(PO4)2O2F@C [183], Na3(VO)2(PO4)2F@C
nanocubes [179], and other structures to shorten the ion/electron transport pathway
and improve the electrochemical performance. In addition to these conventional
methods, Ru doping [184], RuO2 coating [185], Fe substitution for O [186], and
defect-containing TiO2−x coating [187] were proposed to improve the electro-
chemical performance. To combine the advantages of high conductivity of RuO2
and nanostructure, Xia and co-workers prepared a RuO2-coated Na3V2O2(PO4)2F
nanowires by microemulsion regulated hydrothermal reaction method with a
diameter of about 50 nm, which exhibited a high capacity of 80 mAh g−1 after 1000
cycles even at 20 C [185].

In addition to the above materials, researchers have also synthesized
Na3(VO1−xPO4)2F1+2x with 0< x < 1 (Figure 4.12c). This material is particu-
larly fascinating and worth exploring for cathode application due to their high
theoretical capacity (130 mAh g−1), high operating voltage (3.6 and 4.1 V vs.
Na/Na+), and high structural stability (less than 2% volume change) [172, 188].
Palomares et al. [173] found there were two phases in the synthesized material: a
mixed valence phase with an intermediate V oxidation state (∼66%, P42/mnm space
group) and another phase with a V oxidation state closing to V3+ (∼33%, Amam
space group). At the beginning of charging, the Amam phase was transformed
to the P42/mnm phase, which is similar to low potential plateau reactions (e.g.
V3.8+ and V4+), while this transformation during discharge process is not reversible
(Figure 4.12d) [173].

The most common methods of preparing Na3(VO1−xPO4)2F1+2x (0≤x≤1) include
solvothermal and hydrothermal reactions [189]. Park et al. adjusted the ratio
of VPO4 to VOPO4 precursors to synthesize the Na3(VO1−xPO4)2F1+2x (0≤ x ≤ 1)
compounds, which manifested continuous change of the lattice parameters with the
increase of fluorine content in Na3(VO1−xPO4)2F1+2x (0≤ x ≤ 1). While their internal
mechanism of sodium storage needed to be further explored [190]. Zhao et al. used
a phase-transfer assisted solvothermal strategy to synthesize Na3(VO1−xPO4)2F1+2x
(x = 0, 0.5, 1) at a rather low temperature (80–140 ∘C) [191]. The as-prepared
samples exhibited high Na storage capability and extraordinary cycling stability.
The preparation of phase-pure Na3(VO1−xPO4)2F1+2x (0≤ x ≤ 1) was investigated
by Qi et al. via a low-temperature hydrothermal strategy. It was shown that the pH
value of the reaction system played an important role in the successful synthesis of
micro-structured Na3(VO1−xPO4)2F1+2x (0≤ x ≤ 1) [188a]. Serras et al. employed
a hydrothermal method to synthesize Na3(VO1−xPO4)2F1+2x (0≤x≤1) containing
a medium percentage of electrochemical grade carbon (i.e. Ketjen Black) as an
additive, which showed a high specific capacity of approximately 100 mAh g−1 at
1 C [192].
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Adding carbon material to form a composite is proven to be an effective modifi-
cation strategy. Kumar et al. investigated the effects of super P carbon, MWCNTs,
and rGO on gain size and electrochemical activity of Na3(VO1−xPO4)2F1+2x cathode
material [193]. Among them, the composites using MWCNT as carbon substrate
can obtain the smallest particle size, which exhibited significantly improved
electrochemical properties with a high sodium storage capacity of 98 mAh g−1 at
0.1 C. Kumar et al. investigated the cell performance through regulating the ratio of
Na3(VO1−xPO4)2F1+2x–rGO composite synthesized by a hydrothermal method with
the hydrophilic carboxymethyl cellulose sodium (CMC-Na) as the binder. Here,
in addition to the introduction of rGO to increase the electronic conductivity, the
hydrophilic CMC-Na binders also facilitated the electron conduction by maintain-
ing the integrity of the electrodes during charge/discharge cycles. Specifically, the
as-obtained Na3(VO1−xPO4)2F1+2x–rGO composite showed enhanced sodium stor-
age capacity (e.g. 108 mAh g−1 at 0.1 C rate) and highly stable cyclability with 98%
capacity retention over 250 cycles [188b]. Nano-Na3(VO0.5)2(PO4)2F2 embedded
in porous graphene was confirmed as an excellent high-performance SIB cathode
material by Xiang et al., which displayed a high reversible capacity of 100 mAh g−1

at 1 C and remained capacity of 77 mAh g−1 with a capacity retention of 73% after
1000 cycles at 50 C [194].

Na3V2(PO4)2O1.6F1.4 with space group of P42/mnm presented an average vana-
dium valence value of +3.8, which can release a high theoretical capacity of
156 mAh g−1 based on 2.4 electrons transferring per formula unit during the sodi-
ation/desodiation process. Palomares et al. studied the electrochemical behavior
and structural evolution of Na3V2O1.6(PO4)2F1.4, which corresponds to a vanadium
oxidation state of +3.8 for the as-prepared material [195]. It is further found that
the V3.8+-based Na3V2(PO4)2O1.6F1.4 allowed a maximum sodium extraction as
overcharge voltage achieved up to 4.8 V. Li et al. synthesized a nanostructured
Na3V2(PO4)2O1.6F1.4 via microwave-assisted solvothermal method. The as-prepared
Na3V2(PO4)2O1.6F1.4 showed the improved Na+ transport kinetics and manifested
impressive rate capability of 67 mAh g−1 at 30 C and long-term cycling performance
with the capacity of 61 mAh g−1 after 1000 cycles at 10 C [196].

Another representative sodium vanadium fluorophosphates for advance cathode
materials are Na1+yVPO4F1+y (0≤ y ≤ 0.5), which is able to exhibit a variable
reversible discharge capacity of 103 and 87 mAh g−1 for y = 0.25 and 0, respectively.
And, the tetragonal Na1+yVPO4F1+y with the group space of P42/mnm can achieve
a high discharge capacity of 116 mAh g−1 only when the value of y is 0.5 [197].

Except for the materials mentioned above, a new cathode material of
Na1.5VPO4.8F0.7 is also developed. The new Na1.5VPO4.8F0.7 provides a high
energy density (∼600 Wh kg−1), which is mainly attributed to the high potential
(3.8 V vs Na+/Na) corresponding to the multivalent vanadium redox couple
(V3.8+/V5+) [198]. Furthermore, the volume change of the Na1.5VPO4.8F0.7 cathode
material is small (∼2.9%) during the Na+ insertion/extraction processes, whose
structural rigidity enables its excellent cycle. For example, 95% capacity retention
after 100 cycles and 84% capacity retention after 500 extended cycles can be
achieved for this new cathode material. Additionally, the Na1.5VPO4.8F0.7 cathode
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material possesses an open crystal framework with a 2D Na+ diffusion path leading
to a low activation potential barrier for Na+ transport, resulting in excellent rate
performance.

4.5 Sulfates

4.5.1 NaxFey(SO4)z

The M—O bond in sulfates is more ionic than those in silicates or phosphates,
posing strong inductivity potential of [SO4] group, as a result sulfates are considered
potential candidates for high-voltage cathodes in SIBs. Various sulfate-based
sodium hosts including Na2Fe2(SO4)3, Na2Fe(SO4)2, and Na2(SO4)2⋅nH2O have
been studied because of the high natural abundance and the favorable sodium
intercalation capability. In particular, alluaudite-structured Na2Fe2(SO4)3 with a
high Fe3+/Fe2+ redox potential (∼3.8 V vs. Na/Na+) and considerable energy density
(>450 Wh kg−1) is regarded as the most pragmatic sodium host material. However,
the low conductivity and thermal instability of Na2Fe2(SO4)3 hinder its application
in SIBs. To solve this problem, some conventional strategies such as structural
modulation, metal ion doping, and conductive material combination have been
adopted.

The alluaudite Na2Fe2(SO4)3 was first reported by Barpanda et al. [199]. After
replacing the phosphate PO3−

4 with sulfate SO2−
4 , which has higher electronegativity,

the Na2Fe2(SO4)3 reached a high potential of 3.8 V vs. Na+/Na with a capacity of
100 mAh g−1. In the alluaudite-type framework, Fe2+ ions occupy octahedral
sites and form Fe2O10 dimer units. Those Fe2O10 dimers are in turn bridged
together by SO4 units and form a 3D framework with large tunnels along c axis
(Figure 4.13a). Na+ occupies three different crystal sites, one fully occupied Na1
site and two partially occupied Na2 and Na3 sites. The Na2 and Na3 sites along
the c axis form one-dimensional Na+ transportation channels. Na+ ions in Na1
can be extracted through the Na3 sites and then took part in reaction, which was
shown the low activation energies for the Na ions diffusion, such as the value of
the activation energy (∼0.55 eV) for the Na2 channel along the c axis, 0.68 eV for
the transfer between Na1 and Na2 sites, 0.54 eV for the migration between Na1
and Na3 sites, and only 0.28 eV for the Na3 site along the c axis (Figure 4.13b).
Thus, all the Na ions are able to diffuse through the channels and inhere excellent
kinetics.

The first reported alluaudite was synthesized by the solid-state method, whereas
the Na2Fe2(SO4)3 would be thermal decomposed at high temperature and react with
moisture [201]. Plewa et al. reported a facile aqueous synthesis of stoichiometry
Na2FeM(SO4)3 with M = 3d TM (M = Fe, Mn, Ni) alluaudites. Based on the
DFT computations, the replaced 3d elements were not directly involved in the
electrochemical reaction; they instead took effect on pushing p-type oxygen orbitals
to the Fermi level and then activating the anionic redox. Compared with other
non-stoichiometry materials such as Na2.56Fe1.72(SO4)3 [202] and Na2.5Fe1.75(SO4)3
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Figure 4.13 (a) The structure of Na2Fe2(SO4)3 projected along the c axis. Green octahedra,
yellow tetrahedral, and blue spheres show FeO6, SO4, and Na, respectively. (b) Migration
activation energy of Na+ calculated with DFT, showing the migration values (from left to
right) for migrations along the c axis for the Na2 sites, between Na2 and Na1 sites, between
Na1 and Na3 sites, and along the c axis for the Na3 sites, respectively. Source: Barpanda
et al. [199]. Licensed under CC BY 3.0. Structures of (c) Na2Fe(SO4)2⋅2H2O, (d)
Na2Fe(SO4)2⋅4H2O, and (e) eldfellite NaFe(SO4)2. FeO6 and SO4 polyhedra are shown in blue
and turquoise, respectively. Na, O, and H are orange, grey, and pink, respectively. Source:
Lander et al. [200]. Reproduced with permission, 2018, Wiley-VCH.

[203], the strict stoichiometry composite Na2Fe2(SO4)3 raised the concentration of
3d metals and was able to deliver its specific capacity. As a result, the as-synthesized
Na2Fe2(SO4)3 composite showed good Na-ion diffusion kinetics and delivered a
capacity of 110 mAh g−1 with a high voltage of 3.6 V vs. Na+/Na [201]. Thomas et al.
studied the properties of stoichiometric Na2Fe2(SO4)3 and the sodium-rich com-
posite Na2+2xFe2−x(SO4)3 [204]. Both composites had the same alluaudite structure,
and no distinct differences were found. Due to the lower amount of redox-active Fe
ions, Na-rich composite has inferior capacity of 106 mAh g−1. However, the more
intensive repulsion between Fe2+ in stoichiometric Na2Fe2(SO4)3 makes it more
unstable, and thus, the reversible capacity of Na-rich composite was higher than
that of Na2Fe2(SO4)3.

Dwibedi et al. reported an ionothermal synthesis at low temperature to produce
pure products [205]. The as-synthesized Na2.44Fe1.78(SO4)3 delivered a reversible dis-
charge capacity of 75 mAh g−1 (Coulombic efficiency: 98%). To further improve the
conductivity of Na2+2xFe2−x(SO4)3, Wang et al. proposed a nitrogen-doped graphene
coating strategy to improve electrochemical activity. By surface modification using
N-doping graphene, the Na2+2xFe2−x(SO4)3@N-rGO displayed a high reversible
capacity of 93 mAh g−1 at 0.05 C and an excellent cycling life over 400 cycles with a
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capacity retention of 83% even though the discharge rate rose to 10 C [206]. Nam
et al. synthesized Na2Fe2(SO4)3@C nanofibers by electrospinning method [207].
The Na+ conductivity of Na2Fe2(SO4)3@C nanofibers was 1.48× 10−6 S cm−1, one
order of magnitude higher than Na2Fe2(SO4)3 nanoparticles. Other 3d TM-based
alluaudite materials such as Na2Mn2 (SO4)3 and Na2Co2 (SO4)3 have also been
investigated [208]. The Mn, Co-based alluaudites show higher redox potentials of
4.1 and 4.8 V, indicating excellent application in batteries. However, there are not
any suitable electrolytes to match with those materials at such high voltages.

Na2Fe(SO4)2⋅2H2O crystallizes in the monoclinic P21/c unit cell and consists of
isolated MO4(OH2)2 octahedra, which are interconnected via four SO4 tetrahedra
through their oxygen corners forming linear chains along the c-axis (Figure 4.13c).
The H atom of the H2O group and the free oxygen of the SO4 group interact through
hydrogen bonds. The Fe3+/Fe2+ redox process is located at an average potential of
3.25 V vs. Na+/Na and delivers a reversible capacity of 70 mAh g−1. The tetrahydrate
Na2Fe(SO4)2⋅4H2O crystallizes in the bloedite-type mineral with typical monoclinic
space group P21/c. The structure is built of isolated FeO2(OH2)4 octahedra connected
to two SO4 tetrahedra (Figure 4.13d). The eldfellite-type NaFe(SO4)2 was reported
as Na+ insertion material, which could be described in a monoclinic C2/m unit cell.
The framework consists of edge-sharing FeO6 forming layers, which are bridged via
SO4 tetrahedra (Figure 4.13e).

For synthesis and modification, the alluaudite Na2Fe2(SO4)3 will convert into
bisulfates Na2Fe(SO4)2⋅4H2O after it is exposed to moisture atmosphere. Thus, it
was not suitable to synthesize Na2Fe2(SO4)3 via a simple dissolution and precipi-
tation process, whereas the Na2Fe(SO4)2⋅2H2O or Na2Fe(SO4)2⋅4H2O can also be
introduced into SIBs and show moderate performance. The Na2Fe(SO4)2⋅4H2O
could be obtained by using hydrophobic alcohol, while the Na2Fe(SO4)2⋅2H2O
was synthesized via a heating process. Compared to the solid-state method,
low-temperature solution synthesis is more feasible. Note that the crystal water in
the material alters the crystal structure; thus, the Na2Fe(SO4)2⋅2H2O is denoted
as kroehnkite, whereas the Na2Fe(SO4)2⋅4H2O is bloedite. Barpanda et al. synthe-
sized Kröhnkite-type Na2Fe(SO4)2⋅2H2O via a dissolution-precipitation route and
studied its sodium storage properties [209]. The Kröhnkite-type Na2Fe(SO4)2⋅2H2O
compound had a pseudolayered monoclinic structure, where Na+ ions occupied
the interstitial positions and paved a pathway for the Na+ transportation along the
b-axis. The product exhibited 70 mAh g−1 at a rate of C/20 and reached an average
potential of 3.25 V vs. Na/Na+. Meng et al. synthesized different dimensional carbon
matrix incorporated Na2Fe(SO4)2⋅2H2O/C and explored the architecture-properties
relationship [210]. Based on the results, the zero-dimensional activated-carbon can
increase the porosity and enlarge the surface, thus inducing the best ion diffusion
capability and rate capacity.

In addition, the incorporation of two-dimensional graphene is able to provide a
robust structure with high compactness, improving the structure stability. Yao et al.
synthesized a hierarchical porous Na2Fe(SO4)2@reduced graphene oxide/carbon
dot (Na2Fe(SO4)2@rGO/C) materials [211]. The cross-linked carbon matrix
improved the reaction kinetics; thus, the composite delivered 85 mAh g−1 at 0.05 C
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with a high Na+ diffusion coefficient of 1.19× 10−12 cm2 s−1. Pan et al. reported an
anhydrous carbon coating Na2Fe(SO4)2 with a good thermal stability and moisture
resistance [212]. The as-synthesized composite exhibited 82 mAh g−1 at 0.1 C with a
high Fe2+/Fe3+ redox potential of ∼3.6 V (vs. Na+/Na). The product showed a rela-
tively high Na+ diffusion coefficient of 1.73× 10−12 cm2 s−1, indicating the enhanced
reaction kinetics. The carbon coating strategy increased the deposition temperature
of sulfate radicals from 450 to 580 ∘C and enhanced its moisture resistivity.

4.5.2 Fluorosulfates

NaFeSO4F has attracted attention due to the high operating voltage (3.7 V vs.
Na+/Na) and 138 mAh g−1 of theoretical capacity. Tripathi studied the Na+ diffu-
sion paths in monoclinic NaFeSO4F and found that the most favorable migration
path was along the [110] direction, which was six orders of magnitude higher than
other directions, suggesting that NaFeSO4F was a one-dimensional Na-ion conduc-
tor [213]. Yuan et al. then proposed an effective benzene – water azeotrope route
to synthesize NaFeSO4F and NaFeSO4F⋅2H2O. In this work, NaFeSO4F illustrated
apparently electrochemical activity in 2.5–5.0 V (vs. Na/Na+) at a low current
density, but NaFeSO4F⋅2H2O showed little electrochemical activity [214]. Addi-
tionally, this technique can also be extended to synthesize other NaMSO4F⋅2H2O
(M = Co, Ni) [215]. Though NaFeSO4F displayed a high theoretical capacity
(138 mAh g−1), the practical capacity hardly achieved ∼7% of the theoretical values.
To improve the inherent low electrochemical properties of NaFeSO4, all sorts of
NaFeSO4F@C composite have been studied. Rajagopalan et al. reported a new
carbon nanotube-lined sodium iron fluro-sulfate (NaFeSO4F-CNT) system with
excellent electrochemical properties [216]. The introduction of CNT facilitated the
Na ion transportation and released the stress from volume expansion, leading to the
composite delivered a high discharge capacity of 110 mAh g−1 with 91% capacity
retention after 200 cycles.

4.6 Silicates

The TM silicates Na2MSiO4 (M = Fe, Co, Mn) are regarded as ideal cathode
materials for advanced SIB applications on the merits of environmental friend-
liness, cost-effectiveness, and multi-electron reaction per unit molecular weight
[217]. The structural feature of monoclinic Na2CoSiO4 with the space group of
Pn is characterized by CoO4 and SiO4 tetrahedra forming a cristobalite-type 3D
skeleton by corner-sharing (Figure 4.14a). This crystal framework is composed
of corner-sharing alternating cobalt and silicate tetrahedral units, in which Na+
ions fill in the tetrahedral vacancies. Two polycrystalline types are found: one is
the monoclinic Si/Co ordered in Pc space group, and the other is orthogonal Co/Si
disordered in Pbca space group. The Na2CoSiO4 cathode exhibited fast Na+ transfer
kinetics in the 3D network with low activation barrier [220]. The theoretical specific
capacity of Na2CoSiO4 in a two-electron process is 272.06 mAh g−1. However, the
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Figure 4.14 (a) Crystal structure of monoclinic Na2CoSiO4, Na+ ions, CoO4, and SiO4
tetrahedra in Na2CoSiO4 highlighted by pink, blue, and yellow colors, respectively. Source:
Treacher et al. [218]. Reproduced with permission, 2016, Royal Society of Chemistry. (b)
Crystal structure of cubic Na2FeSiO4, Na+ ions, FeO4 and SiO4 tetrahedra in Na2CoSiO4
highlighted by green, blue, and red colors, respectively. Source: Li et al. [219]. Reproduced
with permission, 2016, American Chemical Society.

specific capacities of sodium silicates reported so far were based on single-electron
process. For instance, Treacher et al. employed the co-precipitation and solid-state
method to prepare the Na2CoSiO4 cathode material, which displayed a reversible
capacity of 100 mAh g−1 under the operation potential of 3.3 V (vs. Na/ Na+) at a
current density of 5 mA g−1 [218].

The cubic Na2FeSiO4 (space group: Pbca) also provides a 3D skeleton structure,
in which FeO4 groups are linked to the SiO4 tetrahedron by sharing corners
(Figure 4.14b). While, there is another new cubic Na2FeSiO4 polymorph with the
space group of F−43m, which was first synthesized through a sol–gel method.
Electrochemical studies showed that this new cubic Na2FeSiO4 presented strong
structure stability with almost no obvious volume change in a long-term sodi-
ation/desodiation processes. Surprisingly, the new cubic Na2FeSiO4 cathode
exhibited a reversible capacity of 106 mAh g−1 within the voltage window of
1.5–4.0 V [219].

Manganese-based Na2MnSiO4 is characterized with a monoclinic Pn structure
of a polyanionic skeleton composed of corner-sharing MnO4 and SiO4 tetrahedra
[221]. Na2FeSiO4 was first obtained as a precursor to prepare Li2MnSiO4 through
ion-exchange, which showed a capacity of 330 mAh g−1 based on the capacity of
Li2FeSiO4 within the voltage window of 1.2–4.5 V [222]. Although Na2MnSiO4
showed good sodium storage performance and a higher cell potential (>0.5 V) than
their Fe-counterparts, the Jahn–Teller distortion of Mn3+ (3d4 valence electron
configuration) caused the poor electronic conductivity and sluggish structural con-
version between the (de)sodiated phases [223]. Generally, nano-sizing of the active
particles and the use of electrical conducting coatings were the common approaches
to resolve the potential challenge [224]. Chen and Chiu synthesized Na2MnSiO4/C
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by a sol–gel method and achieved a high reversible capacity (e.g. 125 mAh g−1 at
0.1 C) and acceptable rate performance [225]. And the carbon-coated Na2FeSiO4
nanoparticle (20–50 nm) exhibited the enhanced sodium storage capability in terms
of high discharge capacity (e.g. 181 mAh g−1 at 27.6 mA g−1) and stable cycling
performance (e.g. 88% capacity retention over 100 cycles) [226].

4.7 Other Polyanion-Type Compounds

Beyond the aforementioned polyanion compounds which are widely applied as
cathode materials of SIBs, some other polyanion-type compounds such as car-
bonophosphates [227], anti-NASICON type compounds, and amorphous polyanion
compounds [228] have also been concerned and studied.

Carbonophosphates, with a general formula of Na3M(CO3)(PO4) (M = Co, Mn,
Fe, or Ni) are regarded as a new class of potential cathode materials owing to their
superior security and high theoretical specific energy, which are nearly half higher
than that of iron-based phosphate [229]. Na3M(CO3)(PO4) is crystallized in the
monoclinic P21/m space group. As highlighted in black in Figure 4.15, the crystal
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structure is defined in a 2× 2× 2 super cell. Each MO6 octahedron is connected
with four vertices of the PO4 tetrahedron and shares one edge with a CO3 group.
The connected MO6 octahedron, PO4 tetrahedron, and CO3 group form double
layers extending along the (100) plane, in which the occupied two different Na sites
coordinate with six (Na1, multiplicity = 4) and seven (Na2, multiplicity = 2) oxygen
atoms, respectively (Figure 4.15a,b) [227c]. Na2 is preferentially extracted from
the lattice before Na1, and then 50% Na1 is released, corresponding a two-electron
intercalation reaction based on the M2+/M3+ and M3+/M4+ redox reactions. The
sodium versions of Mn compound, sidorenkite (Na3MnCO3PO4), is known as
the common compounds in this class for SIB cathode application [227a, b, g, h].
Na3MnCO3PO4 exhibited a two-electron redox behavior with a theoretical capacity
of 191 mAh g−1. And, two obvious plateaus with the average value of 3.4 and
4.0 V were observed in both galvanostatic charge/discharge curves and the related
differential capacity plots, which were attributed to Mn2+/Mn3+ and Mn3+/Mn4+

redox reactions, respectively (Figure 4.15c,d). This result is also consistent with the
voltages computed by the ab initio calculations [227c]. Na3MnCO3PO4 prepared
by an oil path process in inert atmosphere displayed a high discharge capacity of
125 mAh g−1 under the specific energy of 374 Wh kg−1. While the Na3MnCO3PO4
with high conductive carbon content of 60 vol% delivered an enhanced specific
capacity of 176 mAh g−1, nearly 92.5% of its theoretical capacity. Further study
on carbonophosphate cathodes showed that ionic conductivity was positively
correlated with their specific capacity [227i]. In addition, particle size and structural
defects (such as vacancy) also have marked impact on relative discharge capacity.
Thus, strategies such as micro-nanofabrication, carbon coating, and ionic doping
should be introduced to enhance the electronic conductivity of carbonophosphate
cathodes.

Besides, one polyanion-based insertion host, anti-NASICON-type Fe2(MO4)3
(M = Mo or W), has also been identified as an interesting intercalation cathode
material owing to their open 3D framework capable of intercalating alkali metal
ions such as Li+, Na+, and K+ [230]. The monoclinic Fe2(MoO4)3 with the group
space of P21/c is built by FeO6 octahedra and MoO4 tetrahedra, which interconnect
together via the corner sharing oxygen atoms (Figure 4.16a). And, two FeO6
octahedra connecting three MoO4 tetrahedra to constitute the basic “lantern unit”
(Figure 4.16b). These basic units are stacked in an antiparallel manner in the
(2b+ c)-direction in the anti-NASICON structure, while the equivalent units are
stacked in a parallel way along the c-axis direction in the NASICON structure [232].
Moreover, Na+-intercalation into monoclinic Fe2(MoO4)3 crystal structure is
divided into two-stage solid-solution behavior, which is signified by two distinct
potential plateau centered at 2.7 and 2.58 V (inset of Figure 4.16c), respectively.
The reversible capacity of Fe2(MoO4)3 reached approximately 79 mAh g−1 for
the Na/Fe2(MoO4)3 cell (Figure 4.16c). Apart from Fe2(MoO4)3, homologous
Fe2(WO4)3 has also been studied in aspects of synthetic methods, reaction mech-
anism and structural evolution with electrochemical characterizations. It also
exhibited favorable electrochemical behavior in the application of rechargeable
batteries [233].
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Compared to crystalline electrodes, amorphous polyanion compounds
demonstrate isotropic structure with no lattice limitations, which can provide
more facial channels for fast Na+ diffusion, leading to good structural stability
and redox kinetics during the repeated Na+ insertion/extraction processes. Typical
representative compound, FePO4, has attracted the research interest of a large num-
ber of scholars. Amorphous FePO4 host with short-range ordering may facilitate
the insertion of guest ions such as Na+ ions (Figure 4.17a). The electrochemical
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capabilities of the amorphous FePO4 cathode in sodium test cells were evaluated
within the potential windows of 3.7–1.2 V (Figure 4.17b). When tested for its
Na+ insertion properties, the FePO4 cathode delivered a high discharge capacity
of 179 mAh g−1 (corresponding to 100% theoretical capacity) and retained 97%
of its initial capacity at the 25th cycle (Figure 4.17b, inset) [228d]. However,
amorphous FePO4 cathode is also restricted by poor electrical conductivity and
inferior diffusion coefficient. Some approaches such as conductive carbon material
modification, nanoengineering design, morphology, and control initiatives have
been investigated to overcome those above-mentioned shortcomings. Recently,
Fang et al., reported the cell performance of the mesoporous amorphous FePO4
nanospheres prepared by a simple chemically induced precipitation method. It
was found that the unique mesoporous structure was favorable to a full wetting
of electrolyte, shortening the Na+ migration distance, and alleviating the large
change of electrode volume during the (de)sodiumation process. The as-prepared
FePO4/C composite was expected to greatly enhance the sodium storage kinet-
ics and structural stability, giving a high reversible sodium storage capacity of
151 mAh g−1 at 20 mA g−1 and steady cyclability with 94% capacity retention
ratio over 160 cycles [234]. Apart from that, hydrothermally synthesized porous
amorphous FePO4 nanoparticles connected by single-wall carbon nanotubes
(FePO4–SWNTs) were also studied, which showed markedly improved electronic
conductivity and excellent cell performance with high-rate long cycling capability
(e.g. 50 mAh g−1 retained after 300 cycles at 100 mA g−1) [235]. Subsequently, Xu
et al. invented a maize-like FePO4@MWCNTs core–shell nanowire composite
through a microemulsion processing route. The nanowire structure provided
fast pathways for Na+ transportation, and MWCNTs facilitated electron-transfer
property. The resulting FePO4@MWCNT nanowires showed improved dynamics
and excellent electrochemical performance with significantly elevated specific
capacities of 155 and 75 mAh g−1 at 0.1 and 1 C rate, respectively [236]. Additionally,
a graphene-amorphous FePO4 porous nanowire hybrid as an advanced cathode
material for SIBs also illustrated an enhanced kinetics, reversibility for Na+ storage,
and superior rate capability of 42 mAh g−1 at high 20 C rate, owing to the high
electrical conductivity of graphene, large surface area, and excellent chemical
stability of the nanowire structure [237]. In addition to the exploration of 1D
nanostructured amorphous FePO4 cathode for sodium storage applications, 2D
amorphous FePO4 nanocomposites with surface modifications have also been
studied accordingly. For example, Liu et al. synthesized mono/bi-layer amorphous
FePO4 2D nanosheets as a cathode for SIB application. The 2D nanosheets showed
short pathways and large implantation surface areas for rapid electron transfer and
fast Na+ diffusion. This in turn improved the electrochemical performance of SIBs,
e.g. a long cycle life with 92.3% capacity retention after 1000 cycles [238]. And,
single-layer FePO4/reduced graphene oxide (FePO4/rGO) nanosheets composite
prepared by a micro-emulsion technique was also investigated, which demonstrated
greatly enhanced electronic and ionic conductivity, enabling high specific capacities
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and reversibility (e.g. 155 mAh g−1 at 0.1 C and 152 mAh g−1 at 0.2 C) for this FePO4
cathode material [239].

Furthermore, amorphous FeSO4 had also been systematically studied as a
promising electrode for SIBs. Kitajou et al. improved the electrochemical per-
formance by increasing the sodium concentration per unit volume to accelerate
the transmission of sodium ions. In this work, an amorphous xNaF–FeSO4
systems (1≤ x ≤ 2) with excellent sodium storage properties were illustrated
[240]. Specifically, the 1.3NaF–FeSO4 showed an initial discharge capacity of
115 mAh g−1 and a capacity retention of 64% at 0.05 C. In addition, the cath-
ode properties of crystalline NaF–FeSO4 have been investigated and showed an
inferior capacity of 66 mAh g−1. Given the volume change during (de)insertion
process, amorphous samples had low density local structure for Na ion move-
ment. Thus, it was believed that the lower Na diffusion energy and higher Na
concentration were responsible for the improved cathode properties of amorphous
NaF–FeSO4.

4.8 Concluding Remarks

Polyanionic compounds have the advantages of good structural stability, high ionic
conductivity, and good thermal stability, which provide a suitable and feasible
system for reliable and well-function cathode materials. The electrochemical
performance of the polyanionic system can be significantly enhanced through
the established routes such as surface engineering with highly conductive car-
bon compounds, the design and optimization of specific micro-nano structures
and crystal lattice doping. Although the currently designed polyanion-based
cathodes have achieved fairly good results, their energy/power densities are still
unsatisfactory, which seriously hinder their practical application. To develop
high-performance cathode materials and maximize the overall electrochemi-
cal activity for the entire battery system, rational modification strategies must
be employed. Therefore, for accelerating the practical application of polyan-
ionic cathode materials, the following problems need to be put on the agenda:
(i) developing and optimizing suitable Na+ intercalation structures with high
reversible capacity and working voltage via the theoretical simulation and cal-
culation methods; (ii) controlling microstructure parameters with increased
active material loading to achieve high energy density; (iii) exploring rational
electrode modification strategy to produce polyanionic cathodes with high specific
capacity and power density; and (iv) inventing high-performance electrolyte
with good safety to match the high potential cathode material. On the basis of
these efforts on the fundamental research, the realization of industrial-scale
production is just around the corner. Polyanionic materials are expected to
play an important role in realizing high-energy large-scale energy storage
applications.
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5

Prussian Blue Analogue Cathodes for Sodium-Ion Batteries

5.1 Introduction

In addition to the transition metal oxide cathodes (Chapter 3) and polyanion-type
cathodes (Chapter 4), Prussian Blue Analogues (PBAs) with large three dimensional
(3D) channels are also favorable for the sodium insertion/extraction. The history
of Prussian Blue (PB) dates back to the discovery of distinct blue hue from an old
pigment recipe by the paint maker Diesbach in Berlin around 1706. Their striking
color of PB had once been the myth that scientists were highly curious about. The
eye-catching optical transition property of PB was first correlated to mixed-valence
chemistry of a specific group of elements. With the hindsight of quantum mechanics,
people eventually understand that the source of coloration is tied with the transfer
of an electron from one metal ion to another under the excitation of light. Some
questions arise following this: Where do we find mixed valency in the periodic table
and in what kind of coordination compound? Apparently, variable oxidation state is
the prerequisite for electron transition, where most d-block (e.g. Cr, Mn, Fe, Co, Ni,
and Cu) elements are those elements that fulfill this requirement. Following the first
identification of PB as ferric ferrocyanide consisted of two different Fe redox centers,
it was then developed into a plethora of mixed-valence polynuclear transition metal
cyanide complex by substituting Fe with other transition metals as well as by playing
around with the counteranions. In the cubic crystal structure of PB, N and C atoms
of the bridging cyanide ligands are both possible coordination sites, which allow the
occupancy of high-spin Fe3+ and low-spin FeII respectively. It is noteworthy that the
bonding interaction between the C atom and low-spin FeII is stronger than that at
the N-coordinated site, which can be reflected in the much difficult substitution in
the [Fe(CN)6]4− unit even under very acidic condition due to the strong covalent
interaction at this site.

The highly tunable composition and geometry of PB have resulted in a fam-
ily of cyanide derivatives denominated as PBAs with a generic formula of
AM[M′(CN)6]⋅xH2O (A = Li, Na, K; M, M′ = transition metals Cr, Mn, Fe, Co, Ni,
Cu, Zn etc.; typically M′ = Fe). PBA is also named hexacyanoferrates (when M′ = Fe)
or hexacyanometallates (when M′ = other transition metal), which correspond to
chemical acronyms of hexacyanoferrate (HCF) and hexacyanometallate (HCM),
respectively [1]. The large 3D channel framework of most PBAs is also structurally

Sodium-Ion Batteries: Energy Storage Materials and Technologies, First Edition. Yan Yu.
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and dimensionally robust to tolerance to the insertion/extraction processes of gust
ions [2]. Furthermore, there are two different electrochemical active sites in PBAs,
where the M2+/M3+ and Fe2+/Fe3+ couples allow reversible intercalation/insertion
of more than one guest ion without breaking the structure apart. On top of that,
the adjustment in the composition of PBAs can be done through partial/complete
substitution of Fe2+ and Fe3+ ions in the cubic lattice of PB by other redox-active
transition metals (e.g. Co, Ni, and Mn) to satisfy certain applications. For examples,
substitution of Fe with Mn and Co pushes the charge/discharge plateaus from
around 3.2 V (Na2Fe[Fe(CN)6]) to higher values of 3.6 V (Na2Mn[Fe(CN)6]) [3] and
3.8 V (Na2Co[Fe(CN)6]) [4] respectively. The elevation in charge/discharge voltage
paves a way to enhance the energy density of PBA. In addition, several reports
have evidenced an enhancement in capacity after the elemental substitution. In
the case of Na2Mn[Fe(CN)6], an exceptionally high capacity of >200 mAh g−1

can be achieved through additional Na+ ion insertion on top of the conventional
two-sodium-ion insertion mechanism [5]. This value is higher than most of the
transition metal oxides (100–150 mAh g−1) and phosphates (≈120 mAh g−1). These
features, in addition to their easy preparation through simple and low-cost copre-
cipitation method, make them highly suitable to be applied in stationary, grid-scale
energy storage where cost, cycle life, and rate capability are of greater importance
than energy density.

5.2 Crystal Structure

The first successful identification of crystal structure was achieved in 1936 by Keggin
and Miles. It was satisfactorily explained by using powder X-ray diffraction (XRD)
analysis as a 3D cubic face-centered unit cell of 5.1 Å edges with ferrous (FeII) and
ferric (Fe3+) ions arranged alternately at the corner and linked by bidentate cynides
(—C≡N—) ligands in the edges [6]. The metalorganic framework can be depicted as
repeated units of FeII—C≡N—Fe3+ in the 3D cubic structure, leaving a large zeolitic
site at the center that allows the accommodation of guest species (e.g. alkali met-
als, small organic molecules, water molecules, etc.) with ionic radius of ∼1.6 Å. As
shown in Figure 5.1, a unit cell of PB with Fm3m space group symmetry contains
eight cubes, giving a lattice parameter of ∼10.2 Å. More specifically, high-spin FeII

and low-spin Fe3+ fill the 4a and 4b Wyckoff positions respectively. C, N, and O of
coordinated water reside at 24e positions. With zeolitic cavities in the lattice (repre-
sented as 8c or a slightly offset 32f position), alkali ions A+ and/or water molecules
can accommodate the interstitial space by compensating charge of Fe3+[FeII(CN)6]−.

In a typical PB, Fe coordinated to C and N in different electronic configuration
despite the same Fe element in PBAs, which is determined by the strength of ligands
around Fe (Figure 5.1c). For example, low-spin FeII atoms show a d6 electronic con-
figuration, which is hexacoordinated to six C atoms via strong covalent interaction
(strong C-coordinated crystal field). In contrast, high-spin Fe3+ is in d5 electronic
configuration that leads to a relatively weak ionic bonding with N atoms (weak
N-coordinated crystal field).



5.2 Crystal Structure 139

(a) (b) (c)5.1 Å

LS

HS

d5 Fe(3+)-N

d6 Fe(II)-C

eg

eg

(S = 5/2)

(S = 0)

t2g

t2g

H2

FeII

A+

Fe3+

C
N

Figure 5.1 Crystal structure of (a) insoluble PB, Fe4[Fe(CN)6]3⋅xH2O and (b) soluble PB,
AFe3+[FeII(CN)6]⋅xH2O. (c) Spin state of Fe element in a typical PB compound. Source:
Piernas Muñoz and Castillo Martínez [7]. Reproduced with permission, 2018, Royal Society
of Chemistry.

Despite the primitive crystal structure of HCF being cubic (a= b= c= 10.22 Å), the
successive occupation of Na could eventually alter its crystal lattice of HCM. Con-
tinuously increasing the amount of Na expands the lattice until it reaches the limit
and turns into a slightly distorted monoclinic phase. This new phase is elongated
in a (10.45 Å) but shrinks in b (7.52 Å) and c (7.27 Å), along with a distorted β of
92.35∘ [8]. This has given rise to an increase in volume of the unit cell in about 6.5%.
Furthermore, the removal of interstitial water from the monoclinic phase induces a
transition to rhombohedral structure, where the primitive cell shows distinct elonga-
tion in c (18.88 Å) and further reduction in a and b (6.54 Å) with 𝛾 = 120∘. Therefore,
a shrinkage in unit cell is usually seen in rhombohedral structure after the removal
of water, which is 18% and 12.5% smaller than the monoclinic and cubic structure,
respectively.

In fact, the changes in crystal structure of various HCF have been documented in
literature, where NaMnHCFs (Figure 5.2a) and NaFeHCFs (Figure 5.2b) are those
good examples that show different characteristic in XRD analysis at their different
states. Due to the apparent structure difference between the rhombohedral and
the other two structures, they are reported to behave differently in redox reaction.
As illustrated in Figure 5.2c, the voltage profile of the dehydrated rhombohedral
NaFeHCF shows two distinct plateaus in the scanning range. They can be assigned
to the two first-order phase transitions of low-spin Fe and high-spin Fe redox
reactions, which occur at 3.31/3.28 V and 3.11/2.98 V, respectively [12]. It was
revealed that the severe distortion from monoclinic to rhombohedral phase has
triggered a large polarization at the low-voltage plateaus due to the large volume
variation. In addition, the low conductivity of the Na-rich phase is also responsible
for large polarization. On the contrary, the voltage profiles of hydrated cubic and
monoclinic NaFeHCF resemble to each other, which features a second-order
phase transitions with a significant inclined curve [13]. It is perceived that the
rhombohedral structure displays a much higher specific capacity and discharge
voltage in sodium-ion batteries (SIBs), where similar trend is also observed for
rhombohedral NaMnHCF (Figure 5.2d). In the case of rhombohedral NaMnHCF,
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Figure 5.2 XRD patterns of (a) NaMnHCFs [8] and (b) NaFeHCFs [9]. Voltage profiles of (c)
NaMnHCFs and (d) NaFeHCFs in nonaqueous SIBs [10]. Plot that illustrates the change in
the oxidation state upon charging: (e) hydrated and dehydrated NaMnHCFs [11]. Source: (a)
Jo et al. [8]. Reproduced with permission, from Elsevier, (b) Brant et al. [9]. Reproduced with
permission, from American Chemical Society, (c, d) Zhou et al. [10]. Reproduced with
permission, from Wiley-VCH, (e) Wu et al. [11]. Reproduced with permission, from American
Chemical Society.

the two redox reaction associated with the MnIII/II and FeIII/II couples cannot be
resolved in the voltage profile. Researchers rationalized this phenomenon to be the
effect arisen from energy coupling of high-spin Mn and low-spin Fe [14]. From
the result obtained from synchrotron-based soft X-ray absorption spectroscopy
(sXAS) and theoretical calculations, it was proposed that the water content has
great impact on the electrochemical profile of NaMnHCF [11]. As illustrated in
Figure 5.2e, the transition metal redox reaction in hydrated system takes place at
different potentials that leads to separated reaction plateaus while the mixed Fe and
Mn redox occurs simultaneously in anhydrated system. In fact, it was explained that
this elusive redox behavior of rhombohedral NaMnHCF comes from the balance
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between standard ionization energy (SIE) and ligand field stabilization energy
(LFSE). Despite the intrinsically lower redox potential of Fe3+/2+ compared with
Mn3+/2+ from the consideration of SIE, the LFSE of low-spin FeIII/II is calculated to
be higher than that of high-spin MnIII/II due to stronger interaction of the Fe–C than
Mn–N coordination. These two forces counterbalance each other, which causes the
low-spin FeIII/II and high-spin MnIII/II redox potentials to be overlapped when the
interstitial water effect is absent, resulting in only one reaction plateau. In contrast,
the ligand field between the Fe–C and Mn–N coordination in the hydrated form
is weakened by an abundant amount of interstitial water, which changes the spin
states after the original structure is disturbed. In this case, the LFSE effect losses its
control over SIE. Therefore, the potentials of low-spin FeIII/II and high-spin MnIII/II

are primarily determined solely by SIE, exhibiting two separated plateaus.
Apart from FeHCF and MnHCF, the electrochemical study on NaCoHCF and

NaNiHCF mainly focuses on the monoclinic symmetry. Owing to the smaller ionic
radius of Co2+ (0.75 Å) and Ni2+ (0.69 Å), NaCoHCF and NaNiHCF exhibit smaller
lattice volume than that of the former ones in monoclinic phase. For NaCoHCF, the
redox potential of low-spin CoIII/II (3.4 V) is slightly lower than that of the high-spin
FeIII/II (3.8 V), which is attributed to the high energetic stability of low-spin CoIII

[15]. The use of Zn in HCF has been rare. In most cases, Zn2+ preferentially
coordinates to tetrahedral site with N to form ZnN4 rather than occupying the
octahedral site. Therefore, unlike other HCFs, it is more common to find hydrated
ZnHCFs in rhombohedral symmetry rather than in cubic or monoclinic [16]. In
terms of energy density, the higher discharge voltage of NaMnHCF endows it
with higher value compared with NaFeHCF (Figure 5.2c,d). Summarized from the
previous studies, the energy density of monoclinic and rhombohedral NaMnHCFs
ranges from 446 to 504 Wh kg−1, while NaFeHCFs can only reach approximately
360–472 Wh kg−1. For NaCoHCF, the energy density of its monoclinic phase is
about 505 Wh kg−1.

When sodium is replaced by potassium in HCF, the structure of KHCFs can be
less predictable than its sodium counterpart. For example, cubic structure is basi-
cally retained when M = Co, Ni, and Cu but both cubic and monoclinic structures
are available for KFeHCFs depending on the amount of potassium [10, 17]. On the
contrary, KMnHCFs have always been reported in monoclinic symmetry [18]. Com-
pared with NaHCFs, the formation of KHCFs is more thermodynamically favorable.
In addition to the smaller Stokes radius of K+, the lower Gibbs free energy for the
intercalation of K+ in the zeolitic site is responsible for the preferential formation of
KHCFs. Studies also found that the intercalation of crystal water is greatly reduced
in KHCFs as compared with NaHCFs, which can be attributed to the steric hin-
drance posed by K+ to repeal the water molecules from residing at 8c sites. Under
the same synthesis condition, the radius of M2+ also has substantial impact on the
amount of crystal water in the lattice of KHCFs, where decreasing trend is usually
observed when M2+ is getting larger [17b]. From the crystallographic point of view,
the lack of interstitial water and larger size of K+ are two main factors that drive a
more severe local deformation in the structure of monocline KMnHCF compared
with NaMnHCF.
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5.3 Electrochemistry Mechanisms

Before PBA was deployed as battery electrode, the electrochemical behavior of
PB was first explored as thin films in aqueous electrolyte more than 30 years
ago by Neff [19]. The PB thin films were electrochemically prepared by using
FeCl2⋅6H2O and K3Fe(CN)6 as precursors in HCl solution. This important dis-
covery of its electrochemical reversibility opens up new avenues for its future
application in batteries. PBAs can exit in different forms, which are given the
notation such as PB, Prussian white (PW), Prussian green (PG), Berlin green
(BG), and Prussian yellow (PY). Their correlations are illustrated in Figure 5.3.
In fact, a color transition reflects the changes in the bandgap and —C≡N—
stretching frequency of PBAs. When the PB is being reduced, the reaction involves
a reduction of Fe3+ into Fe2+ along with K+ insertion, in addition to a color
change from blue to transparent (fully reduced Everitt’s salt or PW) as described
below:

KFe3+[FeII(CN)6] + K+ + e− → K2Fe2+[FeII(CN)6] (5.1)

K2FeIIFeII(CN)6
A2MIIFeII(CN)6
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Figure 5.3 (a) Illustration of PBAs in different compositions. Source: Zhou et al. [10].
Reproduced with permission, from Wiley-VCH. (b) Cyclic voltammogram of FeIIIFeIII(CN)6
showing electrochemical conversions between PW, PB, and PG. Source: Padigi et al. [20].
Reproduced with permission, from Elsevier.
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Upon the extraction of K+ from PB, oxidation of FeII occurs in multiple steps to
give a color transition from green (BG) to yellow (PY), which corresponds to the
following equations, respectively:

KFe3+[FeII(CN)6] → K1∕3Fe3+[ FeII
1∕3 FeIII

2∕3(CN)6] + 2∕3K+ + 2∕3e− (5.2)

K1∕3Fe3+[ FeII
1∕3 FeIII

2∕3(CN)6] → Fe3+[FeIII(CN)6] + 1∕3K+ + 1∕3e− (5.3)

The oxidation of Everitt’s salt to PB differs from BG. The former involves the
transition of high-spin FeII in an N coordination site to high-spin Fe3+. It was
evidenced that unnoticeable change in the Fourier transform infrared spectroscopy
(FTIR) spectrum can be detected from this oxidation reaction. This could be due to
the weak back-bonding effects arisen between the Fe atoms and the N end of the
CN− ligand. On the contrary, the shift becomes more apparent when PB is oxidized
to BG due to the stronger metal-ligand t2g-π* back-bonding between low-spin Fe
and the C end of the CN− ligand. This holds true since the π* CN− orbital is more
localized on the carbon, leading to a stronger π back-bonding for the metal electrons
in the t2g orbitals in the low-spin configuration [21].

The electrochemical potential of HCFs can be controlled from the following
aspects: (i) polarizing effect of the Mn2+ coordinated to the N atom; (ii) hydration
free energy of A+ to be intercalated into the zeolitic cavities when [M(CN)]− units
upon the reduction of [M(CN)]− units. In general, the polarization power of Mn2+

influences the electrochemical potential of HCFs with the same intercalating
cation. An almost linear dependency between the effective radii of the Mn2+ and
electrochemical potential can be explained by the fact that the stronger polarizing
effect weakens the σ bond between the Fe atom and the CN−, which has driven a
stronger π back bonding. As a result, the oxidation of Fe2+ becomes more energeti-
cally favorable with a decrease in the absolute energy of the fully filled t2g orbitals
(low-spin Fe2+ ions) [22].

On the other hand, the electrochemical potential of HCM also correlates to the
nature of the A+ ions. Alkali metal ions with larger radius migrate more quickly from
aqueous to HCM phase. In general, the diameter of naked cation can be sorted in the
following order: Li (1.48 Å)<Na (2.04 Å)<K (2.76 Å)<Rb (2.98 Å)<Cs (3.40 Å).
We can expect that the number of diameters of the solvation sphere decreases from
Li to Cs, and hence the free energy of solvation decreases in the same way in the
channel of HCM, which makes the electrochemical insertion and migration of alkali
metal ion with larger atomic radii much more facile. The change in formal potentials
of the hexacyanoferrates, hexacyanochromates, and hexacyanomanganates also fits
this general trend when they are coordinated to Mn, Fe, and Cr ions. The formal
potential decreases with increasing lattice constant. This linear correlation revealed
that the enhanced acid–base interaction from Cr to Fe can potentially strengthen the
M′–C σ back bonding on the N end of CN−.

One of the most appealing features that makes them suitable to be used in
energy storage system is the open framework and nanoporous structure with
wide channels. For example, PB lattices have large interstitial sites (4.6 Å in
diameter) and open framework along the (100) direction (3.2 Å in diameter) that
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translate into a high diffusion coefficient of 10−9–10−8 cm2 s−1 [1]. On top of
that, the cubic geometry shows high tolerance to the mechanical stress imposed
during ion insertion, which is deemed an important criterion for long cycle life.
Resembling Ti-based intercalation-type materials, the large 3D channel framework
of most PBAs is also structurally and dimensionally robust to tolerance to the
volume variation upon insertion/extraction process of gust ions. Minimal lattice
strain is seen in highly crystallized PBAs, such as Na2Cu[Fe(CN)6] [2a] and
Na2Co[Fe(CN)6] [2b]. With proper and rational tailoring of their lattice parameters,
they can maintain good capacity retention over prolonged cycles. Furthermore,
PBAs contain two different electrochemical active sites that allow redox reaction
of M2+/M3+ and Fe2+/Fe3+ couples, both of which can undergo transitions in the
oxidation states for reversible intercalation of more than one guest ion (usually
two-electron transfer) without breaking the structure apart. The partial/complete
substitution of Fe2+ and Fe3+ ions in the cubic lattice of PBAs by other redox-active
transition metals (e.g. Co, Ni, and Mn) is kinetically favorable. With such an
enhanced flexibility in composition, the charge storage properties can be tuned
accordingly to suit certain specifications. For examples, substitution of Fe with Mn
and Co pushes the charge/discharge plateaus from around 3.2 V Na2Fe[Fe(CN)6)]
to higher values of 3.6 V (Na2Mn[Fe(CN)6)] [3] and 3.8 V (Na2Co[Fe(CN)6]) [4]
respectively. Previous findings on the calibration of the redox potentials have
explained anomalous behavior in redox potential compared with the standard redox
potential (E0 = +0.16 V vs. Ag/AgCl) of soluble Fe(CN)6

4−/Fe(CN)6
3− couple in

aqueous solutions for Na2Co[Fe(CN)6)] (+0.90 V) and Na2Ni[Fe(CN)6)] (+0.45 V)
and Na2Cu[Fe(CN)6)] (+0.58 V) to be the effect of strong charge–spin–lattice
coupling in the PBA lattice [2b]. The elevation in charge/discharge voltage paths
a way to enhance the energy density of PBA. In addition, several reports have
evidenced an enhancement in capacity after an elemental substitution. For the
case of Na2Mn[Fe(CN)6)], an exceptionally high capacity of >200 mAh g−1 can
be achieved through the contribution of an additional Na+ ion insertion steps on
top of the conventional two Na+ insertion [5]. This value is higher than most of
the transition metal oxides (100–150 mAh g−1) and phosphates (≈120 mAh g−1).
These features, in addition to their easy preparation through simple and low-cost
coprecipitation method, make them highly suitable to be applied in large-scale
stationary energy storage where sustainability and cost are of greater importance
than energy density.

5.4 Preparation Approaches

The synthesis of PBAs can be achieved through two chemical routes, which are the
coprecipitation and self-decomposition of precursor. It is widely recognized that the
former method has been extensively studied due to its versatility in achieving PBAs
with diverse structure while the latter one is only restricted to FeHCFs owing to the
limited selection of precursors that are available to be used. Despite the coprecipi-
tation synthesis being more feasible to mass-produce PBAs, the precise control over
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the quality of PBAs could be problematic. On the other hand, self-decomposition
synthesis usually exhibits slower nucleation and grain growth rate that makes the
particle size and morphology more homogeneous.

5.4.1 Coprecipitation

In addition to the advantages of being low-cost, less toxic, and highly scalable,
the simplicity in coprecipitation approach to mixed-valence chemistry that leads
to the precipitation of PBAs at ambient gives rise to a virtually unlimited number
of PBAs with relatively little effort. However, whenever precipitation reaction
is concerned, solubility product constant (Ksp) is always the governing factor
over the crystallization of the final products. In the case of HCFs, their relatively
small Ksp value causes the nucleation and grain growth processes take place
almost instantly after the precursor solutions are mixed. As a result, irregular and
aggregated HCFs in nanoscale tend to form, along with the generation of abundant
vacancies and crystal water in the lattice. In addition, the ambient reaction affects
the crystallinity of HCFs, which is also one of the factors that leads to degraded
electrochemical performance. In the past decades, researchers have manipulated
the mixed-valence chemistry to “separate” these two rate-determining steps further.
The use of chelating agents with nucleophilic property is deemed effective to
slow down the precipitation rate, thus improving the homogeneity of HCFs. The
underlying mechanism can be explained from the ability of the chelating agent to
coordinate with the transition metal ions to prevent them from complexing with
the Fe(CN)6

4− ions, which significantly delays the nucleation and precipitation of
HCFs. On top of that, the negatively charged chelating molecules that stay on the
surface of the initial nuclei suppress the growth rate and aggregation through the
force of electrostatic repulsion. Given a much slower reaction rate in the solution
by having transition metal chelating agent complex that acts as a reservoir to slowly
release the transition metal ion, HCFc nucleus grows slowly into a well-defined
shape with more monodispersed grains and less defect [23]. So far, in addition to the
widely reported sodium and potassium citrates (Na3CA, K3CA), chelates such as
EDTA4−, oxalate, and pyrophosphoric salts have been reported for the precipitation
of HCFs. Other roles played by the chelating agents are to promote homogeneous
particle size and morphology and more importantly to reduce the water inclusion
in the crystals through occupation of excess Na+ or K+ in the lattice. For example,
Liu et al. reported the successful preparation of sodium-rich NaFeHCFs through
the Na3CA–assisted precipitation [24]. With an increasing amount of sodium being
incorporated into the lattice of the sodium-rich NaFeHCFs, the water content is seen
to decrease from 18 to 13.2 wt%. On the other hand, the morphology of the NaFe-
HCFs changed from irregular nanoparticles to homogeneous nanocubes after the
addition of Na3CA, along with an expansion in the lattice when the concentration
of Na3CA increases. The improved properties of the sodium-rich NaFeHCFs enable
high capacities of 120 and 71 mAh g−1 to be delivered at current densities of 0.2 and
2 A g−1 respectively. In another chelate-assisted precipitation study reported by Peng
et al. [25] bidendate ethylene diamine tetraacetic acid (EDTA) was also employed
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for stronger binding to slow down the precipitation rate. In this case, low-defect
Na1.92Mn[Fe(CN)6]0.98 can be successfully synthesized through a self-chelate Mn
source MnC16H12N2Na2O8 (EDTA-MnNa2). In fact, the strong ligancy of EDTA with
MnNa2 precursor suppresses the precipitation of MnHCF unless a certain amount
of ascorbic acid is added to facilitate the dissociation of EDTA-MnNa2 complex.
When the monoclinic NaMnHCF was tested in nonaqueous SIBs, it exhibits a
high-rate performance (153 and 110 mAh g−1 at 0.01 and 1 A g−1 respectively), not
to mention the excellent cycling stability that shows a capacity retention of 81.7%
after 500 cycles at 0.1 A g−1. Goodenough’s group also studied the effect of cations
on the particle size, water content, and defects of MnHCFs. A reaction solution
containing high concentration of K/Na-citrate was used to slacken the nucleation
process in order to achieve homogeneous and near-stoichiometric crystal growth
[18a]. In this study, a co-insertion/extraction of K+ and Na+ was proposed as the
possible sodium charge storage mechanism of the KMHCF, which is driven by the
high concentration of Na+ and the lower energy barrier of K+ insertion. It was also
validated by observing the stepwise K+ insertion into the monoclinic KMHCF to
form intermediate KNaMHCF before it reaches the cubic NaMHCF final phase.
The KMHCF electrode shows excellent electrochemical performance as cathode
for SIBs, where 100% and 80% capacity retention can be achieved after 200 and
1000 cycles at a current density of 1 C, respectively, along with a stable capacity of
95 mAh g−1 at 20 C. The precipitation of CoHCFs, NiHCFs, and even NaNiCoHCF
can be achieved through this simple precipitation method in the presence of Na3CA
chelating agent. For instances, monodispersed monoclinic Na1.85Co[Fe(CN)6]0.99
nanocubes were successfully fabricated using Na3CA but not the case in the
absence of this chelating agent. Aggregated Na1.32Co[Fe(CN)6]0.88 nanoparticles
with cubic structure were produced due to the uncontrolled precipitation that leads
to the undesired composition and morphology [2b]. Moreover, Li et al. studied the
precipitation of NaCoHCFs in a mixed NaCl/Na3CA solution [26]. In contrast to
the NaCoHCFs (Na1.47Co[Fe(CN)6]0.90) nanoparticle obtained in the absence of
chelating agent, the use of NaCl/Na3CA enables the structure to accommodate
higher amount of Na(Na1.19Co[Fe(CN)6]0.87). In addition to the more regular cuboid
morphology, the grain size of Na1.19Co[Fe(CN)6]0.87 (200–300 nm) is also larger than
that of the Na1.47Co[Fe(CN)6]0.90 (30–50 nm). Moreover, it is found that an increase
in the concentration of NaCl (Na3CA concentration remains constant) can further
improve the stoichiometry to Na1.87Co[Fe(CN)6]0.98 without affecting the grain size.
Based on the aforementioned studies, there is some golden rules to follow: high
crystallinity can potentially give better cycling stability and high capacity relies on
stoichiometry.

Apart from the use of chelates, researchers are also playing around with other
reaction parameters to optimize the electrochemical performances. The most fun-
damental one lies at the tuning of precipitation temperature and concentration of
reagents. It is reasonable to apply lower reaction temperature in the attempt to slow
down the precipitation rate. However, it has been proved not to be a direct endeavor
as very little effect is shown in the effort to control over the morphology of HCFs,
though temperature has great impact on the crystallinity and stoichiometry of HCFs.



5.4 Preparation Approaches 147

In a study reported by Yang et al. a decrease in reaction temperature to 0 ∘C does help
with maintaining the stoichiometry of the NaFeHCF, which is at start contrast to the
Na-poor compositions of Na1.27Fe[Fe(CN)6]0.94 and Na1.12Fe[Fe(CN)6]0.92 obtained
at 40 and 80 ∘C, respectively [27]. On the other hand, the use of concentrated Na+
solution helps to improve the structure and stoichiometry of HCF. For example,
Goodenough’s group found that water content can be reduced from 17 to 12 wt%
by changing the stoichiometry after they purposely increased the amount of Na in
NaMnHCF [3]. Similar trend was also observed by Jo et al. by increasing the precipi-
tation temperature [8]. It is found that higher reaction temperature at 60 ∘C results in
monoclinic Na-rich composition (Na1.90Mn[Fe(CN)6]0.99), which is in contrast to the
cubic Na-poor compounds (Na1.38Mn[Fe(CN)6]0.91) that precipitate at room temper-
ature. In addition to these parameters, the precursor concentration and mixing rate
are also crucial to determine the particle size of the HCFs. An increase in the con-
centration of NiCl2 and K3Fe(CN)6 precursors or in mixing rate significantly brings
down the particle size from hundreds to tens of nanometers [28]. Apart from those
conventional way of synthesizing HCFs, electrostatic spraying-assisted coprecipita-
tion (ESAC) was also developed for the preparation of high-quality NaCoHCF and
NaNiHCF [29]. This technique can potentially slow down the precipitation process
that successfully eliminates the formation of abundant crystal water and vacancy,
without a compromise on the crystallinity and morphology of the final products as
compared with the chelate-assisted precipitation.

The simplicity in coprecipitation approach to mixed-valence chemistry that leads
to the precipitation of PBAs at ambient gives rise to a virtually unlimited number
of PBAs with relatively little effort. However, this holds true only if ligand-bridged
complex can be formed via a possible Lewis acid–base interaction among the compo-
nents. Classic Fe4[Fe(CN)6]3 is a notable example, where the formation is favorable
as Fe(H2O)6

3+ (Lewis acid) is susceptible to be substituted by N of the CN− ligands in
ferrocyanide (Lewis base). In the presence of CN− ligand that bridges Fe+2 and Fe+3,
intervalence transfer is allowed between these two sites. Nevertheless, coincident
reactions are likely to take place along with the precipitation reaction due to the com-
plexity of the equilibria. As a result, the formation of PBAs is accompanied by other
impurities that are difficult to be isolated from the solution, which makes the work
on predicting and controlling the quality of final products even harder. In general,
there are several parameters need to be taken into account in the design of synthetic
routes and the possible competing reactions that are likely to occur, which primarily
are the redox potential differences between the redox centers, bonding nature of the
precursors, and oxidizing/reducing agents.

5.4.2 Self-decomposition of Precursors

Self-decomposition of precursor in the synthesis of HCFs is relatively straight-
forward compared with the coprecipitation reaction. Given the slower intrinsic
reaction rate of the self-decomposition method, the particle size and morphology
of the synthesized HCFs can be more precisely tuned from tens of nanometers to
several microns, despite its relatively low production yield. In fact, the reaction
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mechanism can be seen as the pyrolysis of the precursors, preferentially Na4Fe(CN)6
and K4Fe(CN)6, which leads to the dissociation of Fe2+ in the Fe(CN)6

4− and its
partial oxidation to Fe3+ in the subsequent step [30]. When the concentration of
Fe2+/Fe3+ reaches a certain limit, nucleation will take place between Fe2+/Fe3+

and Fe(CN)6
4− ions until the initial nuclei grow into larger particles to solid

precipitates. It is worth noting that the reaction does not occur spontaneously,
where a certain amount of acid is needed to serve as nucleophiles to dissociate
the Fe2+ from the CN− ligand. In the presence of divalent Fe, a higher amount
of A+ ions can be accommodated in the lattice. In summary, the final structure,
composition, and morphology of HCFs can be carefully tuned by several important
reaction parameters, especially the concentration of intercalating cations, reaction
temperature, pH of the solution, and annealing environment.

The research in this area was pioneered by Guo’s group. In their early study,
high-quality Na0.61Fe[Fe(CN)6]0.94 with cuboid morphology can be achieved with
the aid of hydrochloric acid by slow decomposition of Na4Fe(CN)6 in air (60 ∘C)
[31]. They also proved that the NaFeHCF synthesized by this route results in lesser
amount of vacancies and lattice water than the one that was synthesized through
coprecipitation between Na4Fe(CN)6 and FeCl3. However, only x = 0.61 of Na
content was found in the lattice, which is equivalent to 30% occupation Na in the
framework. Further effort was also made by the same group to achieve higher
sodium content. The x value in NaFeHCFs was further increased to 1.63 when N2
protection was implemented and ascorbic acid was used as the reductant to prevent
oxidation of Fe2+ [32]. On top of that, an increase in lattice parameters inevitably
induced structural change to the NaFeHCF from cubic (Na-poor) to monoclinic
(Na-rich). In addition to the effect of acidic reagent, the use of surfactants such
as polyvinyl pyrrolidone (PVP) [33] polyallylamine hydrochloride (PAH) [34],
cetyltrimethylammonium bromide (CTAB) [35], and sodium dodecylbenzene-
sulfonate (SDBS) [36] is also reported for their ability to modulate the properties
of HCFs in terms of homogeneity, orientation, grain size, and shape. Similarly,
KFeHCFs can also be prepared via the self-decomposition route, where the features
of the final products depend strongly on the precursor. For example, KFeHCFs
synthesized by two different sources (K4Fe(CN)6 and K3Fe(CN)6) result in a change
in crystallinity and electrochemical performances [37].

5.5 Optimizing Electrochemical Performance

PBA was first employed as the cathode for aqueous-based materials due to their
excellent compatibility and based on previous understanding on their electrochem-
istry in aqueous electrolytes. For example, NiFe–PBA has been demonstrated to be
electrochemically toward aqueous-based SIBs and suitable to be in grid-scale energy
storage by Cui and coworkers [38]. The K0.6Ni1.2Fe(CN)6⋅3.6H2O exhibits stable
long-term cycling performance over 5000 cycles at 8.3 C due to the isotropic lattice
strain as little as 0.18% upon insertion and removal of sodium ion. However, only
a moderate specific capacity of 60 mAh g−1 can be achieved at 0.83 C in aqueous
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electrolyte. In a similar study conducted by Cui and coworkers, the CuHCF retains
≈77% of its original capacity at a rate of 8.3 C over 500 cycles [39]. In another study,
the redox potential has been successfully extended from 0.6 to 1.0 V in aqueous
electrolyte by tuning the composition of the CuxNi1−xHCF electrode, which follows
a trend that the redox potential increases with the Cu content (0.6–1.0 V) but
without compromising on the reversible capacity. In addition, the Cu0.56Ni0.44HCF
also exhibits almost 100% capacity retention after 2000 cycles [40].

Until recently, Goodenough and coworkers pioneered the research of PBAs for
SIBs. They disclosed a series of compounds (KMFe(CN)6, M = Fe, Mn, Ni, Cu,
Co, Zn) that are promising insertion host for Na+ ion, though Na+ ion might
not be necessarily incorporated in the organic framework [41]. These findings
started flipping the perspective on PBAs, which sparked a surge of research
on modified PBAs to optimize their electrochemical performance. Despite the
potential advantages of PBAs being signified in thermodynamic expressions, the
theoretical value or even appreciable capacity is difficult to be fully claimed in
the early studies investigating the insertion behaviors of PBAs. This puzzling
phenomenon was later understood to be mainly associated with structural irreg-
ularity and coordinated water in the lattices as well as the electronic conductivity
of PBAs. The discovery of these subtle relationships enables researchers to
understand and engineer the crystallographic feature of PBAs in a more precise
way, which is of great importance to accelerate the future development of PBAs
in SIBs.

5.5.1 Effect of Lattice Architecture on Electrochemistry

5.5.1.1 Substitution of Cation
Taking FeII—C≡N—Fe3+ unit as an example, Fe coordinated to C and N differ from
each other in electronic configuration despite the same Fe element in PBAs. This is
to say, the substitution of Fe coordinated to the C site that is located at the center of
the hexacynometallate complex is much more difficult due to the bonding nature,
which has a determining effect on the lattice parameter and subsequently the reac-
tion potential of PBAs. For example, substituted elements with smaller radius reduce
the lattice parameter. Counterintuitively, chemical reduction due to the insertion
of alkali ion into the PBA lattice also reduces the lattice parameter, given that an
increase in electron density causes the lattice to shrink accordingly. For example,
the volume of the unit cell in Mn-PBA decreases 3.5% on lithiation [42], and other
compositions also show similar trend upon insertion of different alkali ions [2a].

On the other hand, the substitution at N-coordinated site enjoys a broader vari-
ety of choice as the geometry does not alter much with the substitution. However,
the reaction potential at the C-coordinated site has great influence on N-coordinated
site. The underlying cause could be due to the polarization of the s bond in the CN−

ligand that results in stronger π-back-bonding t2g orbitals on N-coordinated site [22].
The substituents can be either electrochemically inactive or active. For example,
Zn, Cu, and Ni are electrochemically inert but help to push the reaction potential
to higher value and optimize the lattice parameter for more rapid ion conduction.
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On the contrary, Fe, Mn, and Co participate in the electrochemical reaction, where
additional electron involved in the redox reaction contributes to higher capacity.
However, cycle lives of these types of cathodes are compromised at elevated poten-
tials due to the reaction of structural water. In addition, potential change in crystal
structure arising from the change of oxidation state at the N-coordinated site is also
a concern, especially those elements that are unstable at certain oxidation state. For
example, Mn3+ are susceptible to an irreversible disproportionation reaction associ-
ated with the Jahn–Teller distortion [43]. Aside from Mn, energetic stability of the LS
d6 electron configuration Co induces a favorable HS–LS CoII/CoIII spin-state tran-
sition, along with a lattice contraction arising from a significant reduction in ionic
radius from 7.45 to 5.45 nm [44]. Despite the clear advantages of N site substitu-
tion, these cathodes usually suffer from slower kinetics and irreversibility, which is
attributed to significant crystallographic modification of the open framework struc-
ture when Co or Mn is cycled and hence, hinders the solid-state diffusion of ions in
the framework. To obtain a compelling balance between these few criteria, exciting
research path has been set on the preparation of single-phase solid-solution PBAs
with more than one element at N site. The lattice parameter in a solid-solution
(Mn, Co) hexacyanoferrate has been shown to be simply the average of the lattice
parameters of their individual compound, which is weighted by atomic fraction [45].
Through this mixing strategy, it is believed that phase transition upon successive
insertion of alkali ion can be greatly ameliorated.

In addition, there is also a possibility to incorporate certain amount of dopant
without breaking down the lattice structure. For example, the introduction of Ni in
MnFe-PBA(CN)6 has been proved to be able to stabilize the lattice distortion caused
by the Jahn–Teller effect of Mn2+/Mn3+ redox reaction. With the alleviation of the
Jahn–Teller effect, the Ni-doped MnFe-PBA shows improvement in capacity reten-
tion over long-term cycling [46]. In another investigation on the doping effect of Ni
in FeFe-PBA, Ni plays an essential role in activating the low-spin Fe2+/Fe3+ couple
for Na storage. It was proposed that the electron atmosphere of C-coordinated Fe is
changed by Ni, which makes the Na+ intercalation/extraction more favorable under
the influence of low-spin Fe2+/Fe3+ couples [47].

5.5.1.2 Inserting Cation
The open framework of PBAs allows the insertion of a wide spectrum of guest ions,
where alkali, alkali earth, and transition metals, including Li, Na, K, Ca, Mg, Al,
and Zn, can accommodate the subcubes of the lattice with a change in the oxidation
state of the coordinated transition metal ion. Thermodynamically, the dimension of
the guest ion determines the insertion potential of the reaction based on the corre-
lation between the hydration energy and the Gibbs free energy of ion insertion. This
holds true from monovalent to multivalent ions [48]. In addition, it was also theo-
rized that the stronger steric hindrance of larger ions is responsible for the higher
reaction potential despite their slower migration kinetics [49]. Density functional
theory (DFT) calculations also suggest that the geometrical stability within the large
interstitial sites in the lattice is influenced by the size of cations. Larger cations (K+,
Rb+, and Cs+) preferentially reside the body-centered sites that are more spacious
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rather than the face-centered sites that are more favored by small cations (Li+, Na+,
and all alkaline earth ions) due to shorter cation–anion bonding distance. Despite
the fact that PBAs are structurally stable with almost zero lattice strain toward the
insertion/extraction processes, the introduction of high amount of inserting ions
displaces toward the corners in the <111> direction, resulting in a slight distor-
tion from a cubic to a less symmetric rhombohedral geometry [50]. As a result, the
ionic conductivity of the PBAs can be lowered due to a change in structure, in addi-
tion to the reaction reversibility. Kinetically, the migration of the inserting ion along
the nanoporous channels is strongly affected by the lattice parameter, where ionic
conductivity increases with the lattice parameter. For example, the Na diffusion coef-
ficient improves from 2.3× 10−10 to 7.7× 10−10 cm2 s−1 with an increase in the lattice
parameter [51].

5.5.1.3 Vacancy
PBAs are easily prepared through simple chemical precipitation method, but their
lattice frameworks are usually filled with structural defects such as vacancy and
structural water. They have been identified as a detrimental factor that prevents
the full potential of PBAs to be unlocked. Vacancy, as a positively charged defect,
significantly reduces the specific capacity especially at high content. To tackle this
issue, a common way for vacancy reduction falls on the modification of synthetic
method. Generally, the use of excess alkali ion can suppress the formation of
vacancy. It has been proved that the vacancy content drops from 19% to 7% when
the Na+ per formula unit increases from 1.24 to 1.72 with higher concentration of
precursor [52]. On top of that, the deployment of chelating agent is able to modulate
the rate of crystallization process that is critical to minimize the formation of
vacancy. For example, citrate-based reagent with enhanced affinity with transition
metal ion precursor was used by Yang and coworkers to achieve low content
of vacancies of 1% in a cobalt hexacyanoferrate for Na+. The reversible specific
capacity of 150 mAh g−1 is close to the theoretical value, along with an excellent
long-term cyclability of ∼90% over 200 cycles [4]. Despite their adverse impacts on
the electrochemical performance, several studies have also revealed the roles of
vacancy within the lattice framework in improving the rate capability and cycle life
of batteries. First, vacancy has long been tied with the ionic conductivity, where
these connected cavities offer an alternative transport pathway for inserting ions
[53]. Such an exclusive feature particularly facilitates the conduction of larger ions
along within the lattice. On the other hand, vacancy is known for its ability to
suppress the <111> cooperative displacement of the crystal structure, especially in
the lattice with higher concentration of Li and Na [54].

5.5.1.4 Water Molecules
Water molecules can occupy the lattice framework of PBAs in two structurally dis-
tinct positions, which are located at zeolitic site and coordinated to transition metal
ion at vacancies. For the zeolitic water molecules, they compete with inserting ion to
accommodate the center of the lattice’s subcube. The other type of water molecule
coordinates to the dangling transition metal ions at vacancies. Due to this special
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coordination that shields the positive charge of the exposed ions, the migration of
inserting ion in the lattice framework can be retarded. Compared with coordinated
water, zeolitic water is easier to be removed as they only bond weakly at the inter-
stitial space [55]. There are a couple of role water molecules can play in the ther-
modynamic stability of the inserting ions. For example, the solvation of Li and Na is
energetically favorable, which might lead to a reduction in ionic potential. In addi-
tion, these thermodynamically favored phases manage to mitigate a cubic to rhom-
bohedral transformation in the crystal structure. The downside is that the water
molecules can trigger a cascade of side reactions that can potentially deteriorate the
performance of the PBAs. Hence, there is a need to remove excess water especially
when organic electrolytes are employed for high-voltage applications. In addition,
Xie et al. also discovered that the reduced defects coordinated H2O in the frame-
work of MnCoNi-PBA allows the reversible transition between cubic and rhom-
bohedral phase upon Na+ insertion/extraction [56]. To obtain an optimum perfor-
mance, researchers are required to consider the trade-off of using water molecules
by striking a good balance between a severe structural distortion that is caused by
high concentration of inserting ion after complete removal of water molecules and
a degradation in performance arisen from the side reaction.

5.5.2 Effect of Morphological Optimizations on Electrochemistry

Along with the optimization and expansion of the PBAs family, various strategies
such as nanostructure design, surface modification, and morphological control
have been actively developed in recent years. There are some distinct advantages of
nanostructuring: (i) enhancing the interfacial interaction by increasing the surface
to volume ratio; (ii) shortening the ion diffusion pathway to accelerate the reaction
kinetics; (iii) providing buffering effect for volume change. More specifically,
the increasing surface area of nanostructured PBAs allows higher flux of ion
moving across the interface. With the enhanced contact between the electrode and
electrolyte, the penetration of electrolyte ion becomes more effective. In addition,
the ion diffusion becomes more kinetically favorable when PBAs are made into
smaller size. For example, a dual-textured KFeFe-PB (porous PB@nonporous PB)
in nano-size was synthesized by Kim et al. [57] The structural features of the
porous PB@ nonporous PB allow it to exhibit reversible capacities of 85, 65, and
52 mAh g−1 at current densities of 10, 240, and 480 mA g−1 respectively. Going
small might not be a universal antidote, several other strategies have to be coupled
simultaneously to address the battery problems fundamentally. Dai and coworkers
designed a meso/macroporous NiFe-PBA to validate the effect of porous structure
on the electrochemical performance of PBAs. In this study, the authors claimed
that the transportation of Na+ from the external to interior of the PBA framework is
enhanced in pores that are larger in size [58]. In short, significant improvement has
been seen in nanosized PBAs, but most of them remain in the lab-scale production,
in addition to the long validation cycles before the new materials can make their
way into the market.
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Morphological optimization is commonly used for property modulation of PBAs.
This can be done through the preparation of porous or three-dimensional structures
that show better reaction kinetics through a continuous ion replenishment and
rapid ion movement in the PBA framework. The common way to achieve meso-
porous morphology relies on the instability of PBAs under acidic condition, where a
stepwise crystal growth-etching strategy is frequently employed to generate porous
architecture [59]. Despite a great success being reported to generate porous/hollow
structure in various acid mediums, the tunability of this method is relatively limited
as the etching rate is less controllable and the pore formation is not uniform, which
render the collapse of original structure somewhat more likely to happen. On
top of that, an aggregation-driven formation mechanism was also demonstrated
to be viable for assessing mesoporous PBAs. This concept has been realized in
the synthesis of NiHCF, where the NiHCF aggregates joined together to become
a single-grained particle [58]. Furthermore, the interfacial contact area can be
enhanced substantially with construction of border-rich structure, giving rise to
better wettability and ions transport resistance between the electrode–electrolyte
interfaces. The PBAs that are rich in boundaries remain 95 mAh g−1 after 280
cycles and 60 mAh g−1 at a high rate of 1.6 A g−1 [60]. Furthermore, juxtaposition of
disparate materials in a hybrid structure is effective to leverage synergies between
different components to provide solution to the battery problems associated with
their limitation in electronic and ionic transport rate. In the case of PBAs, the effect
of core–shell design is particularly significant when it comes to addressing the
cycling stability problem of most PBAs encountered. For example, the combination
of core–shell CuFe-PBA@NiFe-PBA makes full utilization of the high capacity
CuFe-PBA core and highly stable NiFe-PBA protective shell. In spite of the low
capacity contribution, the interfacial coupling of CuFe-PBA core to the NiFe-PBA
shell suppresses possible structural phase transition in the CuFe-PBA [61]. This
concept also stands for dual-textured PBA, where Kim et al. converted the shell
into porous structure to further improve the penetration of electrolyte for better
reactivity at the core [57].

Aside from that, the PBAs are frequently composited with carbons (i.e. graphenes
[62], carbon nanotubes (CNTs) [63], Ketjen black [64], etc.) as surface coating
or deposition metrics, thanks to their excellent chemical and physical properties.
For example, the full potential of FeFe-PB prepared by Dou and coworkers can be
unleashed with fast electron transfer within the electrode and shorter ion diffusion
length after coupling with Ketjen black. Therefore, a capacity of 77.5 mAh g−1 can
be retained at high rate of 90 C, along with a capacity of 90 mAh g−1 at 20 C after
2000 cycles [64]. Similarly, uniform PB nanocrystals threaded by a CNT intertwined
mat prepared by Guo and coworkers retain good electric contact between the PB
particles and the current collector [65]. The PBAs/CNT electrode can deliver a
discharge capacity of 142 mAh g−1 with a specific energy density of 408 Wh kg−1

and retain a 86% capacity retention after 1000 cycles.
On the other hand, surface coating with conductive polymer or small organic

molecules not only enhances the electronic conductivity of the composite, but
also provides better accommodation of the lattice strain upon insertion reaction.
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In the case when Mn species is present, the polymer coating can potentially
suppress severe dissolution problem of Mn. In addition, researchers also found that
redox-active polymers exhibit capacitive contribution, albeit this could probably
come at the expense of degradation in structural stability as a protective layer. In
this regard, Dou and coworkers have demonstrated the viability of polymer coating
that renders the MnFe-PBA@PPy composite enhanced rate capability and cycling
stability [66]. We also witnessed significant improvement after the surface of PBAs
was modified with specially designed organic molecules. For example, effective
linkage that bridges the NiHCF and 7,7,8,8-tetracyanoquinododimethane leads to
electronic coupling that allows further enhancement in conductivity due to more
facile electron movement between these two species [67].

5.5.3 NaxMFe-PBAs with Two Na+ Insertion Sites

The high tunability in composition of PBAs is one of their most significant advan-
tages, where the redox centers in NaxMFe-PBAs are determined by the nature of M
element. As mentioned earlier, electrochemically active elements, such as Fe, Mn,
and Co with multiple valency, contribute to another single-electron transition reac-
tion, aside from the reaction occurring at the N-coordinated site. This type of PBAs
can serve a theoretical two Na+ insertion within a suitable potential range and there-
fore, exhibit higher specific capacity, in principle. This advantage, however, has not
been conferred unconditionally to all PBAs with the same crystal structure, where
their expected potential in capacity and cycling stability is not fully claimed. Early
studies revealed the contradiction in experimental results, but these puzzling ques-
tions were left unsolved.

For example, Na2FeFe-PBAs are classical compounds in this category. Early
attempt in the deployment of Na2FeFe-PBAs for SIBs was not smooth sailing
until researchers found out the critical roles played by lattice vacancy and water
molecules. With the ability to access vacancy-free FeFe-PB lattice, a capacity of
120 mAh g−1 was successfully achieved, along with a remarkable stable capacity
retention of 87% over 500 cycles [68]. Further insight into the investigation revealed
that lattice vacancies that are filled with coordinating and zeolitic water cause
lattice distortion, which blocks the redox active site as well as the ion conduction
pathway for inserting ion. This finding has provided essential guidelines in the
development of synthetic strategies for high-performance PBAs. Given that high
degree of structural regularity is a critical criterion that brought significant electro-
chemical improvement, Guo and coworkers synthesized a FeFe-PB electrode with
low contents of vacancy (6%) and water molecules (15.7%), which make the active
sites more accessible by Na+ [31]. A capacity of 170 mAh g−1 was obtained, which
is nearly equivalent to the theoretical value of two Na+ insertion. The deployment
of defect-free PBAs in aqueous-based SIBs also shows similar effect, which further
validates the critical roles of lattice architecture in electrochemistry of PBAs [69].

Alternatively, a Na-rich lattice structure can effectively reduce the number of
vacancies and enhance the structural integrity upon the insertion/desertion of ions
[24, 70]. In numerous reports, the Na content can be perfectly tuned by using high



5.5 Optimizing Electrochemical Performance 155

concentration of Na source coupled with suitable chelating agents. For example,
a Na content can be increased to 1.63 Na per PB unit with the use of ascorbic acid
as reducing agent [32]. This Na-rich Na1.63Fe1.89(CN)6 compound can deliver a
reversible capacity of 150 mAh g−1 in the first cycle and maintain 90% of the initial
capacity after 200 cycles.

Recent study on the effect of lattice water suggested a possible way to achieve
improved electrochemical performance. A Na1.92FeFe(CN) with low water content
synthesized by Goodenough and coworkers exhibits two redox active sites in
response to Na+, which was evidenced from two distinct voltage plateaus in the
soft X-ray spectroscopic results [12]. With the elimination of interstitial water in
the lattice in a rhombohedral Na1.92FeFe(CN), a capacity retention of 80% can be
extended up to 800 cycles, along with a capacity of as high as 100 mAh g−1 achieved
at 15 C.

To suit the specification of different purposes, one of Fe redox centers can be
substituted with other elements without negligible disruption to the lattice struc-
ture. For example, Mn2+/Mn3+ couple that is known for its high reaction voltage
(3.6 V) can potentially improve the energy density for practical use. For example,
vacancy-free MnFe-PBA was proposed as a way to achieve high capacity based on
a three Na+ insertion mechanism [5]. A value of 209 mAh g−1 apparently exceeds
the typical 172 mAh g−1 expected for two Na+ ion reaction. Despite the fact that
the discharge capacity has been significantly improved after the substitution of Mn,
coprecipitated and electrodeposited NaxMnFe-PBAs still suffer from low cycling sta-
bility [71]. Such a phenomenon is primarily caused by the Jahn–Teller effect of Mn3+

and hence, lattice distortion and dissolution of Mn element into electrolyte are often
the problems encountered by them [55, 72]. Several strategies have been put forward
to suppress the effect, where the preparation of water- and vacancy-free MnFe-PBAs
structure gives the more prominent result. This was exemplified in literature
through the removal of interstitial water under vacuum drying by Goodenough
and coworkers [55] The crystal structure of the dehydrated MnFe-PBAs undergoes
a transition from monoclinic to rhombohedral, which exhibits higher tolerance to
structural distortion upon (de)insertion of Na+ ion. The change in electrochemical
response also results in a single-platform charge/discharge profiles arising from a
stable phase transition between tetragonal and rhombohedral. Given a water-free
lattice, the MnFe-PBA manages to maintain 75% capacity retention after 500 cycles
at 0.7 C. Aside from Mn, metallic Co can serve as a stabilizer and conductor in
the lattice of PBAs. Upon substitution with Co, two distinct plateaus are shown at
3.4 and 3.8 V [44]. In a representative literature, the authors worked through the
structural instability of PBAs by using a low-defect Na2CoFe-PBA with low content
of vacancies and coordinated water molecules. In addition to the two Na+ insertion
reaction, it also retains 90% of its initial capacity after 200 cycles [4].

5.5.4 NaxMFe-PBAs with One Na+ Insertion Sites

At variance to the aforementioned NaxMFe-PBAs that are endowed with two redox
centers, replacement of Fe at electrochemical inert elements, especially Zn, Cu, and
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Ni, has different roles to play. For example, the incorporation of those elements
in the lattice counteracts the irreversible volume change of the PBA framework.
Furthermore, the reduced interaction between the anion lattice and the incoming
Na+ ion significantly alleviates the mechanical stress of the PBA framework. As evi-
dence, the NaNiFe-PBA (Na0.84Ni[Fe(CN)6]0.71) synthesized by Guo and coworkers
exhibits a zero-strain insertion of Na+ ion that results in a negligible volume change
of <1% [73]. The electrode is not susceptible to capacity fading and retained 99.7%
of its original capacity after 200 cycles. Along this line, the substitution of Fe in the
lattice of PBA with electrochemically inert elements has been found to be success-
ful to enlarge the ionic channel for Na+ ion insertion. Choi and coworkers have
evidenced the modified tunnels Na2ZnFe-PBA can prevent rupture of lattice by bet-
ter accommodating the volume variation upon ion insertion/removal [74]. Similar
explanations were made to elucidate the poorer cycling stability and rate capabil-
ity, such as the impact of coordinated water and lattice vacancy in the diffusion of
Na+ ion, where their presence significantly blocks the ion movement. Conclusion
and insight gained from this study can also be extended to other members in this
family.

5.6 Concluding Remarks

Although the PBA-based SIBs suffer from low specific energy and energy density
caused by their low crystal density, their inexpensive raw materials, long cycling
stability, and high-rate capabilities make them economically competitive to com-
plement the state-of-the-art lithium-ion batteries in grid-scale energy-storage
applications. The topic of PBAs was revitalized in battery applications mainly
due to the advancement in characterization techniques and technologies that
endow researchers with capability to unlock the potential PBAs through deeper
understanding on the reaction mechanism and modulation of the material prop-
erties. Despite their great progress in the past decades, we still see knowledge
gaps in certain areas of research. The observation of several phenomena remains
speculative as they have not been fully supported by experimental results and
theoretical calculations. For example, the contribution of water in enhancing
the ionic conduction generally accepted to be associated with the “paddlewheel
mechanism” that was proposed to elucidate the ion movement through channels
and vacancies. The migration of inserting ion can be accelerated through the help of
coordinated water that rotates its bond axis with a P-site ion at a vacancy. However,
it has not been fully understood due to complexity of the reaction environment.
Similarly, the elimination of zeolitic water has dramatically improved the electronic
conductivity of PBAs, but the possible explanations to this phenomenon are still
debatable. Hence, previous computational insight is suggested to couple with other
characterization techniques (e.g. isotopic labeling study) that can distinguish roles
of zeolitic and coordinated water in ion conduction of PBAs. Deeper understand-
ing of PBAs from fundamental aspects is likely to further underpin their future
development as promising electrode for high-performance SIBs.
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Notwithstanding the simplicity of the synthesis and highly scalable potential,
PBAs, however, are particularly difficult to be isolated from other impurities and
get rid of adsorbed water. Later studies have revealed that the abundant defects and
water content during synthesis are responsible for their inferior performance. In
this regard, machine learning in material design can be useful to predict the possible
changes in the properties of PBAs by careful control over the reaction parameters
such as concentration, temperature, and mixing rate. On top of that, the possible
improvement is expected from the elaboration of functional architectures such as
core–shell, interconnected porous structure, and hybrid structure with multiple
components. Recently, the use of mirocfluidic reactors has demonstrated the better
control over the preparation of PBAs, but what is still lack is the fundamental
understanding of the reaction mechanism of synthesis process, which might
enhance our ability to tune the lattice architecture and electrochemistry of PBAs. In
addition, the major safety concern posed by PBAs is the release of cyanide as potent
toxicant. Toxicological studies have claimed that PB is nontoxic unless the cyanide
ligand is detached from the framework. The use of PBAs needs to be extra careful as
the stability of cyanide ligands is highly susceptible to pH of the electrolyte, where
ligand exchange with hydroxide group usually takes place under basic condition.
This has necessitated an extra effort in handling the waste of PBAs so that the CN−

can be completely oxidized into environmentally friendly products, such as CO2,
N2, etc. before it is channeled back to the earth.
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6

Organic Cathodes for Sodium-Ion Batteries

6.1 Introduction

Compared to the inorganic cathodes in previous chapters, organic cathode materials
(OCMs) have the benefits of being renewable, environmentally friendly, low cost,
and high capacity because they are rich in carbon, hydrogen, oxygen, and other
elements and have received extensive attention in recent years [1]. OCMs can be
directly extracted from plants (such as crops, fruits, and vegetables) or prepared by
simple methods using biomass as raw materials. The carbon dioxide produced in
the process of extraction and preparation of organic materials, battery assembly, and
recycling can be absorbed and utilized by plants, thus reflecting good recyclability
and reproducibility, as shown in Figure 6.1 [2].

The development of OCMs can be looked back upon the late 1960s, when car-
bonyl compounds were initially reported for lithium primary batteries [3, 4]. In the
past decade, a growing number of OCMs have been developed. There are several
types of OCMs, which can be categorized based on the nature of their active centers
(functional groups). In addition to carbonyl compounds, currently reported OCMs
mainly include conductive polymers (CPs), organic sulfides, organic free radicals,
imine compounds, nitrile compounds, and azo compounds [2c, 5]. Figure 6.1b shows
the development history of OCMs. In general, OCMs can be roughly divided into
three types, namely n-type, p-type, and bipolar type, based on the change in charge.

The pioneer OCM being reported was dichloroisocyanuric acid in lithium-ion
batteries (LIBs) by Williams’ group in 1969 [4]. Although the electrochemical
reaction of this material is irreversible because of its high solubility in electrolyte, it
lays the foundation for the development of OCMs in batteries. The superiorities of
OCMs include high theoretical specific capacity, abundant sources and raw mate-
rials, structural flexibility, and controllable preparation methods [6]. Thus, organic
materials are considered to be potential electrode materials for the next-generation
sodium-ion batteries (SIBs), which have the following advantages as compared with
the inorganic materials: (i) organic electrodes are mostly composed of elements
with abundant natural reserves (C, H, O, N, S, etc.) and are relatively light in weight;
(ii) the structure of OCMs is more diverse, and by adjusting their substituents or
functional groups, the redox potential and specific capacity of the battery can be
tuned [7]; and (iii) OCMs can be synthesized at low temperatures (<200 ∘C) because

Sodium-Ion Batteries: Energy Storage Materials and Technologies, First Edition. Yan Yu.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Figure 6.1 (a) A diagram for green cycle of OCMs. Source: Chen et al. [2c]. Reproduced
with permission, 2008, Wiley-VCH. (b) Development history of OCMs. Source: Lu and Chen
[3]. Reproduced with permission, 2020, Springer Nature.

they do not contain metal elements that usually require higher temperature for
reaction, which is environmentally friendly and inexpensive. OCMs can be divided
into small organic molecular electrodes and polymer electrodes according to the
size of the molecular structure. Most small organic compounds dissolve quickly
in the organic electrolytes, resulting in a short cycle life. Polymerization of small
molecules is a simple and effective way to address this issue [5e, 8]. Compared with
small organic molecules, polymer skeletons with a large number of repeating units
have lower solubility in the electrolyte and thus have better cycle performance.

According to the electrochemical reaction mechanisms, the as-known OCMs for
SIBs can be divided into three types of C=O bond reaction, doping reaction, and
C=N bond reaction (Figure 6.2) [9], and their theoretical capacities and operation
voltages are illustrated in Figure 6.3. The details will be introduced in the following
sections.
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6.2 C=O Reaction

As early as 40 years ago, carbonyl groups have been proven to be reversible redox
centers in batteries [6a, 7b, 10]. Due to the fact that oxygen atom has a small mass
and strong oxidizability, the theoretical specific capacity and redox potential of the
carbonyl compound cathodes are relatively high. In addition, organic carbonyl com-
pounds have faster redox reaction kinetics, making these electrode-like materials
have good charge and discharge reversibility, thereby obtaining higher Coulombic
efficiency. Based on these advantages, carbonyl compounds are the first choice for
SIB OCMs. A carbonyl group undergoes reversible single-electron reduction to con-
stitute a monovalent anion. This anion is equilibrated by a sodium ion and stabi-
lized by structural substituents. On the basis of the reaction mechanism of carbonyl
and sodium ions, carbonyl compounds can be divided into three types, as shown in
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Figure 6.4 [11]. Type I compounds use ortho-carbonyl groups to form stable enol
acids for the reversible insertion and extraction of ions [12]. In the Type II com-
pounds, the carbonyl group is straightly connected to the aromatic nucleus, and the
aromatic nucleus disperses negative charges by delocalization to take up and release
sodium ions. Such compounds include aromatic carboxylates, imines, and anhy-
drides [13]. Type III compounds are mostly quinones and ketones, which possess
some of the characteristics of Type I and II compounds; however, the main stabi-
lizing power of Type III comes from the additional aromatic system formed after
reduction to take up and release sodium ions [14]. In addition, according to the struc-
ture, it can be divided into four categories: quinone compounds, carboxylate com-
pounds, acid anhydride compounds, and imide (including polyimide) compounds.
These four kinds of compounds are described as below.

6.2.1 Quinones

Quinones are kinds of aromatic organic compounds with two double bonds and
a six-carbon atom cyclic diketone structure. Common quinone electrode materials
include benzoquinone (BQ), anthraquinone (AQ), and naphthoquinone (NQ) [15].

The electrochemical oxidation–reduction mechanism of the quinone group is the
enolization reaction of the conjugated carbonyl group C=O and its reverse reaction.
At present, it is generally believed that the electrochemical reaction mechanism
of conjugated quinone-based materials is a two-electron or multiple-electron
process. Taking the sodium salt of 2,5-dihydroxy-1,4-benzoquinone (Na2DBQ) as
an example [16], its electrochemical oxidation–reduction reaction mechanism is as
below. When the first sodium ion is intercalated, one of the carbonyl groups (C=O)
accepts an electron to convert the C=O double bond into a C—O single bond,
and oxygen becomes a negative ion state. At the same time, there is a Coulombic
electrostatic interaction between the positively charged sodium ion and the oxygen
anion, and sodium is occupied around the oxygen to form a sodium salt. With the
intercalation of the second sodium ion, another carbonyl group (C=O) receives



6.2 C=O Reaction 165

NaO

NaO

O O

O O

O

O

OO

O

O O

O

O

O

O

O

N N

N
N NN

NaO

NaO

ONa

ONa

ONa

ONa

ONa

ONa

ONa

ONa

Type I:

Type II:

Type III:

N N 2Na+

2Na+

2Na+

4Na+

2Na+

+ 2 e–; + 2 Na+

+ 2 e–; + 2 Na+

+ 2 e–; + 2 Na+

+ 2 e–; + 2 Na+

+ 4 e–; + 4 Na+

– 2 e–; – 2 Na+

– 2 e–; – 2 Na+

– 2 e–; – 2 Na+

– 2 e–; – 2 Na+

– 4 e–; – 4 Na+

2–

2–

2–

2–

4–

nn

n n

O

O

O

O

O

O O

O

O

O

O

O

O

O

OO

Figure 6.4 Representative of three types of carbonyl compounds for SIBs. Source: Xu et al.
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another electron. The intercalation of two electrons not only changes the C=O
but also rebuilds the bond length of the six-membered ring. The reverse process
corresponds to loss of two electrons to restore its carbonyl structure.

Quinone compounds are considered to be the most important class of carbonyl
electrodes for rechargeable batteries because they have higher redox potential
and theoretical capacity than other imide and carboxylate electrodes. Quinone
compounds can be divided into two different groups according to their structures,
namely small-molecule and polymer quinone electrodes. Small molecular quinones
include simple quinones, polycarbonyl quinones, fused heteroaromatic quinones,
substituted quinones, carbon oxide salts, and carboxylate quinones. BQ, AQ, and
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phenanthrenequinone (PAQ) can produce a reversible multi-electron transfer
reaction, where the multiple sodium ion reaction sites endow them with high
theoretical capacity. For fused heteroaromatic quinones, the introduction of O, S,
and N into the heteroaromatic quinone can significantly increase the discharge
potential of the quinone electrode, and the discharge plateau of some materials can
arrive >3.0 V. For quinones including alkoxy, hydroxyl, and halogen groups, the
addition of substituents can increase the discharge potential of the quinone elec-
trode. Quinone salt is composed of carbon oxide salt and quinone carboxylate. The
introduction of functional groups into this type of quinone salt can reduce the solu-
bility of electrodes in organic electrolytes [10a, 17]. Other types of quinone polymer,
including simple conjugated polymers, alkyl-coupled polymers, nitrogen-coupled
polymers, and sulfur-coupled polymers, are also the important OCMs.

Quinone electrode materials generally have higher theoretical specific capacity
[18]. For example, a simple small-molecule quinone compound such as BQ can
reach the theoretical capacity of 500 mAh g−1, and the theoretical capacity of AQ
and phenanthraquinone (PQ) can arrive 257 mAh g−1. Some organic small molecu-
lar quinone compounds and their theoretical specific capacities are summarized in
Table 6.1.

The application of quinone materials for batteries was firstly displayed in
LIBs. In 1972, Alt et al. firstly synthesized a tetrachloro-p-benzoquinone as the
cathode for a lithium-organic battery [10a]. The battery has an open-circuit
voltage of 3.3 V at a current density of 3 mA cm−1. When discharged to 2.6 V,
the actual specific capacity is 85% of the theoretical value (Cth = 218 mAh g−1).
Another example, Wang and coworkers reported the electrochemical proper-
ties of the 1,4,5,8-tetrahydroxy-9,10-anthraquinone (THAQ) and its oxidation
1,4,5,8-tetrahydroxy-9,10-anthraquinone product (O-THAQ), which showed that
when the four hydroxyl groups of THAQ are oxidized to carbonyl groups, the
resulting oxidation product has better cycling performance and higher discharge
capacity (first discharge capacity: 250 mAh g−1) [19]. The successful application of
these types of quinone compounds in LIBs shows their potential application in SIBs.
In recent years, researchers have used quinone cathode materials for SIBs. Xiong
et al. investigated the electrochemical performance of pillar[5]quinone (P5Q) with
a theoretical capacity of 446 mAh g–1 as cathode in SIBs [20]. This quinone cathode
showed an initial capacity of 418 mAh g–1 and maintained 290 mAh g–1 after 300
cycles at 0.1 C. To avoid the dissolution of P5Q, it was needed to encapsulate P5Q
into CMK-3 to form a composite material, and then integrated with single-walled
carbon nanotubes (SWCNTs). Calix[4]quinone (C4Q) with a similar structure to
P5Q has also been explored as the cathode of SIBs [21]. The C4Q shows a high
theoretical capacity of 446 mAh g–1. But similarly, C4Q also needs to combine with
CMK-3 and SWCNT to avoid the dissolution.

It can be seen from the above examples, small-molecule quinone compounds
have the benefits of large theoretical capacity and high utilization rate. However,
some major problems, such as solubility of quinone electrode in organic electrolyte
and poor conductivity, need to be addressed. In order to alleviate the solubility of
small-molecule quinone compounds in organic electrolytes, researchers have tried
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Table 6.1 A summary of the theoretical specific capacities of some organic small-
molecule-conjugated carbonyl compounds.

Molecular quinone
compound Structure
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Table 6.1 (Continued)

Molecular quinone
compound Structure

Theoretical capacity
(mAh g−1)
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various methods in recent years. The most commonly used method is to increase
the conductive carbon content during the electrode preparation process, which
not only inhibits the dissolution of the active materials but also can enhance the
conductivity of the electrodes. Along this line of thinking, porous mesoporous
carbon (MC) with a large specific surface area is used to reinforce the active
materials, reduce its dissolution, and improve the cycle performance [22]. For
example, Zhou et al. prepared an economical and practical bio-carbon-PPL with
a porous tubular structure by pyrolyzing physalis (Peralis peruviana L. Calyx)
and compounded it with C4Q to obtain C4Q/PPL cathode material for SIBs [23].
Its initial capacity can reach 435 mAh g−1, and it has a stable cycle capacity with
195 mAh g−1 after 100 cycles at 0.1 C. In addition, Kim et al. also improved the cycle
stability of the quinone derivative C6Cl4O2 by combining C6Cl4O2 with the porous
carbon template nanocomposite material and prevented the active molecules
from dissolving into the electrolyte [24]. Recently, some new methods have been
proposed to tackle this problem, including loading advanced carbon materials
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[6b, 25], polymerizing small-molecule carbonyl compounds, and constructing
multifunctional membranes [26].

Graphene has many advantages, including large specific surface area, remarkable
electronic conductivity, advanced mechanical strength, and chemical stability,
which have been widely used to enhance the performance of quinone compound
electrodes. For instance, Wang et al. recombined the walnut molecule and reduced
graphene oxide (rGO) through a strong π–π interaction between the aromatic struc-
ture and the carbon scaffold to obtain a composite material with a stable reversible
capacity of 305 mAh g−1 [27]. The capacity can still maintain 91% after 100 cycles.
Song et al. used in situ polymerization to mix graphene and anthraquinone sulfide
(poly(anthraquinone-based sulfide) [PAQS]) to prepare nanocomposite electrode
materials [28]. 5 wt% of the mixed amount of graphene can greatly increase the
electronic conductivity of the PAQS composite electrode by more than six orders of
magnitude. When the graphene content in the anode increased to 26 wt%, the com-
posite electrode shows a more than of 100 mAh g−1 capacity at the ultra-high rate
of 100 C, and the utilization rate of the active material reaches 95%. In 2016, Wang
and coworker developed graphene-supported poly(1,5-diaminoanthraquinone)
nanocomposites (GNS@PDAA) by chemical oxidation polymerization [29]. When
the mass ratio of DAA/GNS is 6 : 1, the electrochemical performance of this
composite material is the best. The GNS@PDAA composite material also has
better cycle stability and electron transport ability. Li group employed graphene
as a substrate to grow porous sodium salts of poly(2,5-dihydroxy-p-benzoquinone
sulfide) (Figure 6.5a) [30]. The composite material can reversibly insert two sodium
ions, and the corresponding theoretical capacity can reach 250 mAh g−1. After
150 cycles, the composite can still exhibit a reversible capacity of 179 mAh g−1

at 100 mA g−1, which is better than the single polymer (NaPDHBQS), monomer
(Na2Cl), and rGO. In addition, the composite material also exhibits a higher rate
capacity (147 mAh g−1, Figure 6.5b) than that of the NaPDHBQS. Moreover, this
composite material can be used as a cathode material in an organic full battery with
the coupling of a disodium terephthalate anode material, where an initial reversible
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permission, 2017, Elsevier.
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capacity of 210 mAh g−1 is displayed at 25 mA g−1. The improved performance
is profited from the successful polymerization, incorporation of graphene, and
utilization of ether-based electrolyte.

MC and carbon nanotube (CNT) with interconnected nanochannels are in favor of
electrolyte penetration, and the highly conductive carbon matrix helps to maintain
smooth electron flow. These two types of carbon materials are also commonly used
in the modification of quinone compound electrodes. Chen and coworkers coated
an AQ molecule by MC material of CMK-3 [17]. The obtained composite material
can reach 205 mAh g−1 in the initial cycle. The capacity retention rate is as high as
84% after 100 charge–discharge cycles. Wu et al. prepared composite electrode mate-
rials by introducing CNTs into Na2DBQ, which reduced the dissolution of Na2DBQ
[31]. This composite material provides capacities of 161 and 142 mAh g−1 at 1.45 and
2.03 A g−1, respectively.

Polymerization of small-molecule quinone compounds is also an effective
method to prevent the dissolution of small-molecule carbonyl compounds, thereby
improving battery cycling performance [32]. Figure 6.6 shows the structure of
several polyquinones for SIBs. In 2013, Yang team reported the polyquinone
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cathode for SIBs, namely PAQS [5b]. These PAQS show two charging and dis-
charging platforms at 1.5 and 2.0 V, respectively, with a capacity of 220 mAh g−1

that corresponds to 98% of the theoretical storage capacity. Even at a high current
density of 6400 mA g−1, the quinone polymer still has a capacity of 160 mAh g−1.
Due to the excellent reactivity of the BQ monomers, Zhou and coworkers prepared
poly(benzoquinonyl sulfide) as the SIB cathode by an oxidative polymerization
technique [9a]. Poly(benzquinoline sulfide) provides a large capacity of 268 mAh g−1

and an energy density of 557 Wh kg−1. However, its cycling stability and multiplier
performance are moderate (maintaining a capacity retention of 68% after 100
cycles). The authors indicated that the poor compatibility between sodium and
electrolyte is the reason for the inferior cycling stability and rate performance.

Using solid/ionic liquid electrolytes can also effectively prevent the dissolution of
small carbonyl compounds. Solid electrolytes cannot dissolve quinone compounds,
while ionic liquid electrolytes can inhibit the dissolution of quinone compounds due
to polarity. Wang et al. combined quinone cathode and ionic liquid electrolyte for
organic SIBs [33]. Through density functional theory (DFT) and spectroscopy stud-
ies, the authors found that ionic liquids have an inhibitory effect on the dissolution of
quinones and improve the stability of the quinone compounds’ cathodes. Similarly,
Casado et al. used lignin which contains quinone/hydroquinone redox moieties as
cathode of SIBs [34]. To avoid the dissolution of lignin, they also used ionic liquid as
electrolyte. The application of solid electrolyte can more directly prevent the dissolu-
tion of quinone compound cathode materials. This concept is initially applied in the
LIBs. For example, Zhu and coworkers used P5Q as the positive electrode material
and gel polymer of polymethacrylate/polyethylene glycol as the electrolyte to assem-
bly a quasi-solid LIB, which not only delivers the first specific discharge capacity of
410 mAh g−1 but also shows an improved cycle life [35]. Chen et al. utilized calix
quinone (C4Q) cathode and a polymer gel electrolyte to assemble a superior LIB
[36]. At the current rate of 0.2 C, the C4Q shows the initial discharge capacity of
422 mAh g−1, and the capacity retention rate can reach 90% after 100 cycles. Com-
pared with the liquid organic electrolyte, this battery has higher initial capacity and
preferable cycling performance. Inspired by this, the application of solid electrolytes
in SIBs has also begun to develop.

What’s more, the preparation of organic salts with small polar molecules can also
reduce their dissolution in organic electrolytes. The functional groups with strong
hydrophilic in the quinone salt, including –ONa, –COONa, and –SO3Na, can reduce
the solubility of the quinone salt in the organic electrolyte [37]. As an example,
Chen’s research group fabricated a cathode material of Na2DBQ for SIBs [18b]. At a
current rate of 0.1 C, the capacity of Na2DBQ can arrive 265 mAh g−1. In addition,
the Na2DBQ exhibits an outstanding cycling stability, and a capacity of 231 mAh g−1

is retained after 50 cycles. Besides, an organic 2-dihydroxy tetra-sodium tereph-
thalate (Na4DHTPA: Na4C8H2O6) with two –COONa groups was developed [38].
Figure 6.7a shows the electrochemical redox reaction mechanism of sodium ions
in Na4C8H2O6/Na6C8H2O6 and Na2C8H2O6/Na4C8H2O6 [5d]. Combining with
Na4DHTPA, the as-prepared SIB has an initial capacity of 183 mAh g−1 at a current
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rate of 0.1 C and maintains at 154 mAh g−1 after 100 cycles. At a high rate of 5 C, its
capacity of about 80 mAh g−1 is still obtained, manifesting a good rate performance.
For quinone salts (Na2C6O6) cathode, the reversible storage of four sodium ions can
be effectively achieved by reducing the size of the active material and optimization
of electrolyte (Figure 6.7b) [39]. The results show that this type of quinone salts
can release an actual capacity approaching the theoretical value (498 mAh g−1)
with a capacity retention of 87% after 50 cycles (Figure 6.7c). Most importantly, this
quinone salt exhibits better performance (the energy density of 410 Wh kg−1 and
the power density of 3151 W kg−1) than the reported inorganic cathode materials.

Quinone salts containing –SONa functional groups also refrain from the dis-
solution of quinones in organic electrolytes. For a disodium anthraquinone-1,5-
disulfonante (AQDS) with –SONa functional groups [18a], the inversible capacity of
the AQDS cathode is 100 mAh g−1 at 0.1 C, and a inversible capacity of 120 mAh g−1

can still be retained after 100 cycles.
The introduction of diverse functional groups into the structure of quinone

compounds can effectively adjust the working voltage of OCMs. Halogen atoms
have strong electron-withdrawing properties, which can effectively reduce the
energy of the lowest unoccupied molecular orbital (LUMO). Generally, the energy
of LUMO is tied with the electrochemical stable window, where lower LUMO
energy can effectively increase the reduction voltage. Based on the DFT calcula-
tions, the redox voltage of various materials can be arranged in the following order:
C6F4O2 >C6Cl4O2 >C6Br4O2 >C6H4O2. Except for halogen atoms, there are other
usual and strong electron-withdrawing groups such as cyano (CN) and sulfonate
(–SO3Na).

Natural organic compounds can also be served as positive electrodes for SIBs, such
as humic acid with a large number of carbonyl groups (Figure 6.6), which provides
some active sites for sodium ion insertion, and the theoretical specific capacity is
244 mAh g−1 [9c]. However, due to the existence of some inactive groups, its theo-
retical specific capacity can not be fully claimed.

6.2.2 Carboxylates

Carboxylic acid-based organic materials have been widely reported as electrode
materials for SIBs. The structure of the carboxylates includes an aromatic ring
connected to two or more sodium carboxylates. Figure 6.8 shows some cath-
ode materials of carboxylate organic compounds for SIBs [7b, 40]. Since the
electron-donating group (–ONa) is usually linked to the carboxyl group, the voltage
of carboxylate intercalating sodium ions is <1.0 V, so it is often selected as the anode
material. For example, disodium terephthalate (Na2TP, Na2C8H4O4) and sodium
4,4-diphthalate (Na2C14H8O4) display the discharge platform of 0.3 and 0.4 V,
respectively [41]. Each molecule of Na2C8H4O4 and Na2C14H8O4 can reversibly
insert two Na ions.

When the two functional groups of carboxylate (–OONa) and sodium enolquinone
are simultaneously connected to the structure of an organic compound, it may serve
as both a cathode material and an anode material. A research team designed an
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Figure 6.8 Structures of carboxylate-based organic compounds for SIBs.

organic compound of 2.5-dihydroxyterephthalate (Na4C8H2O6). When it acts as a
cathode material, the redox potential of Na4C8H2O6/Na6C8H2O6 occurs at 2.3 V.
When it is used as an anode material, the redox reaction of Na4C8H2O6/Na6C8H2O6
occurs at 0.3 V.

Like quinone compounds, the solubility of carboxylate compounds in electrolyte
is also one of the key issues. The solubility of these compounds in the electrolyte
is related to the symmetry and conjugation degree of the molecules. Generally
speaking, the higher the symmetry and conjugation degree, the better the sta-
bility of the organic-conjugated carboxylic acid sodium salt in the electrolyte.
However, the disadvantage of this type of material is their poor performance
at high charge–discharge rates. To address this problem, preparing composite
electrodes or using advanced carbon materials as conductive additives to optimize
the active materials can increase the electrochemical performance. Similar with
quinone electrode material, forming inorganic cation salts is also one of the
methods to reduce carboxylate dissolution. For instance, organic calcium salt of
1,2,4,5-benzenetetracarboxylic acid and silver salt of terephthalate exhibit a stable
cycling life, up to hundreds of cycles [42].
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The electrochemical properties of cathode materials can be improved by mod-
ifying the surface of electrode materials. The morphology and structure of the
material are the important factors affecting the electrochemical performance. Based
on the molecular design perspective, the extension of the π-conjugated system in
materials is an effective method to enhance the rate performance. The extension
of the π-conjugated system can both increase the charge traffic and stabilize the
charged/discharged states and enhance the intermolecular interaction to promote
the insertion and de-intercalation of sodium ions. On the side, compared with
oxygen atoms, the incorporation of sulfur atoms which have larger atomic radius
and electron density is another effective method to increase electrical conduc-
tivity, resulting in high-rate performance. The 4,4′-stilbene-dicarboxylate sodium
prepared by Wang et al. has excellent rate performance, where a high capacity of
72 mAh g−1 can be achieved at a high current density of 10 A g−1 [5f]. The reason for
these achievements can be ascribed to the existence of π-conjugated system that can
both enhance the charge transport and the intermolecular interaction and promote
the insertion/extraction of sodium ions. Modification of carboxylate functional
group by the addition of sulfur atoms with larger atomic radius and electron
density can increase the conductivity of the material, thereby obtaining high-rate
performance. In addition, the substitution of oxygen by sulfur in carboxylic acid
group can increase the electron delocalization and sodium absorption capacity.

6.2.3 Anhydrides

OCMs based on anhydride, which generally include aromatic core and two anhy-
dride groups, have been widely used for SIBs due to their multi-electron reactions
and large specific capacity [13b, 43]. The acid anhydride compounds used as
SIB cathodes usually have a large conjugated planar structure, and the number
of sodium ion insertion active sites can be adjusted by regulating the discharge
voltage. Pyromellitic dianhydride (PMDA), 1,4,5,8-naphthalenetetracarboxylic
dianhydride (NTCDA), and 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA)
are the commonly used SIB cathodes [43a, 43c].

Especially, PTCDA has received considerable attention. The conjugated acid
anhydride PTCDA (Figure 6.9a) can accept two sodium ions at 1.0–3.0 V and has
a inversible specific capacity of about 150 mAh g−1 [40b, 43a]. When the discharge
voltage decreased, 15 sodium ions can be inserted, and the first discharge capacity
of 1017 mAh g−1 is displayed. This extra capacity is believed to be caused by the
appearance of a solid electrolyte mesophase and the insertion of sodium ions into
the aromatic ring structure. The mechanism of the chemical redox reaction is
shown in Figure 6.9b [42b]. The aromatic nucleus in the PTCDA structure can
make up a conjugated structure equipped with the carbonyl group to facilitate the
redox enolization reaction. Aromatic carbonyl groups can form sodium enolate
with sodium ions, thereby promoting the intercalation of sodium ions. However, in
the low potential range, the cycling performance of PTCDA is relatively poor, and
the capacity frequently drops down to 227 mAh g−1 after only five cycles of charge
and discharge, because its crystal structure is destroyed. Similarly, Ji and coworkers



176 6 Organic Cathodes for Sodium-Ion Batteries

PMDA NTCDAPTCDA

(a)

(b)

(c) (d)

O

PTCDA Na2PTCDA Na4PTCDA Na15PTCDA

O O

O

2 Na+ + 2 e–

2 Na+ + 2 e–

3.1 V
reversible

2 Na+ + 2 e– 11 Na+ + 11 e–

OO O O O

O O

O

O ONa

Discharge
to 0.6 V

Discharge

to 0.01 V

ONa ONa

ONaONa

O

3.0

2.7

2.4

2.1

O ON

N

N

N

N

N

R

R

R

R

R

R

O O

O

CN

Br
Br

NC

O

OO

O O

OO1.8 1.5

2.5

2.0

200 40 60 80

3.0

–4.8 –4.5 –4.2

LUMO / eV

1

1

3

3

6

6

Specific capacity / mAh g-1

P
o

te
n

ti
a

l 
(V

) 
v
s
. 
N

a
+
/N

a

P
o

te
n

ti
a

l 
(V

) 
v
s
. 
N

a
+
/N

a

–3.9 –3.6

NaO NaO NaO

NaO

Na

Na

Na

Na

Na

Na

Na

Na
Na

Na
Na

NaO

O

O

O

O

O

O

O O

OO

O O O

O

O O

O

O

Figure 6.9 (a) Structures of anhydrides. (b) The proposed reaction mechanism of PTCDA.
Source: Luo et al. [42b]. Reproduced with permission, 2014, Wiley-VCH. (c) First reduction
potential vs. calculated LUMO energy levels for various perylene diimide derivatives, and
(d) the corresponding charge–discharge voltage profiles at a current rate of C/4. Source:
Banda et al. [44]. Reproduced with permission, 2017, Wiley-VCH.

studied the sodium storage performance of perylene tetracarboxylic anhydride dye
[42b]. The material has a voltage plateau of about 2.3 V with a reversible capacity of
145 mAh g−1. At the same time, there is still a reversible capacity of 91 mAh g−1 at
1000 mA g−1, showing excellent rate performance.

The combination with carbon materials is an available way to enhance the
electrochemical performance of acid anhydride-based electrode materials. Recently,
Yuan et al. synthesized nano-ultralight materials (polymer/graphene compos-
ite [PGC]) based on organic compounds/graphene aerogels, in which aromatic
carbonyl compounds are confined in a three-dimensional hybrid structure [43c].
PGC forms a stable composite structure through the interaction of the π=π bond
between the aromatic nucleus and the graphene, and the conjugated acid anhydride
group shows electrochemical activity toward sodium ions. Experimental results
demonstrated that PGC shows a considerable initial capacity of about 98 mAh g−1
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at 25 mA g−1, and the 90% capacity retention rate after 100 cycles is remained. The
restricted growth in porous graphene not only enhances the electrochemically
active PTCDA molecule’s accessibility to sodium ions but also facilitates electron
transfer and shortens the diffusion pathway of sodium ions.

The energy levels including the highest occupied molecular orbital (HOMO)
and the LUMO can determine the redox potential of organic molecules. Based
on the molecular orbital theory, low LUMO energy will make electron affinity
(EA) greater, thereby increasing the oxidizability and ultimately increasing the
reduction potential [9d, 13b, 45]. In order to reduce the LUMO energy and increase
the oxidation–reduction potential, two methods are viable here. One is expanding
the conjugated system of the aromatic ring, which can both increases the amount
of sodium ions to be inserted to increase the final capacity and reduces the
HOMO–LUMO gap and the polarization. The second strategy is to incorporate
the electron-withdrawing groups [46]. For example, Banda et al. used applicable
electron-withdrawing groups, such as Br and CN, to form the substituents of
perylene diimides, which significantly enhanced the discharge potential to 2.6 V vs.
Na+/Na, as shown in Figure 6.9c,d [44].

6.2.4 Amides

The general formula of amide electrode material is R–C(O)–N(R)–C(O)–R, and the
nitrogen atom in its molecular structure is connected to two carbonyl groups. At
present, the amide compounds used in SIBs are mainly small-molecule imides and
polyimides. The redox mechanism of imines is electrochemical enolization of car-
bonyl groups, and sodium ion binds and separates with oxygen atoms. In the process,
the aromatic nuclei are used to stabilize negative charge. Half of the carbonyl group
in the imide compound can be used to accept sodium ions, thereby improving the
structural stability of the electrode material. The sodium hydride group in the imide
salt enables the exchange reaction with protons. A battery assembled with disodium
naphthalimide as the cathode and Prussian blue as the anode has a working voltage
of 1.1 V.

Unfortunately, small-molecule imide compounds are highly soluble in aprotic
electrolytes [13b]. For instance, the phthalimide disodium salt prepared by Bran-
dell and coworkers has a specific capacity of 150 mAh g−1 at 100 mA g−1 and an
efficiency of 67.4% in the first cycle [47]. However, after 100 cycles, the capacity
retention rate drops to 53%. This phenomenon has seriously degraded the viability
of this kind of compounds. To solve this, the “polar inversion” strategy has been
used to make small polar common yoke carbonyl compounds into salts, thereby
increasing the polarity of imide compounds and reducing their solubility in organic
electrolytes. For example, the diimide salt (Figure 6.10a,b) can be used as a cathode
material in both aqueous and aprotic electrolytes [49]. As the same with acid
anhydride compounds, a large proportion of the carbonyl groups in the diimide can
be used to accept sodium ions [48]. The electrochemical redox reaction mechanism
is shown in Figure 6.10c. Although the energy density is much lower than that of
commercial LIBs, the low-cost of organic positive electrode outweighs this concern
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and makes it still one of good choices for SIBs. Establishing compounds with large
π-conjugated structure and intermolecular hydrogen bonds is beneficial to avoid
the dissolvability of electrode materials in organic electrolytes. Deng et al. [48]
studied the electrochemical performance of 3,4,9,10-perylene tetracarboximide
(PTCDI) as a cathode in SIBs, which has large π-conjugated structure and inter-
molecular hydrogen bonds [50]. As the results, the PTCDI has a specific capacity of
140 mAh g−1 at 5 C, and after 300 cycles the capacity remains at 103 mAh g−1.

Polymerizing small-molecular imide salts to form polyimides is an effective
method to prevent them from dissolving in the electrolyte. Polyimide has lower
solubility in organic electrolyte than imide, and the cycling performance is relatively
good. Polyimide is generally formed by high-temperature polymerization of dicar-
boxylic anhydride and diimine. The synthesis of aromatic polyimide can mainly be
divided into two steps in the traditional synthesis method. First, the dianhydride
and diamine react in a polar aprotic solvent to form polyxamic acid. Immediately
afterward, the polyxamic acid ring is dehydrated to form polyimide by heating or
chemical dehydrating agent treatment. Polyimides can also be synthesized through
one-step solvothermal approach, and here the condensation polymerization and
imidization reactions proceed spontaneously. According to the synthesis method,
the formation of the selected dihydride and diamine determines the structure and
properties of the as-synthesized polyimide aromatic skeleton. Thus, a variety of
molecular structures of polyimides can be achieved by judiciously selecting the
dihydride and diamine used in synthesis. Figure 6.11 shows the structure of poly-
imides synthesized from different diamines and dianhydrides [51]. Due to its higher
molecular weight, polyimide has better stability in the electrolyte. Polyimide has a
high redox potential (>1.7 V vs. Na+/Na) and is generally acted as a cathode material
in organic SIBs. Wu et al. reported polyimide-based OCM-polyperylene dianhydride
ethylene diamine/carbon nanotubes (PTCDA-EDA/CNT) and polyperylene dian-
hydride p-phenylenediamine/carbon nanotubes (PTCDA-pPDA/CNT) composite
materials and studied the electrochemical performance [52]. The results showed
that they all have better rate performance and cycling stability.
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Figure 6.11 The structures of typical polyimides applied in SIBs.

The polyimides reported for SIBs are mainly derived from pyromellitic acid
diimide (PMDI, Figure 6.12a), 1,4,5,8 naphthalene tetracarboxylic acid diimide
1,4,5,8 naphthalene tetracarboxylic acid diimide (NTCDI, Figure 6.12b–e), and
3,4,9,10-perylenetetraformodiimide (PTCDI, Figure 6.12f–i) [53]. Zhan et al. used
different dianhydride and diamine monomers to synthesize a series of polyimide
compounds (Figure 6.12j–l). The polyimide based on the dicarboxylic anhydride
PTCDA has the highest redox voltage of 2.2 V vs. Na+/Na. And after 5000 cycles, its
capacity retention rate is 98%, showing exceptionally high stability. Wang et al. also
manufactured a series of polyimides and investigated the correlation between the
electrochemical properties of polyimides and dihydride [9d]. By changing the active
core, the discharge voltage platform increases from 1.73 to 1.89/1.94 V, and the
circulation stability is improved due to the decrease in dissolvability. The reduction
of alkyl chains in polyimides leads to a decrease in molecular weight and thus
an increase in capacity. It has a capacity of 137.6 mAh g−1 at 25 mA g−1 after 400
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Figure 6.12 Structures of polyimide compounds.

cycles, and a capacity of 110.8 mAh g−1 at 200 mA g−1 after 5000 cycles. It also has a
brilliant rate capacity with a capacity of 50 mAh g−1 at 10 A g−1.

Polyimide has a very low solubility in the electrolyte because of the stable
conjugated structure; hence, it has more stable cycling performance. The current
challenge is that the theoretical specific capacity of polyimide is limited, which is
usually below 150 mAh g−1. Xu et al. copolymerized PMDA with a high-capacity
AQ group as a linking unit to synthesize two new polyimides (Figure 6.11l,m),
each with theoretical specific capacities of 383 and 342 mAh g−1 [51]. Experimental
results expressed that the capacities of these two cathodes are higher than that
of pure polyimide. Similar, a series of other poly(mide-quinone) complexes were
also synthesized to increase capacity, as shown in Figure 6.11i–l. In addition, the
capacity of polyimide can also be improved by introducing electron groups into the
polyimide chain. For example, Li et al. introduced the triazine ring into polyimide
(Figure 6.11m,n) to increase the storage capacity of sodium ions through the syner-
gistic effect of the amide group and the triazine ring [54]. Besides, Xu et al. used the
sulfonyl group as the connecting unit of the polyimide, which not only improves the
cycling performance of the material but also increases its discharge voltage without
affecting the capacity [53c]. The experimental results expressed that the Coulombic
efficiency of this material is close to 100%, indicating that its good stability is
achieved at the interface. The sulfonyl group is an electron-withdrawing group
that can reduce the electron density of the redox-active carbonyl group through
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inductive effect, so that the average charge–discharge voltage of the connected
polyimide can reach 2.0 V, which is higher than that of the general polyamide with
vinyl connection unit [55].

6.3 Doping Reaction

Organic batteries that rely on doping reactions can be divided into p-type and
n-type doping reactions according to the different charges carried by the doped
ions of the electrodes. When the organic electrode undergoes an electrochemical
oxidation–reduction reaction, the segment structure loses its electrons and becomes
positively or negatively charged. At this time, in order to maintain the charge
balance inside the electrode, the anions/cations in the electrolyte are transferred
to the electrode which are called p-type and n-type doping, respectively. When the
reverse reaction proceeds, the corresponding ions are extracted from the electrode
and then re-enter the electrolyte (dedoping), and the polymer segment returns to
its original state.

Taking polymer P as the cathode and metallic sodium as the anode, the doping
reactions for the organic batteries are briefly introduced as below.

Anode ∶ Na+ + e− ⇌ Na (6.1)

Cathode ∶ P + A− − e− ⇌ P+A− (6.2)

Cell reaction ∶ P + A− + Na+ ⇌ P+A− + Na (6.3)

where P is the polymer and A− is the negative ion in the electrolyte. In the charging
process, the cathode polymer P is oxidized to P+, and the negative ions in the elec-
trolyte travel to the cathode and dope the cathode to balance the charge to obtain
P+A−. The electrons flow from the external circuit to the anode, and sodium ion in
the electrolyte is reduced at the anode to produce metallic sodium. During discharge,
the negative metal element is oxidized to form sodium ion, which is then dissolved
in the electrolyte. At the same time, electrons flow to the cathode through the exter-
nal circuit. The cathode of doped polymer obtains electrons to generate polymer P,
and release A− into the electrolyte.

This type of battery has advantages unmatched by other batteries:

(i) During the charging and discharging process, the conversion of electrical
energy and chemical energy is achieved by doping and dedoping ions. The
capacity of the battery depends on the doping degree. Taking poly batch as an
example, if each cell can be doped with an anion, then the theoretical capacity
can reach up to 412 mAh g−1, which is much larger than the current inorganic
cathode materials.

(ii) This type of battery has nothing to do with the cation of the electrolyte, then in
theory, we can also replace metallic lithium with resource-rich metallic sodium
or other inorganic materials, or even with polymers.
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(iii) This type of battery does not work the way as the conventional battery system
where the inorganic material is used as the positive electrode. The sluggish
solid-state ion diffusion problem in the lattice can be bypassed, and the mate-
rial itself has high conductivity, so it can be quickly charged and discharged.
It also has excellent cycling stability, not to mention their rich resources and
environmental friendliness.

6.3.1 Conductive Polymers

Since 1977, Hideki and Heeger have discovered that doped polyacetylene has the
property of conducting metals or semiconductors, and since then research in the
field of CPs has been initiated [56]. The CP is characterized by a large conjugated π
bond in the structure, that is, highly delocalized π electrons. In the intrinsic state, it
is a semiconducting state or an insulating state, and after doping, it behaves similar
to metal that exhibits a certain degree of conductivity. CPs are widely concerned
because of their excellent conductivity and insolubility [57]. At present, the widely
studied CPs include polypyrrole (PPy) and polyaniline (PANI). Table 6.2 shows the
common CPs and their conductivity after doping [56, 58]. Doping usually includes
p-type and n-type, which can be done either chemically or electrochemically.

In fact, the first type of organic materials used in SIBs is the CPs. As early as
1985, Shacklette et al. proved the storage capacity of the reduced polyacetylene and
polyparaphenylene for sodium ions [59]. In the past few decades, scientists have
conducted a lot of research on CPs as electrode materials for sodium-ion secondary

Table 6.2 Common conductive polymers and their conductivity after doping.

Conductive
polymer

Time of first
appearance Structure

Conductivity after
doping at room
temperature (S cm−1)

Polyacetylene (PAc) 1977

n

103 [56]

Polypyrrole (PPy) 1978

N n

103 [58a]

Polythiophene (PTh) 1981

S n

103 [58b]

Polyparaphenylene (PPP) 1979

n

103 [58c]

Polystyrene (PPV) 1979

n

103 [58d]

Polyaniline (PANI) 1980
NH

n

102 [58e]
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batteries, and the most studied polymers are shown in Table 6.2. The redox reaction
of these polymers is the transition between their doped and intrinsic states, which is
usually accompanied by ion doping and dedoping. When they are used as electrode
materials, the actual capacity is not only related to the molecular weight of the unit
itself, but also to the degree of doping. Unfortunately, the doping degree of most of
these polymers is not high, so the specific capacity is limited to less than 150 mAh g−1

that is much lower than their theoretical values. The CPs in Table 6.2 are described
in detail below.

Shirakawa et al. first synthesized polyacetylene in the 1970s, but its intrinsic
and doped states are unstable in air and will react with oxygen [60]. Since then,
researchers have proposed improvements on its synthesis method. In 1981, Nigrey
et al. reported the performance of polyacetylene as the battery cathode material
[61]. The cathode is 6% LiClO4-doped polyacetylene and the anode is metallic
lithium. Since the charge storage mechanism of CP is only related to the doping or
dedoping of anion/ionic groups in the electrolyte during charge and discharge, it is
reasonable to believe that the reaction mechanism of CP in SIBs is similar to that
of LIBs. Here, the discharge reaction is used as an example to introduce the energy
storage mechanism of a CP. The reaction formula is shown as below.

[CH0.06+(ClO4)0.06
−]x + 0.06xNa → (CH)x + 0.06xNaClO4 (6.4)

During charging, the positive polyacetylene is oxidized to carry a positive charge,
and then ClO4

− in the electrolyte is doped into the polyacetylene chain to balance the
charge. In the external circuit, the electrons flow to the negative electrode. Sodium
ion in the electrolyte obtains electrons at the negative electrode and is reduced to
metallic sodium. During discharge, the metal sodium is oxidized and loses elec-
trons to form sodium ion. At the same time, sodium ion enters the electrolyte, and
electrons flow from the external circuit to the polyacetylene positive electrode. The
polyacetylene then accepts electrons and undergoes a reduction reaction to become
electrically neutral, while ClO4

− moves to the electrolyte.
PPy as a traditional CP has been fully studied in SIBs [62]. PPy is generally

prepared by electrochemical oxidizing or chemical oxidizing the pyrrole monomer.
The pyrrole monomer is safe and nontoxic and is an organic substance that can
be used in organisms. PPy is the polymer with the lowest oxidation potential
among the CPs. Common oxidants (FeCl3, (NH4)2S2O8, etc.) can be used for the
oxidative polymerization of pyrrole. PPy with high stability in the air, high doping
conductivity, excellent redox reversibility, high operation potential of 2.5−4.0 V,
and no n-type doping properties, has engaged wide attention as potential cathode
materials for rechargeable batteries. Machida et al. developed PPy that polymerized
with anhydrous FeCl3 in methanol [63], showing highly reversible redox properties
and excellent conductivity (190 S cm−1). In the subsequent study, PPy was reported
as a positive electrode material. If each pyrrole unit gains or loses one electron, the
theoretical specific capacity can be calculated to be 412 mAh g−1. However, due to
its low utilization rate of polymer chains, its capacity is relatively low. Methods
such as doping anions, copolymerization, and nanocrystallization of the electrodes
can effectively enhance the capacity of the PPy.
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Generally, PPy can be doped with small molecules with redox activity during the
polymerization process, such as sodium indigo disulfonate, 2,2-diazobis(3-ethylben-
zothiazolin-6-sulfonic acid) diammonium salt, lignin, etc., to greatly improve its
electrochemical performance. Both Fe(CN)6

4− and diphenylamine-4-sulfonate have
been proven as effective dopants for PPy, and the doped PPy (polypyrrole/Fe(CN)6

4−

[PPy/FC], polypyrrole/diphenylamine-4-sulfonate [PPy/DS]) has higher capac-
ity than PPy. The large capacity of the PPy/FC electrode is attributed to the
insertion/extraction of sodium ion, the PF6-doping/dedoping process, and the
pseudocapacitive manifestation of Fe(CN)6

4− anion. Due to the natural redox
characteristics of DS, the doping of DS in the PPy/DS electrode increases the
utilization of PPy chains and the capacity. As an example, Zhou et al. doped
Fe(CN)6

4− into the PPy chain, and the specific capacity of the material can reach up
to 135 mAh g−1. After 100 cycles, the capacity retention rate is 85% [64]. Similarly,
Yang and coworkers used CPs including PANI and PPy to dope with iron cyanide
as the positive electrode materials for SIBs [65]. The theoretical specific capacity
can reach 296 mAh g−1. On the other hand, PPy can be made into a nano-electrode
with a hollow spherical shape, which can also increase its utilization rate [66].
For example, Su et al. made PPy into the shape of nano-hollow spheres, thereby
increasing the utilization rate of PPy chains and increasing the specific capacity
[62b]. Liu et al. used the dual template method to control the pore size to prepare
two-dimensional mesoporous nanosheets (mesoporous polypyrrole [mPPy]) [67].
Figure 6.13 demonstrates the synthesis process of mPPy. Being a cathode material
for SIBs, the nanosheet mPPy exhibits a large inversible discharge capacity of
123 mAh g−1 at 50 mA g−1. Its large surface area provides active sites for storing
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Figure 6.13 Schematic illustration of the fabrication of 2D mesoporous PPy nanosheets.
Source: Liu et al. [67]. Reproduced with permission, 2016, Wiley-VCH.
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Figure 6.14 (a) The structure of the PANI. (b) Schematic illustration of the PANI doping
mechanism.

more sodium ions. The mPPy nanosheets show excellent cycling stability, main-
taining the discharge capacity of 83 mAh g−1 at 300 mA g−1 after 120 cycles. Zhou
et al. explored the electrochemical properties of PPy doped with diphenylamine
sulfonate, which can give a invertible specific capacity of 115 mAh g−1, as well as
better cycling stability and rate performance [68].

The research on the modification of PANI CP is also underway. Although PANI
was discovered long ago, its structural model was not fully resolved until 1987 by
MacDiarmid et al. [69]. As shown in Figure 6.14a, when y = 0, it is a fully oxidized
structure; when y = 0.5, it is an intrinsic state structure; when y = 1, it is a fully
reduced structure. The intrinsic PANI is basically nonconductive, but its conductiv-
ity can be increased by 12 orders of magnitude after doping. Generally, PANI can
undergo a transition between conductor and insulator by proton acid doping and
ammonia dedoping. The synthesis method of PANI is similar to that of PPy, but
the polymerization reaction is usually carried out in an acidic aqueous solution to
increase the length of the conjugated chain segment and improve the stability of the
polymer. Compared with other CPs, PANI has a high redox potential, the highest
degree of doping and the stability of the doped state in the air.

The charging and discharging mechanism of the organic battery with PANI as the
positive electrode is similar to that of polyethylene block. As shown in Figure 6.14b,
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when it is charged, PANI is positively charged by the oxidized polymer chain, and the
anions in the electrolyte are doped into the polymer to balance the charge. During
discharge, PANI is reduced by the polymer chain to obtain electrons and release
anions. According to the specific capacity calculation formula, each aniline unit can
gain or lose one electron, so the theoretical capacity of the fully oxidized PANI is
calculated to be 296 mAh g−1. However, the fully oxidized state is unstable and the
polymer main chain is easily broken by oxidation. Therefore, when PANI is used
as a battery positive electrode, it usually only releases about half of its theoretical
capacity.

There have been a lot of reports on PANI as an electrode material in the literatures.
For example, Manuel et al. prepared PANI nanofibers using interfacial polymer-
ization method [70]. As the positive electrode of SIBs, the discharge capacity can
reach 112 mAh g−1, but the cycling performance is not so good. After 100 cycles, the
specific capacity decreases by about 20%. Poor cycling performance is a common
problem towards PANI.

Several improvements have been reported in the literatures: (i) pre-doping or
synthesizing self-doped PANI; (ii) replacing large anions with the movement of
small positive ions; (iii) adding conductive carbon to improve the utilization of
electrode materials; and (iv) adding appropriate dopant to improve the morphology
of PANI (e.g. by adding and orienting acid-containing naphthalene ring to obtain
fibrous PANI with better performance). These methods can improve the electro-
chemical performances of PANI to a certain extent. Shen et al. prepared sodium-rich
poly(sodium dibenzenesulfonic acid)/PANI polymers with a invertible capacity of
100 mAh g−1 [71]. Zhou et al. designed a new type of cathode material for SIBs,
namely PANI-co-aminobenzene sodium sulfonate [72]. This cathode provides a
high inversible capacity of 133 mAh g−1. Moreover, it has great cycling stability
that after 200 cycles, the capacity can still remain of 96.8%. The structure and
preparation method of PANI are also important factors affecting its electrochemical
performance. For example, nano-structured polystyrene/PANI/graphene electrodes
and aniline/o-nitroaniline copolymer electrodes show increased capacity compared
to pure PANI electrodes [5e]. Coupling PANI with carbon materials is also an impor-
tant strategy to improve the electrochemical performance. Li et al. synthesized
PANI-graphene oxide (GO) polymer by grafting (5-amino-1,4-dihydrobenzo[d]-1,
2-dithiadiene)/aniline copolymer [P(DTAN-co-AN)] on the GO surface [73]. The
fabrication theory of the polymer is based on the affinity of –NH2 group and –NCO
group to GO, which greatly improves the cycling stability of P(DTAN-co-AN).

As a derivative of PANI, polytriphenylamine (PTPAn) has the characteristics of
large energy density and high power density, mainly because its structure has a
polyparaphenylene main chain structure with good conductivity and a nitrogen
radical-active center. Moreover, PTPAn-type CPs show highly reversible redox
behavior that makes them the material of choice for SIBs. The typical PTPAn cath-
ode material can be charged and discharged in the voltage range of 3.0–4.2 V, and
the discharge voltage platform is at 3.8 V. The charging and discharging mechanism
of PTPAn is similar to that of PANI. Deng et al. synthesized a PTPAn compound and
assembled an all-organic battery by coupling a polysulfide AQ negative electrode
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[5b]. The full battery has an energy density of 92 Wh kg−1 with a voltage range of
1.8 V. At the same time, after 500 cycles, the capacity retention rate is 85%, which
proves the viability of all organic SIBs.

Recently, polydopamine (PDA) has also been extensively studied as a CP.
Interestingly, the carbonyl group in the PDA molecular structure exhibits n-type
reaction, and the secondary amine (RNH-R) has p-doped/dedoped properties. The
PDA prepared by Zhang and coworkers has a good viscosity, and the electrode
can be prepared without addition of binder [6a]. This cathode can maintain a
capacity of 500 mAh g−1 after 1024 charge and discharge cycles. Liu et al. proved
that dopamine can self-polymerize on the surface of CNTs in an alkaline solution,
and then a self-supporting flexible composite membrane was prepared by vacuum
filtration (Figure 6.15a) [74]. The composite film can be directly cut into electrodes
without current collectors, conductive agents, and adhesives, avoiding complicated
preparation processes (Figure 6.15b). The results showed that the flexible electrode
exhibits a remarkable capacity of 213 mAh g−1, outstanding rate performance, and
good cycling stability.

The oxidation potential of thiophene is high (3.0–4.2 V) and the solubility of the
polymer is poor, so the polymerization reaction is generally carried out in a polar
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solvent (chloroform, acetonitrile, carbonate, etc.). Like poly(p-phenylene), polythio-
phene has a strong inter-chain interaction force, which is insoluble in any organic
solvents and difficult to process. Usually long-chain groups are used to replace
hydrogen at the position to reduce the force between molecular chains and improve
their processing properties. Figure 6.16 lists the structures of several representative
polythiophene derivatives. The performance of polythiophene as a secondary bat-
tery cathode material is not satisfactory. The highest doping degree reported in the
literature is 0.24–0.3, and the corresponding specific capacity is about 100 mAh g−1

[75]. The capacity of electrochemical polymerization poly(thiophene) (PTh) in
most literatures is about 33 mAh g−1. Higher degree of doping can be achieved by
polybutylene terephthalate (PBT) and polymethoxythiophene (PMT), and their
specific capacities will be slightly increased [76]. Within a certain temperature
range, the performance of CPs improves with an increase of temperature [77].

6.3.2 Organic Radical Compounds

Traditional CPs generally have a low degree of electrochemical doping, and when
used as secondary battery electrode materials, the capacity is often far lower than
their theoretical capacity and decay faster. In recent years, free radical polymers have
come to the fore and exhibited excellent electrochemical performance. A free radical
polymer is a kind of polymer with free radical groups attached to the main chain or
side chain [78]. Organic radical polymers have the characteristics of rapid kinetics
and doping reaction with sodium ions under high pressure. From a kinetic point
of view, free radical redox reactions are the fastest electron transfer reactions, and
stable free radical polymers have reversible oxidation and reduction reactions. The
oxidation process of free radical compounds has little structural change and exhibits
fast kinetics. Moreover, the redox process does not contain the rupture and constitu-
tion of chemical bonds, and the electron rearrangement is also almost nonexistent
which is suitable for using as a cathode material for high power density SIBs. Free
radical polymers not only can perform p-type doping and dedoping reactions with
anions but also can have n-type doping and dedoping reactions with sodium ions to
achieve the insertion and de-intercalation of sodium ions at a relatively low voltage.
The electrochemical redox reaction mechanism is shown in Figure 6.17a.

The redox reaction process of radical polymer is the essence of the reaction
mechanism of radical polymer battery. As shown in Figure 6.17a, nitroxide radicals
can undergo reversible oxidation reactions to form free radical cations, or they
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can undergo reversible reduction reactions to form free radical anions. The p-type
radical polymer generally performs the oxidation reaction part, and the n-type
radical polymer generally takes part in the reduction reaction. Generally, the
positive electrode material of an ideal radical polymer battery requires a higher
potential p-type free radical polymer, while the negative electrode material needs a
lower potential n-type free radical polymer.

During the charging process, free radicals undergo an oxidation reaction on the
negative electrode to generate free radical cations, and at the same time, free radi-
cals undergo a reduction reaction on the positive electrode to generate free radical
anions. The discharge process is the opposite. The free radical polymer battery does
not break and form chemical bonds during the charge and discharge processes but
realizes the transfer of electrons through the gains and losses of the unpaired elec-
trons of the free radicals to complete the conversion between electrical energy and
chemical energy.
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The energy density of radical polymer batteries is determined by two factors: volt-
age and specific capacity. The voltage plateau of the radical polymer battery is closely
related to the redox reaction type of the radical polymer. The free radical polymers
can undergo p-type redox reactions between free radicals and cations, or n-type
redox reactions between free radicals and anions. Among them, the reaction voltage
of the p-type redox reaction is higher than that of the n-type reaction. Moreover, the
theoretical specific capacity obtained by the p-type reaction is usually higher than
that of the n-type reaction. Under the same situation, the lower molecular weight of
the structural unit of the radical polymer, the higher theoretical specific capacity of
the radical polymer is achieved. At present, p-type radical polymer is considered to
be one of the most prospective new organic sodium-ion battery electrode materials.

Common free radical polymers are shown in Figure 6.17b, and their most promi-
nent advantages are illustrated as below. (i) The free radical polymer has a high
degree of doping and a high specific capacity. Among the electrode materials that
have been reported so far, poly(4-vinyloxy-2,2,6,6-tetramethylpiperidine-N-oxyl)
(PTVE) has the remarkable specific capacity of 135 mAh g−1 [79]. (ii) Nitrogen–
oxygen free radical has fast electron transfer rate, so it has high-rate charge and
discharge performance. Different from other organic reactions, since the electrons
of the electrochemically active sites of the organic radical polymer are moderately
delocalized, only the shell layer electrons take part in the electrode reaction without
the breakage and formation of chemical bonds. It thus has an extremely fast charge
transfer rate of 10−1 cm s−1. (iii) The superior chemical stability of the structure
displays a cycle life of over 1000 times. The main chain of organic radical polymer
basically has structures such as polystyrene, polymethyl diethyl ester, cross-linked
polynorbornene, polyvinyl alcohol, and polyethylene oxide. The electrochemical
window of these main chain structures is wide, and the structure is stable in com-
mon organic electrolytes or water systems. The reaction process does not involve
the rupture and formation of chemical bonds. Hence, organic radical polymer
electrode materials mostly have prominent cycling performance.

In the early twenty-first century, Nakahara et al. synthesized a stable nitroxyl
poly(2,2,6,6tetramethylpiperidinyloxy-4-vinylmethacrylate) (PTMA) for the first
time, and it was suitable to be used as cathode for rechargeable batteries [80]. In
the past few decades, although organic radical polymers have been extensively
researched as electrodes in LIBs, there have been few studies on their application
in SIBs. The first free radical polymer used in SIBs was the organic radical polymer
of poly[Norbornene-2,3-endo, exo-(COO-4-tempo)2] prepared by Dai et al. in 2010.
It has a discharge capacity of 75 mAh g−1 at 50 mA g−1, with a discharge capacity
retention rate of 64.5% after 50 cycles [5c].

Organic radical polymer batteries certainly have many advantages, including their
high power density and stable cycle performance, diversified structure, designabil-
ity, sustainable development, and the ability to prepare flexible batteries. However,
there are still many challenges in the research of organic radical batteries, which are
mainly related to their poor conductivity and low specific capacity. On one hand,
since most of the organic radical polymer materials themselves are electrically insu-
lating materials, a large number of conductive agents must be added to improve their
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conductivity. Relevant researches have demonstrated that the mass fraction of the
conductive agent in the electrode material can be as high as 60−80 wt% of the entire
electrode, and this will lead to a decrease in the mass fraction of the active material of
the electrode material, thereby affecting the energy density of the electrode material.
On the other hand, compared with the current commercialized inorganic cathode
materials, the specific capacity of organic radical polymer materials is relatively low.

The current methods for improving the performance of organic radical batteries
mainly include reducing the molecular weight of organic radical polymer struc-
tural units or increasing their redox-active sites to increase their theoretical specific
capacity, adding electrode materials with high-conductivity and high-ratio new-type
nano-conductive materials with high surface area, such as CNTs, graphene, etc.,
through in situ compounding and other chemical methods.

Recently, Kim et al. have contributed to improve the electrochemical capacity
of PTMA [81]. The authors used the ultrasonic perfusion technology to compress
PTMA into CNTs which have a diameter of 100–300 nm, as shown in Figure 6.18.
This method effectively solves the self-discharge phenomenon of PTMA, and the
open-circuit voltage is almost unvaried in last 20 days. They then carried out other
electrochemical experiments at the voltage between 1.5 and 4.0 V. During the initial
charging process, only the p-type doping reaction is occurred, and the capacity is
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only 130 mAh g−1. However, the p-type dedoping reaction and the n-type doping
reaction (sodium ion insertion) can proceed reversibly at the same time during
the subsequent discharge process, and the capacity exceeds 220 mAh g−1. After
100 cycles, the capacity retention rate is 93%, and the rate performance is also
significantly enhanced. Under a high current density of 5 C, the capacity can still
maintain at 190 mAh g−1.

The above researches show that nitroxide radicals have been widely used as
cathodes for rechargeable energy storage batteries due to their excellent electrical
conductivity, cycle ability, and rate performance. Polymers containing nitroxyl
molecules have been used in nontoxic organic batteries due to their fast electro-
chemical reaction kinetics. Besides, nitroxide radical compounds are renewable
and environmentally benign, along with their high flexibility in structural design.
All in all, organic radical battery is a new type of green rechargeable battery.

6.3.3 Microporous Polymers

In recent years, new crystalline porous materials have been attracted great interest.
Different linkers and nodes are combined to form millions of structures, e.g.,
metal–organic frameworks (MOFs), metal–organic macrocycles (MOMs), covalent
organic frameworks (COFs), etc., with different morphologies, pore shapes, and
chemical characteristics [82]. According to their structural characteristics, organic
porous materials can be divided into covalent organic networks (COFs), polymers of
intrinsic microporosity (PIMs), covalent triazine-based frameworks (CTFs), porous
aromatic frameworks (PAFs), hyper-cross-linked polymers (HCPs), and conjugated
microporous polymers (CMPs).

For the past few years, microporous polymers have gradually come into people’s
field of vision. Their synthesis methods are simple and their production processes are
safe. Due to their micropores and large specific surface area, microporous polymers
are expected to be used as a catalysts, gas adsorption and storage, chemical sensing,
and other applications. The size and shape of the micropores can be controlled at
the molecular level through the design of the functional groups. CMPs were first
prepared by Cooper’s research group in 2007, which has a rigid conjugated structure
formed by the regular and alternating connection of aromatic structural units. The
specific surface area and pore properties of this type of polymer can be adjusted by
changing the structure of the unit.

CMP is a promising cathode material for SIBs. The large surface area and microp-
orous structure of this type of material can facilitate the rapid transmission of sodium
ions. The structure of the polymer relieves its dissolution problem in the organic
electrolyte. At the same time, the large number of redox-active sites afford an appre-
ciable theoretical capacity.

In the 2010s, Sakaushi et al. manufactured a bipolar porous organic polymer
battery with a capacity of 230 mAh g−1 [83]. As shown in Figure 6.19a, the structure
of the active material is composed of benzene and triazine rings. Its special porous
structure is conducive to electrolyte infiltration, and its large molecular weight
inhibits its dissolution in organic electrolytes. These characteristics are conducive to
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procedure and molecular structures of CONs along with their precursor monomers. Source:
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the stability of its cycling performance. However, most of the microporous polymers
have low electrical conductivity. Using S heterocycles, the conductivity of CMPs
can increase to 6.83× 10−4 S cm−1 [85]. On the other hand, in order to enhance the
ionic conductivity of the CMP, Zhang et al. synthesized the polymer 4,7-dicarbazole
[2,1,3]-benzothiadiazole with ferric chloride as an oxidative coupling agent (poly-
mer 4,7-dicarbazyl-[2,1,3]-benzothiadiazole [PDCzBT]) (Figure 6.19b) [85]. The
prepared PDCzBT has an ultra-high specific surface area and a large number of
redox-active units. These structural advantages can provide plentiful active sites
for ion storage and have a uniform microporous structure, which are favorable for
the rapid transmission of electrons and ions. When used as a cathode in a SIB, the
PDCzBT has high specific capacity and excellent cycling stability. After 100 cycles,
an inversible capacity of 145 mAh g−1 is obtained at 20 mA g−1.

Self-polymerizing microporous polymers (PIMs) are special organic microporous
polymers with both rigid and twisted structures. During the polymerization process,
the polymer chains connected by rigid structural units cannot be bent and twisted
freely, which avoids the accumulation of molecular chains and thus produces a large
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number of micropores. At the same time, the molecular chains of PIMs are diffi-
cult to rotate and bend so that PIMs can maintain a stable structure for a long time.
Mckeown et al. prepared PIMs for the first time using bis-indene in 2002 [86]. The
two types of PIMs contain phthalocyanine and porphyrin structures, respectively.
The rigidity of the porphyrin-conjugated macrocycle prevents molecular chain accu-
mulation, and the surface area can reach up to 950 m g−1 [2]. PIMs not only produce
stable and abundant pore structures due to the twisted accumulation of molecular
chains but also have a relatively simple preparation process, so they have promising
potential application in secondary battery electrode materials.

COFs are a kind of organic microporous polymer with long-range order and
crystalline structure. The monomers can exhibit a periodic and orderly arrangement
structure through self-polymerization and have relatively uniform micropores,
so the pore structure can easily controlled. In the preparation of COFs, poly-
condensation reactions are usually used. Such reaction processes are controlled
by thermodynamics, and the resulting network structure is two-dimensional or
three-dimensional. Yaghi and coworkers firstly used self-condensation reaction to
prepare COF-1 with high specific surface area in 2005 [87]. The study found that
this kind of thermodynamically controlled reaction can get a very stable polymer
structure. COFs have the peculiarities of crystal structure, uniform pore size, low
density, and high specific surface area. They have promising applications in the
fields of adsorption, catalysis, semiconductor, and energy storage. At the same
time, the large specific surface area and microporous structure prefer the speedy
transference of sodium ions; the polymer structure avoids its solubility; and a great
number of redox-active centers can provide a larger theoretical capacity. Hence,
COF can also be employed as a new OCM for batteries. Kim et al. prepared a series
of network polymers (covalent organic nanosheets, CONs) by cross-coupling under
conventional reflux and solvothermal conditions, as shown in Figure 6.19c, and
studied the relationship between their structure and energy storage performance
[84]. It shows that the specific surface area and self-assembly morphology of
CON can be effectively controlled by carefully selecting the synthesis route and
monomer combination. By enhancing the planarity of the polymer backbone, the
charge-carrier conductivity of the polymer can be improved, thereby increasing
the sodium ion storage capacity. The results show that the CON-16-based electrode
exhibits the best cycling and rate performance and can maintain a reversible
discharge capacity of about 250 mAh g−1 after 30 cycles at 100 mA g−1.

6.4 C=N Reaction

6.4.1 Schiff Base Organic Compounds

Schiff base organic compounds mainly refer to a class of organic compounds
containing imine or methylimine groups (—RC=N—). Schiff base is usually
formed by condensation of amine and active carbonyl group. Through the simple
polycondensation reaction of diamine and dialdehyde or diketone, Schiff bases and
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polymers with various structures can be synthesized. The multiplicity of Schiff
base polymers depends on the structure of diamine and dialdehyde or diketone
precursors. Figure 6.20a shows the structure of a series of Schiff base polymers
consisting of different diamines and dialdehydes or diketones. The Schiff base
group can coordinate with the metal atom (or ion) through the nitrogen (N) atom
on the carbon–nitrogen double bond and the adjacent oxygen (O), sulfur (S),
and phosphorus (P) atoms with a lone pair of electrons. Schiff base compounds
generally have a low redox potential. The reported anode materials for SIBs are
mainly aromatic Schiff base compounds. They have repetitive conjugated units
—N=CH—Ar—CH—=N— which are also electrochemically active centers. How-
ever, the isomer —CH=N—Ar—N=CH— is not a conjugated structure and has no
electrochemical activity. The sodium storage mechanism of Schiff base polymer is
shown in Figure 6.20b [88].

Introducing carboxylate end groups can effectively increase the capacity and
operating voltage of Schiff base organic compound electrodes. DFT calculations
confirmed that the active Hückel coplanar groups (—OOC—Ar—C=N— and
—N=C—Ar—C=N—) provide storage locations for sodium ions. However, the
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isoelectronic groups (—OOC—Ar—N=C— and —C=N—Ar—N=C—) can not act
as active centers because of their π–π interaction or loss of flatness, but are able to
stabilize the discharge–charge process and weaken N–N repulsion. Similarly, the
inactive aromatic group also acts as a crucial role for the stabilization of the Schiff
base structure. Less aromatic groups containing compounds show lacking stability
and capacity. The insertion of conjugated and planar structures is an effective
method to enhance the electrochemical activity of oligomeric Schiff base materials.

Lopez-Herraiz et al. prepared four kinds of oligomeric Schiff base compounds
with carboxylate groups [89], as shown in Figure 6.20c–f, and compounds
with —OOC—Ar—CH=N— terminal groups have a inversible specific capac-
ity of 250 mAh g−1. In comparison, compounds with nonconjugated structure of
—OOC—A—N=CH— end groups only have specific capacities of 120–170 mAh g−1.
This indicates that the conjugated structure plays an important part in the
electrochemical activity of Schiff base organic materials.

Sheng et al. used ethanol as solvent, salicylaldehyde, ethylenediamine, and
cobalt acetate as raw materials to synthesize small-molecule salicylaldehyde-based
Schiff base cobalt complex (SSB(Co)(II)) and coupled it with rGO to obtain
SSB(Co)(II)/rGO complex [90]. The composite exhibits excellent electrochemical
performance. At 0.2 C, the specific discharge capacity can reach 183 mAh g−1, and
the specific discharge capacity remains at 136 mAh g−1 after 100 cycles.

The advantage of Schiff base polymer organic electrodes lies in their low solubility
in most organic solvents; however, this makes them difficult to process. By using a
suitable linking agent between the azomethine units to modify the polymer chain,
the equilibrium between solubility and processability can be controlled. In addition,
the electrical conductivity of Schiff base materials can be enhanced to semiconductor
levels through doping with iodine. This crucial property makes Schiff base polymer
a great promising electrode material for SIBs.

6.4.2 Pteridine Derivatives

Pteridine derivatives are an important class of heterocyclic compounds that exist
widely in organisms. Pteridine is also called 1,3,5,8-tetraazanaphthalene, which
is formed by the fusion of pyrimidine heterocycle and pyrazine heterocycle [91].
Pteridine derivatives with biological redox centers have great application potential
in SIB electrode materials.

Hong et al. manufactured a series of pteridine derivatives as OCMs for SIBs [6c],
as shown in Figure 6.21. The theoretical capacities are 270 mAh g−1 for lumichrome
(LC), 250 mAh g−1 for alloxazine (ALX), and 327 mAh g−1 for lumazine (LMZ).
However, the volume expansion of this type of electrode materials during charging
and discharging causes the rupture of electrode. At 10 mA g−1, the capacity is
only 138 mAh g−1 (LC), 168 mAh g−1 (ALX), and 70 mAh g−1 (LMZ), respectively.
In response to this problem, Kang and coworkers combined such compounds
with CNTs through strong π–π interactions to immobilize molecules [6c]. Their
specific capacities eventually increase to 255 mAh g−1 (LC), 225 mAh g−1 (ALX),
and 220 mAh g−1 (LMZ).
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In addition to the C=N double bond, tetracyanoethylene (TCNE) and tetra-
cyanoaminodimethane (TCNQ) with C≡N bonds have already been studied as the
cathodes for SIBs. In the 1990s, Ratnakumar et al. prepared a Na/β′′-alumina/TCNE
half-cell with an operating temperature of 230 ∘C [92]. Based on the Fourier Trans-
form infrared spectroscopy (FTIR) spectrum analysis, the redox center of TCNE
is composed of C≡N bonds and C=C bonds. Newly, Manzhos et al. employed
the DFT method to study sodium ion storage in TCNE and its composites. They
demonstrated that up to four sodium ions can be stored in the TCNE molecule.

6.5 Concluding Remarks

The organic compounds acquired from natural biomass are green environmental
protection and price-moderate materials for SIBs. Although the application of
OCMs in rechargeable SIBs is still in its infancy, the appealing features and
design of such materials have made them a research focus for the past few years.
Among the above-mentioned types of organic materials, simple small-molecule
quinone compounds have large theoretical specific capacity, sodium carboxylate
compounds have suitable working voltage, and polyimides have excellent cycling
performance. Most of the organic free radical compounds and conductive polymers
in the heterogeneous reaction have high power density and fast kinetics. Schiff base
organic materials and pteridine derivatives are new types of compounds used as
OCMs. After a deeper understanding on their reaction mechanisms, rational design
of their structure can be further developed. Although rechargeable SIBs using
organic materials have been studied, the problems such as high dissolvability of
organic cathodes in organic liquid electrolytes, weak thermal stability, and lacking
electron conductivity have hindered their large-scale practical application. Hence,
finding a suitable electrolyte to avoid the dissolvability of electrode materials
and designing a reasonable structure to enhance the conductivity are crucial for
realizing its practical application as the next-generation electrode material for SIBs.
The improvement of OCMs and future development focus can be expanded from
the following four directions. (i) Polymerizing small-molecule organic electrodes
to design and synthesize new polymers, which reduces solubility on the one
hand and increases specific capacity on the other. (ii) Combining various OCMs
with reasonable molecular design, such as forming a conjugated structure to
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improve ionic conductivity, synthesizing salts to reduce dissolution, and combining
appropriate functional groups to increase or decrease operating voltage. (iii)
Combining low-conductivity organic electrodes with carbon materials to increase
the conductivity of the electrode materials for higher capacity. (iv) Improving other
components of the battery, such as modification of electrolyte or separator. OCMs
can be developed and prepared from renewable biomass which have abundant
resources and low price, showing a broad development prospect. Considering the
abundant sodium resources and a wide range of organic compounds available
in the earth, OCMs have great prospects for large-scale electrochemical energy
storage.
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7

Intercalation-Type Anode Materials for Sodium-Ion Batteries

7.1 Introduction

Intercalation-type anode materials (e.g. carbon-based materials [1], titanium-based
materials [2], etc.) show a great potential for practical applications of sodium-ion
batteries (SIBs) owing to highly stable structure and cycling stability, low cost, and
relatively high safety. For example, titanium-based oxides including TiO2, Li4Ti5O12,
and Na2Ti3O7 possess favorable structural dynamics owing to stable crystalline
structure and two-dimensional (2D) diffusion channel for sodium ions, which is
very beneficial for the whole structure stability upon repeated Na+ intercalation and
deintercalation for SIBs [3]. Moreover, such anodes show relatively high operating
working voltage, thus avoiding the formation of sodium dendrites and enhancing
battery safety for full cells. On the other hand, relatively high working potential
can efficiently prevent some side reactions of electrolyte, exhibiting higher elec-
trode/electrolyte interface stability and better rate capability. However, the intrinsic
poor electron transfer capability and low Na+ diffusion coefficient seriously limit
their applications for SIBs. In this regard, various strategies have been widely
developed for enhancing sodium storage performance of titanium-based anode
materials in recent years.

In this chapter, the currently mainstream intercalation-type anode materials
would be introduced and discussed in detail for their potential applications for
sodium storage in the future. To date, there are mainly carbon-based materials
(graphite, hard carbon, soft carbon, etc.) and titanium-based materials (TiO2,
Li4Ti5O12, Na2Ti3O7, TiNb2O7, NaTi2(PO4)3, etc.) as intercalation-type anodes for
SIBs [4]. The related fundamental issues, challenges, and advances of these anode
materials would be summarized and discussed.

7.2 Carbon-Based Anode Materials

Currently, there are mainly three types of carbon-based materials for SIBs, such
as graphite, hard carbon, and soft carbon. The Na+ storage performance of such
carbon-based anode materials is mainly based on the intercalation process owing to

Sodium-Ion Batteries: Energy Storage Materials and Technologies, First Edition. Yan Yu.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Figure 7.1 (a) Typical XRD patterns of various carbon-based anode materials including
graphite, soft carbon, hard carbon, and reduced graphene oxides (rGO); (b) structural
schematic illustration and (c) charge and discharge profiles of these carbon materials.
Source: Saurel et al. [7]. Reproduced with permission, 2018, Wiley-VCH.

their layered structure [5]. Graphite, soft carbon, hard carbon, and graphene-related
carbon are all based on polymorphs of sp2 carbons, thus tending to form layered
structure by hexagonal covalent carbon lattices (graphene layers) based on the weak
Van der Waals interactions [6]. As displayed in Figure 7.1a, graphite possesses a crys-
talline structure with a high graphitic degree, while other carbon materials including
soft carbon, hard carbon, and graphene-related carbon materials exhibit relatively
low crystallinity and low graphitic degree [7]. When they are employed as anode for
sodium storage, these four carbon materials show different electrochemical activi-
ties (Figure 7.1b). Graphite anode shows the lowest sodium storage properties, while
soft carbon, hard carbon, and rGO deliver better sodium storage capabilities. The
detailed analyses and discussion are as follows.

7.2.1 Graphite Anode

Graphite shows the crystalline form, while other carbon materials exhibit disor-
dered structure nature and increased interlayer distance from soft carbon to hard
carbon (Figure 7.1a). Layered graphite is a widely commercial anode material for
lithium-ion batteries (LIBs) with a high specific capacity of about 350 mAh g−1

(theoretical capacity: 372 mAh g−1). However, it only delivers a low reversible
capacity of 40 mAh g−1 for SIBs because thermodynamic issue is not favorable for
sodium intercalation. Theoretical studies indicate that the sodium–graphite inter-
calation compounds in SIBs are more unstable in comparison to the corresponding
graphite–lithium or graphite–potassium intercalation compounds in LIBs or K-ion
batteries (KIBs), respectively. To enhance sodium storage capability of graphite,
one effective solution is to utilize co-intercalation strategy by using ether-based
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electrolyte, which plays an important role in enhancing Na+ intercalation kinet-
ics. As shown in Figure 7.2, graphite anode in sodium triflate (NaOTf)/diglyme
electrolyte delivers a specific capacity of 100 mAh g−1, five times higher than
that in NaPF6/ethylene carbonate/dimethyl carbonate (EC/DMC) electrolyte
(∼20 mAh g−1) [8]. Na+ ions can form Na+-solvent complex in the ether solvent
and then intercalated into the interlayer structure of graphite. In this electrolyte
system, graphite anode can exhibit high-efficiency Na+ intercalation kinetics and
cycling performance. The theoretical and experimental results have shown that the
solvent with long-chain molecules can reduce energy barriers and facilitate Na+
intercalation into the interlayer of graphite due to its shielding effect, leading to a
higher specific capacity and cycling stability.

Another effective approach to enhance Na+ storage properties of graphite is
to engineering expanded graphite by increasing interlayer distance [9]. Pristine
graphite is oxidized to graphite oxide through an oxidation reaction and then a
reduction process (Figure 7.3a). Expanded graphite shows a larger interlay distance
(0.43 nm) compared to raw graphite and still maintains a layered structure with
the long-range order of the raw graphite crystal. As shown in Figure 7.3b, such
expanded graphite undergoes the reversible expansion/shrinkage and exhibits a
high reversible capacity of 284 mAh g−1 at 20 mA g−1, which is much higher than
that of raw graphite (∼35 mAh g−1). Moreover, the expanded graphite also presents
a high capacity retention of 73% over 2000 cycles (Figure 7.3c) [9].

7.2.2 Hard Carbon Anode

As for SIBs, hard carbon is the most promising candidate as anode owing to the
total balanced performance, working voltage, cycle lifetime, raw material, and man-
ufacturing costs [10]. Furthermore, hard carbon is composed of turbostratic carbon
layers with abundant internal nanopores and defects (Figure 7.4a), which both act
as active sites for sodium storage.

Compared to soft carbon, hard carbon possesses more disordered structure with a
high amount of structural microporosity [11], as shown in Figure 7.4b. Besides, it can
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Figure 7.3 (a) Schematic diagram of Na+ storage in expanded graphite. Left panel
(graphite): Na+ is hard to be electrochemically intercalated owing to the small interlayer
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interlayer due to the enlarged interlayer distance by an oxidation process. The intercalation
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graphite oxides. Right panel (expanded graphite): a large amount of Na+ can be reversible
intercalated and extracted owing to reduced oxygen-containing groups in the interlayers
and expanded interlayer distance. (b) Charge/discharge profiles of the expanded graphite
compared to pristine graphite (PG). (c) Cycling stability test of the resulting expanded
graphite electrode. Source: Wen et al. [9]. Reproduced with permission, 2014, Springer
Nature.

also provide more active sites to store Na+ ions due to the cross-linked micropores
with layered structure of graphite carbon. Up to now, hard carbon is the first carbon
material with a reversible capacity for Na+ storage compared with graphite anode
for LIBs. As displayed in Figure 7.4c, hard carbon shows the higher specific capac-
ity than those of graphite and soft carbon. During the sodiation/desodiation pro-
cess, hard carbon presents a sloping curve at high-voltage range and a plateau at
low-voltage range. To better explain the Na+ storage mechanism of hard carbon,
various advanced characteristics and technologies have been used and developed
including small-angle XRD, DFT calculations, in situ TEM, and NMR. In general,
there are two main explanations for Na storage mechanisms. One is based on inter-
calation and adsorption processes. Namely, the slope profile is attributed to Na+

intercalation into graphene layers and adsorption effects as a result of the existence
of adequate defect sites, and the plateau at low-voltage range can be ascribed to
adsorption of cross-linked micropores. Another is based on adsorption mechanism
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Figure 7.4 (a) Schematic diagram of the molecular structure and the resulting hard carbon
nanostructure from cellulose upon different pretreatment conditions; (b) the first sodiation
and desodiation profiles of cellulose derived hard carbon at different pretreatment
temperatures; (c) the discharge and charge curves of the cellulose derived hard carbon at
different annealing temperatures; and (d) the reversible capacities of hard carbon in the
different potential regions below and above 0.15 V. Source: Yamamoto et al. [11].
Reproduced with permission, 2018, Royal Society of Chemistry.

in the defect sites (sloping profile) and intercalation and adsorption processes in the
graphitic layers and porous structures corresponding to the low potential plateau
area. Despite the Na+ storage mechanism, more defect sites and porous structures
for hard carbon materials can offer better Na storage performance.

Hard carbon is usually prepared by pyrolysis process of biomass precursors, such
as sugars (e.g. glucose [12], pectin [13], sucrose [14], etc.), plants (e.g. algal [15], wood
[16], cotton [17], etc.), fruit peels (e.g. pomegranate shell [18], coconut shells [19],
apples [20], peanuts [21], etc.), and polymers (e.g. cellulose [11], lignin [22], etc.).
Moreover, sodium storage properties are strongly dependent on the choice of pre-
cursors and related pretreatment conditions (temperature, time, etc.). For example,
Komaba et al. compared various non-graphitizable hard carbons by using different
carbon precursors such as sucrose, glucose, maltose, cellulose, glycogen, and amy-
lopectin [11]. It was found that cellulose-derived carbon exhibits higher Na+ ion
storage capacity. Furthermore, the pretreatment (275 ∘C) in air plays an important
role in regulating dehydration and cross-linkage degrees of cellulose, thus affecting
nanoscale structure of hard carbon, as displayed in Figure 7.4b. The higher calci-
nation temperature provides higher sodium storage capability and higher specific
capacity below 0.15 V (Figure 7.4d).
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Figure 7.5 (a) XRD patterns of hard carbon derived from phenolic resin at different
temperatures (1100, 1300, and 1500 ∘C); and (b–d) HRTEM images of hard carbon derived
from phenolic resin at different temperatures: (b) 1100, (c) 1300, and (d) 1500 ∘C. The inset
images in (b–d) show the corresponding SAED patterns. Source: Kamiyama et al. [23]/with
permission from American Chemical Society.

Annealing temperature also plays an important role in influencing structure and
electrochemical performance of hard carbon (Figure 7.5a) [23]. Two broad peaks
at about 22∘ and 43∘ can be observed on the XRD patterns of hard carbon derived
from phenolic resin at 1100, 1300, and 1500 ∘C, corresponding to the graphite
crystal of (002) and (100)/(101), respectively. Besides, the XRD pattern at the higher
temperature obviously shifts toward the higher angle of 2θ. However, these samples
still show the non-graphitizable behaviors. The corresponding interlayer distances
of (002) plane can be calculated to be about 4.008 Å (1100 ∘C), 3.940 Å (1300 ∘C),
and 3.832 Å (1500 ∘C). It was found that the interlayer distance decreases with
increasing annealing temperature, which is further confirmed by high-resolution
transmission electron microscopy (HRTEM) analyses (Figure 7.5b–d). The sample
at 1100 ∘C is disordered and consisted of curving sp2 carbon, and the samples
obtained at higher temperatures exhibit relatively ordering and higher graphitic
degree structure (Figure 7.5c,d). In addition, the selected area electron diffraction
(SAED) rings are clearer with the rising of annealing temperature, which is in good
agreement with XRD patterns.

For industrialization, the yield of hard carbon from carbonization is a crucial
factor to realize large-scale applications. In general, the yield of hard carbon
from saccharides (<10%) is lower than that from phenolic resin (∼50%) [24].
Thus, choosing phenolic resin could be the most suitable strategy for synthesizing
high-performance and cost-competitive hard carbon materials in the future. The
electrochemical behaviors of hard carbon for SIBs derived from phenolic resin are
displayed in Figure 7.6a. The discharge and charge curves show a slope and plateau
region with the voltage boundary of 0.15 V. As anode materials for SIBs, they
can present a discharge specific capacity of 337 mAh g−1 (1100 ∘C), 358 mAh g−1

(1300 ∘C), and 386 mAh g−1 (1500 ∘C). Besides, all the three hard carbon anodes
deliver superior cycling performance and show a high capacity retention over
93% (Figure 7.6b). This work exhibits a high specific capacity of 386 mAh g−1,
which is higher than those (350 mAh g−1) of most reported hard carbon. Such
performance is strongly dependent on the raw material types, pretreatment and
carbonization processes. The unique mesoporous structure inherited from phenolic
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resin and appropriate annealing temperature have both effect on the sodium
storage performance of the obtained hard carbon. With the increase of annealing
temperature (1100–1500 ∘C), the size of nanovoid increases with the decrease of
interlayer distance between the stacked carbon sheets. Meanwhile, the electro-
chemical performance of the obtained hard carbon was examined, and the total
specific capacity is improved at a higher annealing temperature, especially when
the voltage is <0.15 V.

Besides annealing temperature, heteroatom doping (e.g. N, B, O, S, P, etc.)
is an efficient strategy to optimize its electronic structures or introduce more
defects to enhance the Na+ storage performance of hard carbon. Very recently,
Li et al. reported P-doped hard carbon via a pyrolysis process from phosphoric
acid-solidified epoxy resin [25]. To deeply understand the correlation between
groups containing phosphorus element and micro/nanostructure, and sodium
storage properties, the authors prepared highly active functional groups containing
phosphorus element and microstructure (large interlayer distance) at different
annealing temperatures, realizing high capacity and excellent rate capability.
Among various samples, the as-prepared PHC-700 (700 denotes annealing temper-
ature) electrode delivers a high specific capacity (379.3 mAh g−1 at 0.1 A g−1) and it
can also maintain 158.1 mAh g−1 after 6500 cycles even at a high current density
of 5 A g−1. It is worth noting that P–O/P–C bonds transform into P–P bonds with
the increase of annealing temperature, and the electrochemical activity of hard
carbon is enhanced with the reduction of layer spacing. The realized high capacity
is attributed to its enlarged interlayer distance and high electrochemical activity.
It is believed that the annealing temperature has a great influence on optimizing
the group types containing phosphorus element and micro/nanostructure, directly
determining sodium storage performance. This work also offers a new strategy
to engineering highly active hard carbon anode for SIBs. Besides P doping, N or
S or N, S co-doping have also been widely employed as the efficient strategies to
enhance sodium storage performance. On the other hand, engineering defects in
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hard carbon is also an efficient method to promote sodium storage performance.
Ji group recently reported hard carbon with abundant defects by a microwave and
pyrolysis process of cellulose [26]. Only after 6-second treatment of microwave,
its specific capacity improved greatly from 204 to 308 mAh g−1, much higher than
that (274 mAh g−1) with a high temperature treatment of 1100 ∘C. The proposed
microwave approach to prepare hard carbon with energy efficiency can generate
abundant defects and further confirmed by the results of the associated pair
distribution function and neutron total scattering. This work offers a facile and
feasible treatment way to remarkably enhance sodium storage performance of hard
carbon.

7.2.3 Soft Carbon Anode

Compared to graphite, soft carbon shows a relatively disordered graphitic struc-
ture. Similar to hard carbon, soft carbon shows a long sloping region with high
reversibility and a voltage plateau during the first discharge process due to the exces-
sive defects in the carbon matrix, as shown in Figure 7.7a. Moreover, an irreversible
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Figure 7.7 (a) Charge and discharge curves of soft carbon. Source: Jian et al. [27a]/with
permission from American Chemical Society. (b) The in situ XRD patterns with the
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permission from Wiley-VCH. (c) Ex situ HRTEM images of C-900 electrode before and after
sodiation. Source: Luo et al. [28]/with permission from American Chemical Society.
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voltage plateau at about 0.5 V (vs. Na+/Na) can be observed owing to the irreversible
expansion of crystal lattice when the sodium ions intercalate into graphite layers
(Figure 7.7b) [27]. The high potential plateau is related to the local defect structure
stacked with carbon sheets and the high binding energy of sodium ions, which indi-
cates that it is a trapping mechanism [27a]. Compared to hard carbon, soft car-
bon exhibits lower specific capacity and higher working potential, thus leading to
lower energy density. Fortunately, some soft carbon anode delivers good rate capa-
bility, which could become a partial substitute for hard carbon in the high-power
applications.

During the insertion process of sodium ions, electrochemically expandable of the
turbostratic lattice from 3.6 to 4.2 Å in soft carbon was found by Luo et al., as shown
in Figure 7.7c [28]. These expanded lattice shows high reversibility, suggesting its
excellent cycling performance for SIBs. After phosphorus doping, the layer spacing
and defects can be increased and its electrochemical performance is also improved
significantly [29]. The P-doped soft carbon electrode presents a reversible capacity
of 251 mAh g−1, and its specific capacity can also retain 80.1% after 200 cycles. Cao
et al. prepared mesoporous soft carbon from mesophase pitch with the template
of nano-CaCO3, and the path of ion diffusion is shortened, which is benefit to the
penetration of electrolytes [30]. The electrode material can remain a reversible
specific capacity of 103 mAh g−1 at the current density of 500 mA g−1 after long-term
cycles (3000 times). Yao group reported a soft carbon with a microporous structure
and lots of defects by the microwave exfoliation method [27b]. With the edges
synergistically of micropores and defects, kinetics and extra sodium-ion storage
sites are enhanced with capacitance-dominated sodium-ion storage mechanism and
the capacity increases to 232 mAh g−1, which is more than twice as much as before
(103 mAh g−1). Furthermore, soft carbon presents an excellent rate performance at
the current density of 1 A g−1 for SIBs. In this work, sodium ions intercalate into
graphitic layers was observed by in situ XRD analyses.

7.3 Titanium-Based Anode Materials

Ti-based anodes such as Li4Ti5O12 and TiO2 in LIBs have been widely studied, owing
to their unique advantages: (i) stable crystal structure during lithium interaction and
deintercalation processes; (ii) high safety working voltage (1.2–1.7 V vs. Li+/Li); (iii)
better rate capability compared to carbon anode; and (iv) earth-abundant Ti resource
and low cost [31]. Taking Li4Ti5O12 as a case, it possesses a high safety working
voltage of 1.5 V with almost zero structure change during repeated lithiation and
delithiation cycling [32]. To date, it has been successfully commercialized as anode
for LIBs, especially for fast-charging LIBs [33]. Considering the above mentioned
merits and favorable lithium storage properties of Ti-based anode for LIBs, they
have recently got considerable attention and shown attractive sodium storage perfor-
mance for SIBs such as TiO2, Li4Ti5O12, Na2Ti3O7, TiNb2O7, NaTi2(PO4)3, etc. [34]
In this section, the recent development of Ti-based anode materials for application
in SIBs would be summarized and discussed.
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7.3.1 TiO2

TiO2 shows n-type semiconductor properties with a wide bandgap and has been
widely studied in various areas such as semiconductor [35], optical devices [36], pho-
tovoltaic cells [37], photocatalysis [38], solar cell [39], and rechargeable batteries [4a,
40]. TiO2 has been proved as a promising anode with excellent Li+ storage perfor-
mance and a relatively high working voltage (1.5–2.0 V vs. Li+/Li). As for sodium
storage, TiO2 anode shows a relatively low working potential (0–2.0 V vs. Na+/Na),
thus providing a higher energy density for a full cell. To date, various TiO2 includ-
ing rutile, amorphous phase, TiO2-B, and anatase TiO2 have been developed for
sodium storage (Figure 7.8) [41]. It is found that these TiO2 phases show various
redox characteristics and Na+ storage mechanism in comparison with the corres-
ponding properties for LIBs. In this section, various TiO2 would be analyzed and
discussed for sodium storage.

7.3.1.1 Amorphous TiO2

Rajh and coworkers first reported the sodium storage behaviors of amorphous TiO2
[42]. The as-prepared TiO2 presented a tube-like nanostructure grown on the Ti foil,
and the compound material can be used as the anode directly for SIBs. The elec-
trochemical results show that such anode undergoes a gradually increased specific
capacity. As shown in Figure 7.9, it shows a specific capacity of only 75 mAh g−1

in the first cycle and then increases to 150 mAh g−1 after 15 cycles. Based on the
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calculated results, the amorphous TiO2 electrode shows two kinds of Na+ storage
mechanisms with capacitance-limiting mechanism (1.4–0.9 V), diffusion and sur-
face pseudocapacitive mechanism. This finding was also confirmed by Paranthaman
and coworkers [43] The resulting amorphous TiO2 nanotubes deliver the similar
sodium storage behaviors. Such Na+ storage phenomena were probably attributed
to a significant active process during initial charge and discharge cycles.

In recent years, Gerbaldi and coworkers investigated the crystallinity change of
amorphous TiO2 upon different State-of-Charge (SOC) states [44]. The XRD patterns
of TiO2 anode materials after 300 cycles remain unchanged, revealing a superior
stability of amorphous phase. The Na+ storage mechanism is attributed to the com-
bination of pseudocapacitive and solid-solution reaction process.

7.3.1.2 Anatase TiO2

Anatase TiO2 presents a tetragonal body-centered crystal structure (space group:
I41/amd), which is made up of edge-shared TiO6 octahedra (Figure 7.10a) [46]. As
anode for SIBs, sodium ions can intercalate into interstitial sites and de-intercalate
out of the crystal structure reversibly [47]. In addition, the diffusion pathway is
three-dimensional (3D), thus showing favorable ion diffusion kinetics. Compared to
amorphous or rutile TiO2, anatase TiO2 presents a 3D diffusion network structure
stacked by zigzag chains with edge-shared TiO6 octahedra, leading to better Na+
storage capability. Such stacked zigzag structure can generate more diffusion chan-
nels and accommodation sites for sodium ions. In addition, theoretical calculation
also shows the lower energy barrier for Na+ intercalation in the anatase TiO2.

To enhance the sodium storage performance of anatase TiO2, Wu and coworkers
designed and constructed oxygen vacancy-rich anatase TiO2, showing greatly
enhanced sodium intercalation behaviors [45]. First of all, theoretical calculation
was used to analyze the effect of introducing oxygen vacancies (OVs) into anatase
TiO2. The DFT method was employed to optimize the structure of the supercell. As
shown in Figure 7.10b, the electronic energy bandgap of F-TiO2−x was reduced from
1.63 to 1.472 eV, revealing the enhanced electronic conductivity by introducing
oxygen vacancies into bulk TiO2. When the anatase TiO2 with oxygen vacancies and
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bulk counterpart were used as anode for SIBs, the samples with OVs present better
Na+ storage performance. As displayed in Figure 7.10c, the F-TiO2−x electrode
shows a reversible capacity of 122 mAh g−1 (10 C). In contrast, TiO2-ras exhibits only
25 mAh g−1 at 5 C. Moreover, the oxidization potentials of two samples are obviously
different. The overpotential of F-TiO2−x is much smaller than that of TiO2-bulk.
When they were examined at the rate capability tests (Figure 7.10d), it was found
that the F-TiO2− x shows superior sodium storage performance. As displayed in
Figure 7.10e, the sample with OVs delivers a specific capacity of 330 mAh g−1

(0.1 C) and 114 mAh g−1 (10 C), respectively, which are much higher than those
of TiO2-raw electrodes. Moreover, on decreasing the current density to 0.1 C, the
F-TiO2− x presents a specific capacity of 350 mAh g−1, showing superior Na+ storage
reversibility in the sample with OVs. When such electrode was further investigated
as anode for long-term cycling tests (1000 cycles), it shows a high reversible capacity
of 331 mAh g−1, while only 178 mAh g−1 was obtained for TiO2-raw electrode
(Figure 7.10f). These results fully indicate that the introduction of OVs into anatase
TiO2 can efficiently tune electronic structure and greatly improve sodium storage
performance.

7.3.1.3 TiO2-B
TiO2-B was first prepared with an approximate ReO3-type layered structure by an
ion-exchange and calcination process [48]. Layered TiO2-B belongs to the mono-
clinic system with a space group of C2/m, which can be considered to originate
from the ABO3 perovskite structure without A atoms. The shear planes of TiO2-B
consist of TiO6 octahedra, which are arranged along the [010] direction sharing
with edge or corners. Compared to other TiO2 phases, TiO2-B possesses lower tap
density and more abundant channels and is thus the best candidate for Na+ inter-
calation. Dawson and Robertson found that TiO2-B shows highly reversible Na+
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storage capability [49]. However, the electrochemical performance of TiO2-B is still
not satisfactory owing to limited Na+ ion diffusion and poor electronic conductivity.

Many works have been devoted on the investigation of sodium storage mecha-
nism in the TiO2-B. In recent years, Gao group first examined the electrochemical
performance in TiO2-B for Na+ storage. It was found that TiO2-B can well accommo-
date Na+ ions reversibly owing to the large interlayer distance of 0.56 nm (001) [50].
Owing to open tunnel structure, TiO2-B shows a solid solution mechanism. Passerini
et al. indicated that crystalline TiO2-B became fully amorphous upon the first sodia-
tion process [51]. The related XRD characteristics further support such findings that
the XRD patterns during the subsequent sodiation reaction still remain amorphous,
thus confirming the solid solution mechanism.

To enhance electrochemical performance of TiO2-B, Ji group facilitates Na+ stor-
age properties by engineering oxygen vacancies in the TiO2-B, generating blue TiO2
[52]. The DFT calculation was used to reveal the intercalation energies of TiO2-B (C
site) and TiO2-B with oxygen vacancies (O3f), as displayed in Figure 7.11. It was com-
putationally found that TiO2-B with oxygen vacancies possesses lower Na+ interca-
lation energy barriers, revealing that sodium ions have a strong disposition to inter-
calate into TiO2-B with oxygen vacancies (TiO2-B-OVs) in comparison to pristine
TiO2-B. When evaluated as anode for SIBs, TiO2-B with oxygen vacancies exhibits
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a specific capacity of 200 mAh g−1 (0.5 C). Furthermore, it still can maintain a high
specific capacity of 210 mAh g−1 after 500 cycles. Moreover, the rate capabilities of
TiO2-B-OVs and white-TiO2-B were also compared, as displayed in Figure 7.12a. On
increasing the current rate, TiO2-B-OVs show reversible capacities of 204.6, 182.5,
162.9, 150.9, 134.7, 114.9, and 106.8 mAh g−1 at rates of 0.25, 0.5, 1.0, 2.5, 5.0, 10.0,
and 12.5 C, respectively (Figure 7.12b). In contrast, W-TiO2-B underwent capacity
decay to 55.6 mAh g−1 at the current rate of 12.5 C, which is much lower than that at
the current rate of 0.25 C (160.3 mAh g−1). Even at a higher current rate of 15 C, the
TiO2-B-OV sample still can retain a high reversible capacity of 89.8 mAh g−1, dou-
ble higher than that of W-TiO2-B sample. Furthermore, the excellent electrochem-
ical performance of TiO2-B-OV electrode was then verified by long-term cycling
tests at 10 C. It was found that the as-prepared electrode still exhibits a high spe-
cific capacity of 80.9 mAh g−1 after 5000 cycles (capacity retention: 94.4%), as shown
in Figure 7.12c.

7.3.1.4 Rutile TiO2

Rutile TiO2 is seldom employed as anode materials for LIBs owing to lower
electrochemical activity than anatase TiO2. It possesses polycrystal properties with
unique diffusion characteristics of lithium ions. Moreover, it is worth noting that
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the diffusion coefficient (D) along the c-axis (10−6 cm2 s−1) is much higher than
that in the ab plane (10−15 cm2 s−1) [53]. Owing to the high degree of anisotropy,
3D diffusion in TiO2 particles with micro/nanoscale for lithium ions is limited by
dynamics, thus leading to poor electrochemical performance. In this regard, Maier
and Tarascon groups greatly enhanced lithium storage electrochemical activity of
rutile TiO2 by using a nanosized strategy [40d, 54]. However, the sodium storage
study of rutile TiO2 is still seldom reported.

In recent years, the investigation of rutile TiO2 for SIBs has been proposed and
studied. For example, Sakaguchi and coworkers reported that Nb-doped rutile TiO2
has been employed for sodium storage for the first time [55], showing better elec-
trochemical performance than that of anatase counterparts. Figure 7.13a shows the
XRD patterns of Nb-doped rutile TiO2 with different Nb amounts x (x = 0− 0.25)
via sol–gel method. When the amount of Nb is below 0.18, rutile TiO2 with sin-
gle phase can be obtained, while there exists an impurity phase (TiNb2O7) when
x = 0.25. It was accepted that grain-enlarging behaviors of TiO2 can be effectively
suppressed by introducing Nb dopant and the ionic oxygen mobility is also reduced.
As shown in Figure 7.13b, there is no obvious change in c-axis of Ti1−xNbxO2 with
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an increase of Nb dopant. In contrast, the lattice parameter shows a linear increase
with Nb amount up to 0.06, which is mainly attributed to a substitution of Ti sites
by a larger Nb5+(ionic radius: 64 pm) compared to Ti4+ (ionic radius: 60.5 pm). With
further increase of Nb dopant amount, the lattice parameter keeps no change. Thus,
the impurity phase will be produced in the grain boundary due to the existence of
excess Nb amount.

To identify the phase change of TiO2 after Nb doping upon different charge and
discharge states, the authors carried out ex-situ XRD measurements for Nb-doped
TiO2 electrode with different sodiation and desodiation conditions, as shown in
Figure 7.13c. Its diffraction peaks gradually shift to lower angles with the increase
of diffraction intensities during the sodiation process. When discharged to 0.005 V,
the intensity of diffraction peaks became weak. However, the peak intensities of
(101) and (211) planes are retained. On the contrary, the peaks gradually shift to
higher angles during the subsequent desodiation process. Such findings confirm
the reversible Na+ storage of rutile TiO2 during sodiation and desodiation reactions,
although its crystallinity decreases to some extent. It is probably because the par-
tially disordered state of lattice arrangement is caused by sodium-ion intercalation.
However, such partially disordered state shows an irreversible change because the
XRD diffraction peak intensities were well recovered upon desodiation process.
These results demonstrate the structural stability upon repeated Na+ insertion and
extraction reactions.

When evaluated as anode for SIBs, the Nb-doped rutile TiO2 shows better
electrochemical performance than that of anatase counterparts. For a comparison,
Nb-doped rutile and anatase TiO2, pristine rutile and anatase TiO2, and commercial
rutile and anatase TiO2 were prepared and tested as anodes for sodium storage,
as displayed in Figure 7.13d. Commercial anatase TiO2 shows better sodium
storage performance than corresponding rutile phase. After introducing Nb dopant
into TiO2 phase, it was found that rutile TiO2 exhibits better electrochemical
performance than Nb-doped anatase phase with the same Nb doping amount. Such
findings demonstrate that Nb doping is an efficient strategy to improve sodium
storage properties of TiO2 electrode.

7.3.2 Li4Ti5O12

Spinel Li4Ti5O12 (LTO) shows little volume change with a trifling change of lattice
axis (0.2%) during repeated charging/discharging process between Li4Ti5O12 and
Li7Ti5O12, which has been considered as one of the “zero strain materials”. LTO
exhibits a high safety working voltage (1.5 V) [56], efficiently avoiding the formation
of SEI and electrolyte decomposition. Therefore, it can enable fast Li+ transportation
across the electrode/electrolyte interface, leading to superior rate capability. To date,
LTO has been successfully used as high-rate anode for LIBs. Owing to its unique
structural and lithium storage properties, LTO has recently received much attention
for sodium storage and also shows attractive electrochemical performance for SIBs.

Considering the unique advantages of LTO, Chen and coworkers first reported
its sodium storage behaviors of LTO in 2012 and demonstrated reversible Na+
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intercalation and deintercalation reactions with a working voltage of 1.0 V
corresponding to a specific capacity of 145 mAh g−1 [57]. The Na+ storage mech-
anism of LTO for SIBs resembles Li+ storage behavior but different from Li+
intercalation mechanism in LTO. Furthermore, the Na+ diffusion coefficient of LTO
(∼10−16 cm2 s−1) is much lower than that of lithium ions in LTO (∼10−11 cm2 s−1),
revealing a lower Na+ diffusion kinetics in spinel LTO structure. As anode for
sodium storage, LTO shows typical discharge and charge profiles with voltage
plateaus of 0.75 and 1.0 V (vs. Na+/Na), respectively. And, its average working
voltage (0.91 V) for SIBs is much lower (∼0.64 V) than that of LTO for LIBs, which is
exactly beneficial for enhancing its energy density when assembled into a full cell.

The discharge product of LTO could be a mixture of LiNa6Ti5O12 and Li7Ti5O12
after three Na+ insertions, forming Li4Na3Ti5O12 single phase. Hu and coworkers
confirmed the existence of LiNa6Ti5O12 and Li7Ti5O12, and the corresponding mech-
anism can be regarded as a three-phase reaction (V: vacancy, Eq. (7.1)) [58].

2[Li3]8aV16c[Ti3Li]16dO12 + 6Na+ + 6e− ↔ V8a[Li6]16c[Ti5Li]16dO12+

V8a[Na6]16c[Ti5Li]16dO12 (7.1)

During the discharge process (Figure 7.14a), Na+ occupies the vacancy of 16c sites
to form V8a[Na6]16c[Ti5Li]16dO12 phase (Na6Li). In the meanwhile, the ions of Li8a
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are forced to transport to near active sites of Li4 in the Li4Ti5O12 phase to generate
V8a[Li6]16c[Ti5Li]16dO12 phase (Li7), forming the phases of Na6Li and Li7 simultane-
ously. With further Na+ intercalation, Li7 transforms to Na6Li gradually and pushes
the Na6Li/Li7 boundary forward.

Simultaneously, the insertion mechanism of Na+ in SIBs differs from that of Li+ in
LIBs. As for LIBs, a bi-phase reaction occurs with a flat potential plateau (1.55 V) and
efficiently avoids the formation of lithium dendrite. In contrast, sodium storage of
LTO shows a three-phase reaction mechanism proposed by Hu group [58]. Moreover,
the three-phase Na+ storage was further confirmed through DFT calculations, in situ
synchrotron XRD, and STEM. During Na+ insertion in LTO, sodium ions occupy the
16c sites to form Na6Li phase and the instant migration of Li8a into Li4 (Li4Ti5O12) to
form Li7 (Li7Ti5O12) phase. The so-called three-phase mechanism can be presented
by the following Eq. (7.2):

2Li4Ti5O12 + 6Na+ + 6e− ↔ Li7Ti5O12 + Na6Ti5O12 (7.2)

If Na6Li does not form any nucleation, Na+ storage will continuously intercalate
in the boundary between Na6Li and Li7, leading to the phase transition from Li7 to
Na6Li. The formation of Na6Li would incur limited kinetics behavior and electro-
chemical properties for sodium storage because of larger size of Na+ ions and larger
volume change upon the whole Na+ intercalation process.

The proposed three-phase intercalation mechanism for SIBs was then examined
by spherical aberration STEM, and three-phase coexistence area has been identified
during half sodiated process (Figure 7.14c). The sharp boundaries of Li7/Li4 and
Li7/Na6Li without dislocation can be observed, which is in good agreement with
lithiated Li4Ti5O12 (Figure 7.14d,e). Different from Li4Ti5O12 for lithium storage
(two-phase mechanism), the above three-phase intercalation mechanism for sodium
storage was first found in the intercalation-type anode materials.

Despite the existence of three-phase Na+ storage mechanism, LTO still delivers
excellent Na+ intercalation and deintercalation reversibility, which is probably
attributed to the slight change of lattice parameters, thus ensuring the structure
integrity and cycling stability even of the bulk materials. However, sodium storage
of LTO shows lower ion diffusion kinetics and electronic conductivity, thus lim-
iting its practical applications. To addressing these issues, various strategies have
been developed including nanostructure design, surface modifications, structure
modifications, and engineering composites.

To improve sodium storage capacity, many nanostructured LTO including
nanoparticles [59], nanofibers [60], nanorods [61], nanosheets [62], and nanowires
[63] have been developed. Although nanostructure designing can shorten the
transport pathways of electron and ions, the rate capability is still restricted owing
to its sluggish Na+ diffusion coefficient and low electron conductivity. Recently,
doping and surface coating are proposed to realize the enhanced sodium storage
performance including Cu doping [64], lanthanide doping [65], Na doping [66], and
B-doped carbon coating [67]. For example, Yu et al. constructed LTO@C nanocom-
posite by embedding LTO nanoparticles inside carbon nanofibers (CNFs) by
electrospinning [68]. When evaluated as anode for SIBs, the resulting LTO@CNFs
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show a reversible capacity of 133 mAh g−1 at 0.5 C and remain a specific capacity
of 163 mAh g−1 after 100 cycles at 0.2 C. Sun group prepared boron-doped carbon
coating micro-size LTO by a facile wet-chemical method [67]. It was found that the
introduction of boron dopant into carbon can efficiently enhance electron transport.
Three different boron species (BC3, BC2O, and BCO2) were used for coating LTO.
Such heteroatoms can deliver extrinsic defects in the carbon layers, thus leading
to enhanced Na+ diffusion kinetics. To identify the uniform distributions of the
carbon layers, TEM and electron energy loss spectroscopy (EELS) were carried out,
as shown in Figure 7.15a–c. The uniform carbon layer with 2 nm in thickness was
observed in the HRTEM image. The so-formed carbon layers enhance electron con-
ductivity and are also favorable for speeding up ion ionic transport by shortening the
pathway from carbon layer to active components. In addition, the presence of carbon
protection layer can efficiently prevent LTO corrosion from the electrolyte during
repeated cycling. As displayed in Figure 7.15d–f, boron and carbon are distributed
uniformly on the surface of LTO (BC-LTO), revealing the complete and uniform
protection of boron-doped carbon materials. When evaluated as anode for SIBs,
the BC-LTO exhibits higher specific capacity than that of P-LTO (pristine LTO) and
C-LTO (C coated LTO), as shown in Figure 7.15g. In addition, BC-LTO also delivers
better rate capability and cycling stability (Figure 7.15h,i). Such findings confirm
that B-doped carbon coated LTO not only increases electronic conductivity but also
offers an efficient protection layer from electrode corrosion in the electrolyte.

Considering the great potential of LTO as anode for SIBs, it has been used as
anode by assembling full cell (cathode materials: Na3V2(PO4)3) [69]. It delivers an
initial discharge capacity of 138.5 mAh g−1 with an average potential of 2.3 V. After
50 cycles, it also retains a reversible specific capacity of 114.7 mAh g−1 with a capac-
ity retention of 82.8%. Furthermore, the related energy density can also be calculated
around 165 Wh kg−1 with the total weight of cathode and anode. Such findings con-
firm that LTO would be very promising as anode materials for SIBs in the future.

7.3.3 Na2Ti3O7

Na2Ti3O7 is promising as anode material for SIBs owing to its low intercalation
voltage (∼0.3 V) and suitable specific capacity (theoretical capacity: 177 mAh g−1),
which is favorable to increase the full cell energy density [70]. As shown in
Figure 7.16a, Na2Ti3O7 possesses layered crystal structure consisted of TiO6 octahe-
dra with shared edges and simultaneously shared corners, leading to a formation of
(Ti3O7)2− layers. In general, two Na+ can be intercalated into Na2Ti3O7 framework
to generate Na4Ti3O7 phase based on the following Eq. (7.3):

Na2Ti3O7 + 2Na+ + 2e− ↔ Na4Ti3O7 (7.3)

The reversible phase transformation between Na2Ti3O7 and Na4Ti3O7 was clearly
observed in the Na+ intercalation and deintercalation processes with a plateau
potential at ∼0.3 V, as displayed in Figure 7.16b. Such sodium storage is also
confirmed by in situ XRD characteristics. The two-phase transformation between
Na2Ti3O7 and Na4Ti3O7 is highly reversible. Moreover, DFT theoretical calculation
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Figure 7.16 (a) Schematic diagram of layered structure of Na2Ti3O7 viewed along the
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diffusion coefficients in Na2Ti3O7 along different paths. Source: Pan et al. [70b]. Reproduced
with permission, 2013, Wiley-VCH.

also demonstrates that the Na4Ti3O7 phase is dynamically and mechanically stable,
which is very beneficial for long-term cycling stability of Na2Ti3O7 for SIBs. Based
on the previous report, two Na+ ions could insert into Na2Ti3O7 at different sites
including Na1 and Na2 (Figure 7.16c). It has been further confirmed the lower
formation energies of vacancies (Na1: 3.03 eV; Na2: 3.0 eV) in Na2Ti3O7 than those
in other oxides such as SrTiO3 (6 eV) and LaMnO3 (4 eV). Meanwhile, Na+ ion
transport behaviors are also a key. Na+ ion can transfer through the vacancies
(Na1/Na2) in Na2Ti3O7 between TiO6 octahedron layers, forming a quasi-3D
diffusion mechanism of sodium ions (Figure 7.16d).

When Na2Ti3O7 was employed as anode for sodium storage, there are still some
issues to be addressed such as electrode/electrolyte side reactions, low electronic
conductivity, and sluggish Na+ diffusion kinetics. For example, Na2Ti3O7 anode usu-
ally suffers from the formation of unstable SEI layer. The SEI layer in the interface
of Na2Ti3O7/electrolyte consists of chemisorbed oxygen, alkyl carbonates and PEO,
NaF, and NaCl. In contrast to the SEI layer in LIBs, the SEI layer in the Na2Ti3O7
is thinner and exhibits more inorganic components. Some SEI components are
partially soluble, thus leading to repeated formation of SEI in the subsequent cycles.
The instability of SEI layer directly results in electrolyte degradation and capacity
decaying, as well as low Coulombic efficiency. Hence, guaranteeing the interface sta-
bility between Na2Ti3O7 and electrolyte is very crucial. On the other hand, enabling
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intrinsic and external electron transfer capability of Na2Ti3O7 is also a key for
enhancing sodium storage performance. In this regard, various strategies have been
developed and used for realizing high-performance Na2Ti3O7 anode for SIBs.

7.3.3.1 Surface Modifications
Carbon coating is always an efficient strategy to enhance electronic conductivity
and the interface stability for electrode materials in the field of batteries. Wang
group reported a simple approach to engineering carbon-coated Na2Ti3O7 and
demonstrated its superior sodium storage properties [71]. As shown in Figure 7.17a,
the authors successfully prepared carbon-coated Na2Ti3O7 by a two-step method.
Compared to pristine Na2Ti3O7, Na2Ti3O7/C exhibits a lower XRD intensity mainly
owing to the existence of carbon. The resulting Na2Ti3O7/C composite is spherical
and relatively uniform. The so-formed carbon protection layers not only guarantee
electron transfer between active component and carbon but also facilitate rapid
electron transport between each individual particle, thus leading to enhanced Na+
storage properties. The Na2Ti3O7/C nanocomposites exhibit a specific capacity of
72 mAh g−1, around twice higher than that of pristine Na2Ti3O7 (Figure 7.17b).
When it was evaluated for rate capability tests, the obtained Na2Ti3O7/C composites
also deliver a higher specific capacity and better rate capability. Such findings
confirm that the introduction of carbon can efficiently improve sodium storage
properties of Na2Ti3O7.

7.3.3.2 Micro-Nano Structure Design
Engineering micro-/nanostructure is an efficient approach to not only realize
highly efficient electron/ion transport efficiency but also guarantee high struc-
ture stability for repeating Na+ insertion and extraction processes. Ding and
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coworkers designed and constructed Na2Ti3O7 nanosheets based on 3D
architectures assembled from ultrathin Na2Ti3O7 nanosheets on the red blood
cell-like hollow carbon spheres [72]. Figure 7.18a illustrates the synthesis process
of Na2Ti3O7 nanosheets@RHCS, and the corresponding SEM, TEM, and HRTEM
images are shown in Figure 7.18b–d. The Na2Ti3O7 nanosheets are well anchored
on the surface of RH-PS via the hydrothermal reaction. Subsequently, the obtained
precursors were further annealed at high temperature, thus generating highly
crystalline Na2Ti3O7 with carbon scaffolds. The unique 3D nanoarchitectures show
superior sodium storage performance (specific capacity: 110.5 mAh g−1 at 5 C). In
general, pure Na2Ti3O7 suffers from poor rate capability owing to inferior elec-
tronic conductivity. In this work, the unique 3D micro-/nanohybrids show better
performance than Na2Ti3O7@HCS and pure Na2Ti3O7 at various current rates. As
shown in Figure 7.18h, NaTi3O7@RHCS nanocomposites exhibit a high reversible
capacity of 175.5 mAh g−1 (1 C). Even at a high current density of 50 C, such 3D
composites still can retain a specific capacity of 45.7 mAh g−1, much higher than
those of Na2Ti3O7@HCS and pure counterpart. In addition, the Na2Ti3O7@RHCS
can retain reversible capacities of 110.5 mAh g−1 (5 C) and 70.6 mAh g−1 (20 C) after
1000 cycles, respectively, as shown in Figure 7.18j. Such findings fully confirm that
the unique red blood cell-like hollow carbon hybrid structure not only can facilitate
rapid transport of electrons/ions but also can guarantee the whole structural stabil-
ity upon Na+ insertion and extraction. This is probably attributed to the following
factors: (i) the unique hollow micro-/nanocomposites provide a higher compacted
density, shorter electron and ion transport pathways, and sufficient active sties
for sodium storage; (ii) the as-prepared carbon nanostructures not only facilitate
rapid electron transfer capability but also ensure the entire structure stability;
(iii) ultrathin Na2Ti3O7 nanosheets are beneficial for rapid transport and electrolyte
penetration and are also capable to well accommodate the structural strain caused
by repeated Na+ insertion and extraction, especially at a high current rate.

7.3.3.3 Self-Supported Electrode Design
In recent years, the self-supported electrode directly grown on conductive sub-
strates or forming free-standing films has attracted more and more attentions for
rechargeable batteries, supercapacitors, and fuel cell owing to their merits such as
lightweight, bendable, rugged, portable, and potentially foldable [73]. Importantly,
self-supported electrode design can allow higher energy density and power density
without necessity to use binder and conductive agent. As for Na2Ti3O7, Yang
group reported a freestanding vertically aligned Na2Ti3O7 nanofiber arrays/flexible
carbon matrix@N-doped graphene quantum dots (QDs) coating as a binder-free
electrode directly for SIBs by a hydrothermal treatment and subsequent calcination
treatment (Figure 7.19a) [74]. Each nanofiber array is composed of ultrathin
nanosheets (length: 1–2 mm; thickness: <10 nm). Subsequently, the obtained
Na2Ti3O7 nanofiber was coated by N-doped graphene QDs. Such uniformly
N-doped graphene QD coating can remarkably enhance electronic conductivity
and offer adequate active sites for sodium ions accommodation between a large
number of graphene nanoflakes. Moreover, such electrode can be used directly with
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no necessity to use binder and conductive agent. When evaluated as sodium storage
anode, the as-prepared self-supported electrode exhibits excellent electrochemical
performance. High reversible capacities of 164 mAh g−1 (4 C) and 58 mAh g−1

(64 C) were obtained, respectively. Moreover, such electrode delivers an ultra-stable
cycling performance with capacity loss (∼0.0075%) per cycle over 4000 cycles.
Finally, they also demonstrated the full cell performance (cathode: Na3V2(PO4)3),
as shown in Figure 7.19b, and it presented high flexibility, good rate capability, and
excellent cyclic stability. The potential plateau of full cells is around 2.9 V.

Figure 7.19c,d shows the charge/discharge curves of the full cell with two voltage
plateaus at around 2.9 V, revealing a two-step Na+ intercalation/deintercalation
mechanism. Compared to reported full cell, the developed nitrogen-doped graphene
quantum dots (NGQDs)-doped Na2Ti3O7//Na3V2(PO4)3 flexible full batteries show
a higher energy density (273.5 Wh kg−1) and power density (5.09 KW kg−1). Xia and
coworkers prepared ultra-long Na2Ti3O7 nanowires@carbon cloth as anode for
SIBs [75]. These nanowires of Na2Ti3O7 distribute on the carbon matrix uniformly,
thus generating one dimensional (1D)@3D porous micro-/nanostructure. The
resulting pores can facilitate rapid electrolyte penetration, and sufficient contact
between active nanowires and electrolyte, thus leading to shortened ion and
electron transport pathways. This is very beneficial to sodium storage, especially
for high-rate sodium insertion and extraction processes. These results confirm that
the self-supported electrode design of Na2Ti3O7 not only ensures rapid transport of
electrons and ions but also reduces the use of non-electrochemically active mate-
rials, thus enabling higher power density and higher energy density. In addition,
such design also shows a great potential for high-performance flexible electronic
devices in the future.

7.3.3.4 Anion Doping
Although the previously carbon coating strategy can efficiently enhance rate
capability of Na2Ti3O7, it just can ensure rapid electron transfer ability on the
surface of active materials, while intrinsic electron conductivity of Na2Ti3O7 is still
not substantially enhanced. Owing to the semiconductive nature of Na2Ti3O7 with
a large bandgap (3.7 eV) [76], it is highly desirable for enhancing intrinsic charge
transfer capability for SIB applications. Dou and coworkers designed and con-
structed S-doped Na2Ti3O7 hollow microspheres for tuning and increasing intrinsic
electron conductivity of Na2Ti3O7 [77], since sulfurization is capable to narrow
the bandgap and improve electronic conductivity of Na2Ti3O7 (Figure 7.20a–d).
Compared to pristine Na2Ti3O7 (NTO, bandgap: 3.7 eV) and calcinated Na2Ti3O7
(bandgap of C-NTO: 3.49 eV), S-doped NTO exhibits lower bandgap (2.12 eV). The
deduction of the bandgap is mainly attributed to the substation of sulfur atoms into
lattice of Na2Ti3O7 which can lower the electron transition energy from valence
band to conduction band and consequently induce a shift in the absorption to
lower energy. To identify the effect of sulfur into Na2Ti3O7, ultraviolet–visible
(UV–vis) diffuse reflectance spectra measurement was carried out, as displayed
in Figure 7.20e,f. In contrast to NTO, the absorption edges of C-NTO and S-NTO
show a shift toward higher wavelength. The trailing absorption of S-NTO shifts

mailto:1D)@3Dporousmicro-/nanostructure.Theresultingporescanfacilitaterapidelectrolytepenetration
mailto:1D)@3Dporousmicro-/nanostructure.Theresultingporescanfacilitaterapidelectrolytepenetration
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to 320–480 nm (Figure 7.20e). In addition, NTO and C-NTO show white and light
grey, while S-NTO exhibits yellow (Figure 7.20f). When used as anode material for
SIBs, the proposed S-doped S-NTO electrode presents good rate capability and cycle
stability, as shown in Figure 7.20g,h. Such findings reveal that sulfur doping could
be an efficient strategy to develop advanced anode materials for SIBs.

Besides sulfur doping, phosphorus doping is also an efficient approach to enhance
electron transport capability and electrochemical properties. Li and coworkers
prepared P-doped NTO by introducing phosphorus into NTO for tuning the surface
electron configuration of NTO [78]. P-doped NTO was designed and prepared in
the Ti substrate by a low-temperature phosphorous strategy using NaH2PO2 as
phosphorous source. The introduction of phosphorous can induce the formation
of vacancies to improve the electronic conductivity and enhanced sodium storage
kinetics. P-doped 3D Na2Ti3O7 nanowire arrays exhibit a high reversible capacity of
290 mAh g−1, superior rate performance (50 mAh g−1 at 20 C), and ultrastable cycle
stability (capacity retention: 98% after 3100 cycles). The excellent sodium storage
capability is probably due to the synergistic functions of phosphorus doping and
nanostructure design. Among them, the introduction of phosphorous can induce
the formation of surface vacancies and offer much more active sites and remarkably
enhance electron conductivity of Na2Ti3O7, which can enable NTO better rate
capability. On the other hand, the construction of Na2Ti3O7 nanowire array is
beneficial to improve electron and ion rapid transport.
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7.3.3.5 Cation Doping
Besides anion doping modifications, cation doping into Na2Ti3O7 is also an attractive
strategy to enhance Na+ storage performance of Na2Ti3O7. Chen et al. synthesized
Nb-doped Na2Ti3O7 via sol–gel process and demonstrated better Na+ storage capa-
bility [79]. By introducing Nb element into cation on Ti sites, the trace Ti4+ ion was
transformed into Ti3+ owing to the charge compensation and Ti4+ ions still retain
the original state, leading to Na-deficient Na2−xTi2.97Nb0.03O7. Meanwhile, the elec-
tron density and electronic conductivity were also enhanced. Owing to Nb doping,
the unit cell is slightly expanded owing to the increased ionic radius of Nb5+ (0.64 Å)
and Ti3+ (0.67 Å) in contrast to Ti4+ (0.60 Å). When employed as anode for SIBs, the
Nb-doped NTO shows better sodium storage performance than pristine NTO. Du
group reported lanthanide-doped Na2Ti3O7 for enhancing sodium storage proper-
ties of SIBs [80]. As shown in Figure 7.21a, various lanthanide elements including
La, Ce, Nd, Sm, Gd, Er, and Yb have been investigated and evaluated as anode for
SIBs. Based on the first-principles calculations, the electronic conductivity of NTO
changes by introducing Yb dopant. As shown in Figure 7.21b,c, the pristine NTO
shows a direct bandgap of 3.07 eV, while Yb-doped NTO delivers a lower bandgap
(0.58 eV), revealing that the polar migration energy barrier along the constrained
pathway is remarkably reduced, thus resulting in an increased electronic conductiv-
ity of Yb-NTO. The introduction of lanthanide element into NTO usually induces a
slight lattice distortion and thus leads to the formation of oxygen vacancies, which
can significantly enhance donor density and electronic conductivity of NTO and
facilitate rapid electron transport, leading to superior rate performance and cycling
stability. All of lanthanide-doped NTO samples exhibit better sodium storage per-
formance in Figure 7.21d,e, especially for Yb-doped NTO. After 1600 cycles at 5 C,
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Yb-doped NTO still delivers a specific capacity of 71.6 mAh g−1, almost twice that
of pristine NTO. The as-prepared samples are micro-sized by a solid-state method
without any complicated synthesis, hence showing a great potential for practical
application in the future. Such findings are probably attributed to a slight lattice dis-
tortion and oxygen vacancies caused by introducing lanthanide dopants. This work
also shows a facial and feasible strategy to realize high-performance Na2Ti3O7 anode
for SIBs.

7.3.4 NaTi2(PO4)3

7.3.4.1 Structure and Properties of NaTi2(PO4)3

The crystal structure of NaTi2(PO4)3 is rhombohedron with space group of R-3c (167)
composed of TiO6 octahedrons and PO4 tetrahedrons (Figure 7.22) [82]. The cell
parameters are as follows: a = 8.4913 Å, b = 8.4913 Å, c = 21.7858 Å [83]. In this crys-
tal, three PO4 tetrahedrons separate two TiO6 octahedrons and the skeleton unit of
[Ti2(PO4)3]− is constructed along with the c-axis through the oxygen atoms sharing
the vertex angle. There are two types of gap positions in the skeleton of [Ti2(PO4)3]−:
M1 is located at the intersection of three conduction channels in the environment of
elongated octahedral oxygen; and M2 is located at each inflection point of the con-
duction channel in the environment of three eight coordination sites, which is close
to M1. It has an open 3D frame structure, which can be used as a fast transmission
channel for Na+ [34f, 81]. Furthermore, the crystal structure can keep stable even
at high charge state owing to its short sodium ion conduction path and strong P—O
bond [81d].

The volume expansion of NaTi2(PO4)3 is only 7% after the insertion of sodium
ions with the voltage platform of 2.1 V, which is belonging to “zero strain” material
and shows high safety [83, 84]. As shown in Eq. (7.4), two phases convert to each
other between NaTi2(PO4)3 and Na3Ti2(PO4)3 with the insertion and desorption
of two moles of sodium ions during the charging/discharging processes, causing a
high theoretical capacity of 132.8 mAh g−1 [81b, 84]. During the discharging process,
Na+ ions are inserted into NaTi2(PO4)3 crystal with the reduction of Ti3+ from Ti4+

Ion

conduction

channel

x
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y

y

TiO6

PO4
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Na

Figure 7.22 Structure diagram of NaTi2(PO4)3. Source: Li et al. [81b]. Reproduced with
permission, 2017, Elsevier.
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and electrons reach the positive electrode through the external circuit. The charging
process is the reverse of this process.

NaTi2(PO4)3 + 2Na+ + 2e− ↔ Na3Ti2(PO4)3 (7.4)

7.3.4.2 Modification Strategies of NaTi2(PO4)3

Even if NaTi2(PO4)3 shows many advantages used as anode materials for SIBs, but
there are still great challenges in the practical application of large-scale energy
storage. On account of the redox reaction between Ti3+ and Ti4+, the electrons
need to be transferred through the transmission channel of Ti–O–P–O–Ti owing
to the separation of TiO6 in the 3D frame structure. The insulation of phosphate
results in the poor conductivity of NaTi2(PO4)3, and it cannot provide enough
charge transfer power between active particles, which affects its rate capability
and cycle stability [85]. Meanwhile, sodium ions show high resistance during
intercalation/deintercalation processes into the crystal lattice of NaTi2(PO4)3 due
to its large radius, leading to poor reversibility and large initial irreversible capacity
loss [86]. In addition, it is difficult to prepare small size NaTi2(PO4)3 due to its
large molecular configuration, which is not conducive to the rapid diffusion of
sodium ions.

The ideal NaTi2(PO4)3 electrode material should offer a short transport distance
of ions and electron, and stable material structure in high rate and long cycle is also
needed. So far, three methods have been reported to solve these problems: (i) design
of micro-nanostructure, which can shorten the transmission distance of ions and
electrons and prevent particle agglomeration, facilitating to increase the contact area
between NaTi2(PO4)3 and electrolyte; (ii) combined with good conductive materials
to construct an effective conductive network, and electrons can transferred between
active materials and conductive materials quickly (such as carbon), so as to increase
the surface conductivity of NaTi2(PO4)3; and (iii) doping with other ions can increase
the electronic conductivity and structural stability, and the carrier concentration and
Hall mobility of NaTi2(PO4)3 can also be improved, thus improving the sodium stor-
age performance.

7.3.4.2.1 Micro-nanostructure Design Wei et al. reported a porous NaTi2(PO4)3/
CNFs composite materials prepared by the electrospinning method (Figure 7.23a)
[85a]. The presence of carbon nanofibers provides 1D continuous conductive
element, and the 1D nanofibers interweave into a conductive network, causing the
high electronic conductivity of composite materials. Furthermore, the structural
stability can also be improved owing to the existence of NaTi2(PO4)3 nanoparticles
inside of carbon nanofibers. The porous NaTi2(PO4)3/CNFs electrode presents a
high specific capacity (120 mAh g−1) for SIBs, and it shows good cycling stability
after 700 cycles at 2 C (capacity retention: 93%). Xu et al. fabricated the hierar-
chical NaTi2(PO4)3/C mesoporous microflowers via solvothermal and annealing
treatment (Figure 7.23b) [87]. The unique mesoporous microflowers exhibit good
structure stability with high charge transfer kinetics and low polarization. The
hierarchical NaTi2(PO4)3/C mesoporous microflowers exhibit an initial capacity
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of 125 mAh g−1 for SIBs, and present excellent cycle stability after 10,000 cycles
at 20 C (capacity retention: 77.3%). Even at a high current rate of 100 C, it can
also deliver a reversible capacity of 95 mAh g−1. Zhang et al. fabricated a novel
binder-free NaTi2(PO4)3-based electrodes by solvothermal treatment (Figure 7.23c)
[88]. The electrode material is used to assemble a high-voltage coaxial-fiber aqueous
rechargeable SIBs, and it presents a high specific capacity (37.84 mAh cm−3) and
energy density (57.66 mWh cm−3) owing to the advantages of the unique coaxial
architecture and the synergy of novel electrode materials. Fang group synthesized
a 3D graphene-decorated NaTi2(PO4)3 via spray-drying method (Figure 7.23d)
[85b]. The graphene-coated nanosized particles present a 3D network to provide
high electronic conductivity and accommodate the structural changes for sodium
storage. This electrode material delivers a high reversible capacity of 130 mAh g−1,
and it also can deliver a capacity of 38 mAh g−1 even at an ultra-high current density
of 200 C. Furthermore, it can exhibit excellent cycle stability (capacity retention:
77%) with a long cycling test (1000 times).

7.3.4.2.2 Surface Modifications Yan group synthesized NaTi2(PO4)3@polypyrrole
(PPy) via sol–gel method and self-assembly procedure (Figure 7.24a) [85c]. The PPy
coated on NaTi2(PO4)3 particles not only increases its electronic conductivity but
also provides strong physical protection to avoid effective components falling off the
current conductor. The NaTi2(PO4)3@PPy composite presents a specific capacity of
95.9 mAh g−1 (20 C) after 400 cycles. Wang group fabricated NaTi2(PO4)3 embedded
mesoporous carbon nanoparticles via sol–gel method (Figure 7.24b) [89]. The
electrode material exhibits a low working voltage for half cells and presents a high
capacity of 208 mAh g−1. Besides, the anode exhibits an excellent cycle stability over
10 000 cycles at 4 A g−1 (capacity retention: 68%). Yang et al. in situ synthesized
NaTi2(PO4)3/C nanocomposites (20–40 nm) via a facile solvothermal method [34b].
The nanoparticles can improve the availability of active material and present an
excellent rate performance (specific capacity: 66 mAh g−1 at 50 C).

7.3.4.2.3 Doping Wei group synthesized F-doped Na1− 2xTi2(PO4)3− xFx nanopar-
ticles/3D carbon by sol–gel method (Figure 7.25a) [90]. In this work, fluorine
atoms are successfully doped into the NaTi2(PO4)3 crystal and the NaTi2(PO4)3
structure is stabilized with improved electronic/ionic conductivity. Furthermore,
Na+ diffusion kinetics is also improved after fluorine doping significantly, resulting
in excellent rate performance. Even at 30 C, it still can deliver a reversible capacity
of 62.5 mAh g−1. Furthermore, it presents a high capacity retention of 70% after 1000
cycles at 10 C. Xu et al. successfully introduced Gd3+ in mesoporous NaTi2(PO4)3
nanocrystals to substitute Ti atoms to tailor the texture and conductivity simulta-
neously (Figure 7.25b) [91]. The optimized porous structure can enhance intrinsic
electron conductivity, and the Gd3+-doped mesoporous NaTi2(PO4)3 nanocrystals
show better Na ion mobility. The mesoporous NaTi2(PO4)3 nanocrystals with 5%
Gd3+ present a high initial Coulombic efficiency of 97% and capacity retention over
75% at 5 C after 2000 cycles. In full cells, a stable capacity is maintained after 30 000
cycles without obvious degradation at 5 A g−1. Voronina group studied the effect of
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Nb5+ substitution in the NaTi2(PO4)3 nanocrystals (Figure 7.25c) [92]. Nb5+ substi-
tution can reduce about one-half of the band gap energy to 1.4 eV, and the electrical
conductivity of NaNb0.05Ti1.95(PO4)3 can be enhanced by the carbonization of pitch
carbon on the surface. For electrode materials, two redox reactions are related to the
Ti4+/3+ and Ti3+/2+ couple. In a symmetric cell, it presents a high specific capacity
of 105 mAh g−1 after 100 cycles (capacity retention: 83%).

7.3.5 TiNb2O7

7.3.5.1 Structure and Properties of TiNb2O7

TiNb2O7 belongs to monoclinic system with a space group of C2/m derived from per-
ovskite structure [93]. Ti and Nb ions are distributed in the form of octahedra, which
are linked by corner or edge, as shown in Figure 7.26. These octahedra arrange into
layer structures (A–B–A) along b-axis direction [94]. The wide 2D space in the crystal
structure of TiNb2O7 ensures high diffusion rate of sodium ions. TiNb2O7 presents
a theoretical capacity of 387.6 mAh g−1 owing to a reaction with five electrons trans-
fer (Ti4+/Ti3+, Nb5+/Nb4+, and Nb4+/Nb3+) during the cycle process [34h]. Notably,
the crystal structure of TiNb2O7 shows slight volume change for sodium-ion inter-
calation reaction, suggesting the excellent electrochemical performance of anode
materials for SIBs [94, 95].

7.3.5.2 Modification Strategies of TiNb2O7

Despite TiNb2O7 has great potential for sodium storage, it also suffers from the
drawbacks of poor transmission capability of electrons and ions [4c]. So far, there are
a few reports about TiNb2O7 as anode materials for sodium storage, and some strate-
gies to improve its electric conductivity have been explored to enhance the sodium
storage performance, such as composite with carbon materials [34h, 96]. Li et al.
synthesized layered TiNb2O7/graphene composite via a freeze drying and calcina-
tion process (Figure 7.27a) [34h]. The TiNb2O7 nanoparticles are embedded into the
interlayer of graphene, and the graphene sheets can improve its electric conductivity.
The electrode material exhibits a reversible capacity of 340.2 mAh g−1, and a stable
capacity of 200 mAh g−1 can also be obtained at 200 mA g−1. Huang group reported
a method to improve electrochemical performance of TiNb2O7 for SIBs anode by
ball-milled method (Figure 7.27b) [4c]. The ball-milled TiNb2O7 provides a specific
capacity of 180 mAh g−1 at 15 mA g−1, and it presents a high capacity retention

Sodiation DesodiationTNO

BM-TNO

Na

+

Figure 7.26 Structure diagram of TiNb2O7. Source: Huang et al. [4c]. Reproduced with
permission, 2017, American Chemical Society.
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of 95% after 500 cycles at 500 mA g−1. Shang et al. fabricated TiNb2O7/carbon
nanotubes composite by ultrasonic dispersion and solvothermal method
(Figure 7.27c) [96]. The electrode material presents a high specific capacity of
261.1 mAh g−1 after 200 cycles. After 1000 cycles, it still can retain a specific
capacity of 110 mAh g−1 at 500 mA g−1.

7.4 Concluding Remarks

In summary, the understanding of intercalation-type anode materials operating
in the Na system is still in its infancy, and challenges remain in large-scale and
high-power applications. Among the above-mentioned types of intercalation-type
materials used as anode of SIBs, carbon-based materials are the cornerstone for the
commercialization of SIBs. In addition, the presence of Ti3+/Ti4+ redox pairs in the
titanium-based materials makes them possible to avoid dangerous sodium plating
in SIBs with redox potentials typically between 0.5 and 1.0 V, ensuring high safety
in large-scale operation. And the low lattice strain of titanium-based compounds
greatly facilitates the long-term cycling for SIBs.

Intercalation-type anode materials, however, suffer from sluggish Na+ diffusion
kinetics, and rate capability, which inhibit their further commercial application. Var-
ious improvement strategies are discussed in this chapter: the design of micro-nano
structures can shorten the ion and electron transport distances; followed by doping
strategies to introduce defects or improve the electronic conductivity; and surface
modification provides strong physical protection against active ingredient shedding.
Therefore, these effective strategies can significantly improve the performance of
sodium storage of intercalation-type anode materials.

Although great progress has been made in the application of intercalation-type
anode in SIBs, there are still many challenges to overcome. The improvement of
intercalation-type anode materials and future development focus can be expanded
from the following directions: (i) control the microstructure of the material at the
molecular level that is more suitable for the rapid (de)intercalation of Na+; (ii) inves-
tigation of the structure-property relationship of the electrodes by combining theo-
retical calculations and advanced in-situ characterization techniques; (iii) improv-
ing the electronic and ionic conductivity of the host material; and (iv) optimization
of other components of the battery (e.g., electrolyte and separator) to improve its
compatibility and stability.
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8

Phosphorus/Phosphide Anodes for Sodium–Ion Batteries
on Alloy and Conversion Reactions

8.1 Introduction

Compared with insertion-type anodes, some materials are capable of storing more
Na+ through alloy or conversion reactions and thus deliver two or three times higher
theoretical capacity, showing more competitive in high-energy storage. For example,
phosphorus material processes the highest theoretical capacity (2596 mAh g−1)
for Na-storage among all kinds of anode materials based on the alloy reaction
mechanism, making it an ideal candidate for practical application of high-energy
sodium–ion batteries (SIBs). In addition, the metal phosphide materials display
high theoretical capacities based on the multiple electrons transfer behaviors via
alloy reaction, which are much higher than that of insertion-type carbonaceous
anodes for SIBs.

Owing to the high theoretical capacities, anode materials for SIBs based on
alloy and conversion reaction have gained growing research interests and achieved
significant progress. Nevertheless, further improvements on long-term cycling
stability of these alloy- and conversion-type anode materials are still required for
successful commercialization. The undesired cyclability can be ascribed to the
following three main reasons. Firstly, the huge volume expansion during sodia-
tion/desodiation process due to the larger ionic radius of Na+ than that of Li+ leads
to severe problems in suppressing the mechanical stress generated within the whole
electrode. Notably, the great volume expansion effect results in the pulverization of
active particles, which has two main negative impacts on cycling performance. On
the one hand, it causes the exfoliation of active particles from the current collector
and thereby the loss of electrical contact. On the other hand, it makes the fresh
surface of active materials exposed to the liquid electrolyte all the time, which is
accompanied by continuous formation of solid electrolyte interphase (SEI) film
on the solid–liquid interface. The unstable SEI film dramatically blocks the charge
transfer on the solid/liquid interface and results in the quick capacity loss during
cycling. Secondly, the low Coulombic efficiency induced by the unstable SEI film
presents another significant challenge for anode materials based on alloy reaction
and conversion reaction for SIBs. Thirdly, the sluggish redox reaction kinetics due
to the inferior electronic conductivity of some alloy- and conversion-type anode

Sodium-Ion Batteries: Energy Storage Materials and Technologies, First Edition. Yan Yu.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.



246 8 Phosphorus/Phosphide Anodes for Sodium–Ion Batteries on Alloy and Conversion Reactions

materials usually lead to unsatisfied rate performance and low power density, thus
dramatically restricting their further applications for SIBs.

To date, numerous efforts have been devoted to solving these intrinsic issues
faced by alloy/conversion-type anode materials for SIBs and overwhelming progress
has been achieved. The proposed strategies toward enhancing the sodium-storage
performance of these materials for SIBs mainly focus on the structural design of
nanostructures and nanoarchitectures of electrode materials, compositing con-
ductive compound host/matrix (e.g. carbon nanotubes, graphene), and developing
innovative electrode configuration, all of which could effectively boost the electrode
reaction kinetics and the cycling stability.

8.2 Phosphorus Anodes

8.2.1 Phosphorus Allotropes

Phosphorus is a high reserve-abundant element from pnictogens (symbol P, atomic
number 15, period 3) in the period table of elements. Phosphorus prefers to lose
the outer electrons leading to high reactivity, therefore the straightforward access of
free P element from the natural Earth is significantly hard. With few exceptions, it
exists in the maximally oxidized state in minerals containing phosphorus as inor-
ganic phosphate rocks, Ca3(PO4)2, for example.

Phosphorus can take several forms that exhibit strikingly diverse properties,
which fall into four allotropes: white, red, black, and violet, as shown in Figure 8.1.
In the point of structural dimension view, phosphorus can be classified into: low
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dimensional molecular structures (0D, white phosphorus, abbreviated as WP),
the polymeric structures (1D, red phosphorus, abbreviated as RD), the layered
(2D, black phosphorus, abbreviated as BP), and tubular structures (2D and 3D,
crystalline forms of RD and violet phosphorus, abbreviated as VP).

From the perspective of chemical literatures and applications, WP is the most com-
mon and important form, which was firstly discovered by Henning Brand in 1669.
WP crystal structure is composed of tetrahedral P4 molecules bonded with P—P sin-
gle bond. This structure could be well maintained in liquid state or gaseous state
until the temperature reaches 800 ∘C, when it starts thermolysis into diphosphorus,
P2. So far, three different modifications (α-, β-, and γ-P4) of WP have been reported,
due to the different orientations of the P4 tetrahedron.

WP is the least stable, the most reactive, and the most volatile among all phospho-
rus allotropes. The P—P bonds in P4 tetrahedron with very weak bonding energy
result in a low oxidation barrier [2]. WP gradually transforms into RP, especially
when there is light and heat. WP samples always contain small amount of RP and
therefore appear yellow so as to be called yellow phosphorus. WP is highly incen-
diary and pyrophoric, which self-ignites spontaneously upon exposure to air, and
thus liquid sealing is required for its storage. WP is insoluble in water but can be
dissolved in various organic solvents. In addition, WP is the most toxic modifica-
tion. Great care must be taken for its handling. Considering the battery safety and
the viewpoint of practical application, WP is actually not suitable as electrode mate-
rials. However, WP can be regarded as the raw material for the production of all the
other phosphorus polytypes.

RP is a more stable amorphous phosphorus allotrope, originally synthesized in
1848 by heating WP in closed vessels [3]. It exhibits a derivative of P4 tetrahedra, in
which one P—P bond in a P4 tetrahedron dissociates and forms an additional bond
with P atoms in neighboring P4 tetrahedron, constructing a chain-like polymeric
structure. Today a variety of RPs (type I–V) are known, all of which show a reddish
color. RP can be obtained by heating WP to 250 ∘C or when WP exposed to sunlight.
Under this treatment, RP tends to be amorphous and starts to crystalline upon fur-
ther heating. 1D RP nanowires were first prepared by Ruck et al. in 2005 by heating
RP in an evacuated ampoule at around 590 ∘C for several days [3]. Ruck’s fibrous RP,
designated as type IV, displays a tube-like structure with an arrangement of double
phosphorus chain formed by the interlinked P8 and P9 cages. With comparison of
WP, RP exhibits several advantages as SIB electrode material, such as higher chem-
ical stability, less reactivity, and lower volatility, due to the strong covalent bonds in
its crystal structure.

VP, is an allotropic modification of phosphorus, obtained as a dark red powder
though a longtime phase transformation progress of RD. In 1865, Hittorf first
discovered this red/purple form of phosphorus, therefore known as Hittorf’s
phosphorus (type V) [4]. VP exhibits a complex 3D tubular structure. Zigzag chains
of phosphorus atoms formed tubes packed parallel to one another to form layers.
Every two layers are connected by sharing phosphorus atoms and formed into a
perpendicular orientation.
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Figure 8.2 Structure of BP: side views from (a) the zigzag and (b) the armchair directions,
(c) top view, and (d) zoomed-in local atomic structure. Source: Kou et al. [5]. Reproduced
with permission, 2015, American Chemical Society.

Among all the phosphorus allotropes, BP is recognized as the most thermodynam-
ically stable modification under ambient conditions. The typical 2D layered struc-
ture of BP is displayed in Figure 8.2. Bulk BP exhibits a stacked multilayer structure
along with the armchair direction, which are interconnected by weak van der Waals
forces. At the same time, P atoms strongly bonded to each other through covalent
P—P bonds consist of a parallel zig-zag chain in the same plane. Each P atom pos-
sesses five valence electrons in its 3p orbitals that saturated by forming covalent
bonds, yielding sp3 hybridization of the P atom. Two-fifths are used to form two
covalent bonds with neighboring P atoms in the same layer, while one-fifth gener-
ates another covalent bond with P atom above or below. As a result, there is a lone
pair of electrons in the P structure, leading to the higher reactivity of BP surface
than that of other 2D layered structure materials, such as graphite/graphene and
hexagonal boron nitride (h-BN).

Generally, BP possesses an orthorhombic crystal structure with space group of
Cmca (lattice constants a = 4.47 Å, b = 3.34 Å) [6]. The unit cell can be viewed as
bilayers of parallel P atomic rows with different P—P distance: the short P—P bond
distance connecting the nearest neighboring atoms is 2.25 Å, whereas the long P—P
bond length holding the upper and lower P atoms is 2.28 Å. The corresponding angle
is 94.1∘ and 103.3∘, respectively (Figure 5.2d). BP is p-type semiconductor with an
intrinsically direct band gap of ∼0.34 eV, high electronic conductivity of ∼102 S m−1,
and suitable density of ∼2.7 g cm−3 [7].

Due to the difficult synthetic process, a few works have been devoted to the studies
of BP since the discovery of graphene renewed the research interests in few-layer
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or monolayer BP. In 2014, few-layered BP (<10 layers) was (also termed “phos-
phorene”) successfully obtained through a sticky-tape technique [8]. Phosphorene
exhibits a high carrier mobility and its band gap is layer-dependent. The energy gap
of monolayer phosphorene is ∼2.0 eV, with a direct band gap shape. There is slight
change in the lattice constants from bulk to monolayer (phosphorene: a = 4.58 Å,
b = 3.32 Å). Due to the intrinsic puckered bilayer structure, 2D phosphorene
demonstrated various novel anisotropic features, such as integer quantum Hall
effect, superior mechanical flexibility, and negative Poisson’s ratio, etc. Therefore,
phosphorene has shown potential for many applications, including thermoelectric,
transistor, solar cell, sensing, photovoltaic devices, and photodetectors.

Simple, low-cost, and reliable fabrication of 2D phosphorene with uniform size
and thickness is essential for its future application in high-performance devices
in different fields. Driven by its unique structural and physiochemical properties
and promising applications of phosphorene, significant achievements in phos-
phorene fabrication have been realized in the past several years. In the following
section, the merits and weaknesses of current synthetic methods for phosphorene
and phosphorene-based materials are reviewed. In addition, some possible new
approaches for preparing high-quality phosphorene are proposed. Generally, the
currently available preparation strategies for fabrication of phosphorene can be
classified into two categories. (i) Top–down approach, such as liquid exfoliation
and mechanical cleavage. During a typical synthesizing process, mono- or few-layer
BP nanosheets are usually obtained by using chemical intercalation or mechanical
force to break the weak van der Waals interaction between the stacked layers in the
bulk. (ii) Bottom–up method, aiming to the direct synthesis of 2D layered structure
relying on chemical reactions, mainly includes wet-chemistry method and chemical
vapor deposition (CVD).

8.2.2 Na-Storage Mechanism for Phosphorus-Based Materials

Phosphorus-based materials have received significant research concerns for SIB
applications due to their abundant earth reserves and a relatively safe working
potential of ∼0.4 V vs. Na+/Na. Among phosphorus allotropes, WP is the most
reactive with air and toxic and thus not suitable for serving as the anode material
for SIBs. RP exhibits relatively structural stability, and both the amorphous and
crystalline RPs have shown electrochemical active with sodium ions in SIBs. In
addition, due to the unique physicochemical characteristics, BP has triggered
intensive exploration for energy storage devices (such as secondary batteries and
supercapacitors).

8.2.2.1 Na-Storage Mechanism for Red Phosphorus
Ever since the discovery of the capability for Na-storage, studies in P-based mate-
rials have raised the great interest of research in high-performance SIBs through
innovative strategies and optimized modifications. So far, however, limited works
have been focused on the in-depth elucidation of the sodiation mechanism. Kim
and coworkers took the first attempt on the sodium storage mechanism of P-based
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anode materials [9]. The final sodiation product of Na3P phase was detected via ex
situ X-ray diffraction (XRD) measurements, indicating the reversible three-electron
transfer mechanism (3Na+ + 3e− +P ↔ Na3P) of the obtained RP/C anode. That
means, unlike Si, each P takes a reversible alloying reaction with three Na to form
Na3P product, resulting in the theoretical specific capacity as high as 2596 mAh g−1.
This value is regarded as the highest one among all the available SIB anode mate-
rials so far. Furthermore, the equilibrium redox potential for the insertion of Na+
in RP/C anode was found to be around 0.45 V, which is ∼0.4 V lower than that of
Li+ reduction for lithium-ion batteries (LIBs). It is considered to be an ideal sodia-
tion potential for SIB anodes, offering the capability of preventing the generation of
Na-metal dendrite and improving the total energy density of a full sodium–ion cell,
giving much potential of phosphorus-based material for large-scale energy storage.

This Na-storage mechanism was further confirmed by Yabuuchi et al. in 2013
by conducting synchrotron XRD (SXRD) [10]. The amorphous P structure was
transformed into crystalline Na3P phase upon fully discharged, and converted back
reversibly into amorphous P material after the successive dealloying process in SIBs.
Qian et al. reported for the first time an intermediate compound NaxP during the
Na+ interaction reaction and a stepwise desodiation process. As evidenced by the
cyclic voltammogram (CV) results, a series of anodic peaks located between 0.5 and
1.5 V could correspond to NaxP intermediate products, demonstrating a stepwise
Na+ extraction from the final sodiation product of Na3P to NaxP phases during
the charging process [11]. In addition, Morrris’s group conducted a first-principles
study and nuclear magnetic resonance (NMR) calculations to predict structural
evolutions during cycling of the phosphorus anode for both LIBs and SIBs [12].
Of particular interest, a various new stable and metastable structures were sug-
gested via the ab initio random structure searching along with the atomic species
swapping, which is displayed in Figure 8.3. Nevertheless, the detailed intermediate
products during the sodiation/desodiation process remain unclear because most of
the sodiation products are amorphous.

8.2.2.2 Na-Storage Mechanism for Black Phosphorus
Compared with RP material, it seems much easier for the exploitation of the elec-
trochemical Na-storage mechanism of BP because of its crystalline structure. Many
experimental studies and theoretical calculations have been explored to elucidate
the sodiation mechanism of BP in order to further understand the chemical and elec-
trochemical reactions during the sodiation/desodiation process and propose novel
strategies to mitigate the performance deterioration.

Sun et al. [13] demonstrated a two-step sodiation mechanism when a
phosphorene–graphene composite served as the anode for SIBs. Na+ ions pre-
ferred to first intercalate into the phosphorene layers along the x-axis direction
because the adequate space between the phosphorene channels (3.08 Å) is wide
enough for the accommodation of Na+ (2.04 Å). The characteristic diffraction peaks
of phosphorene in the XRD pattern (16.9∘ and 34.2∘, respectively) were found to
be shifted toward lower 2𝜃 degree with Na+ intercalation, indicating the enlarged
layer distance of the sodiated phosphorene layers. Both the characteristic diffraction
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reflections of phosphorene were always visible in the XRD pattern upon sodiation,
demonstrating that the layered structure of phosphorene could be well maintained
until the potential decreased to 0.54 V. With further Na+ insertion, the reflection
signals of phosphorene disappeared. Here, the authors speculated the generation of
the intermediate NaxP phase, although the corresponding diffraction peaks of NaxP
phase were hard to identify. When the potential reached 0.1 V (vs. Na+/Na), the
Na3P phase was detected as the new diffraction peaks located at 36∘ and 37∘ were
shown up, which can be well indexed to the (110) and (103) reflections of Na3P
phase.

According to the theoretical calculation of the formation energy of NaxP during
the sodiation process, Na ions tent to first intercalate into the same layer until the
coverage per BP layer reaches 25% and subsequently enters into different BP layers
along x-axis until forming the Na0.25P phase (Figure 8.4). During this intercalation
process, layered structure of BP could be maintained but with sliding occurring
between the layers, because the Na atoms tended to bind with neighboring four
P atoms without P—P bond broken. When the Na concentration exceeds Na0.25P,
intercalation reaction starts to change into alloying reaction, resulting in the P—P
bond breakage that causes the huge volume expansion of BP. Moreover, further
sodiation into the layer structured NaxP phases results in the preferable staggered
P—P bonds cleavage, whereas the planar P—P bonds are essentially unaffected,
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NaxP structures. Source: Hembrarn et al. [14]. Reproduced with permission, 2015, American
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generating the P2 dumbbells. It indicated that the break of the P—P bonds in the
NaxP phase is much easier than that in the pristine BP, supporting the hypothesis
of the intermediate production of the sodiated amorphous NaxP structure.

Based on these results, it is commonly accepted that sodiation/desodiation
mechanism of BP for Na-storage involves two steps: (i) one-dimensional Na+
intercalation into the interlayer spaces until the formation of Na0.25P phase; (ii) a
reversible alloying reaction with further sodiation to transform into a layered
composition of NaxP and a final sodiation product of Na3P. Therefore, the whole
sodiation/desodiation reaction mechanism of BP anode for SIBs can be expressed
as: P+Na ↔ NaxP ↔ Na3P.

8.2.3 Phosphorus-Based Materials for Na–Ion Batteries

8.2.3.1 Red Phosphorus for Na–Ion Batteries
RP possesses a chain-like structure, well known for polymers, consisting of
covalently bonded P4 tetrahedra. Compared with other allotropes, RP is more
commercially available with ease, relatively stable in air and nontoxic, showing
great promising for its practical SIBs implementations. Furthermore, the high
covalent characteristics of Na—P bonds in Na3P leads to the anomalously smaller
Na molar volume than that of other Na–metal-alloy compounds. Therefore, it is
reasonable that amorphous RP has the highest theoretical volumetric capacity than
that of any other alloying-type SIB anode materials. Nevertheless, microscale RP
particles face two major obstacles of low electronic conductivity (∼10−14 S cm−1)
and large volume expansion (∼440%) upon full sodiation, resulting in sluggish
redox kinetics that severely limit its practical application [9]. Another severe issue
of electrolyte decomposing caused by the highly reactive Na3P surface results in
fast capacity fading and poor cyclability of RP anodes. To address above-mentioned
issues, several effective strategies have been proposed, including hybridizing RP
with a conductive matrix, fabricating nanoarchitectures, as well as developing
suitable electrolyte additives and electrode binders.

8.2.3.1.1 Combining RP with Conductive Matrix Combining RP particles with highly
conductive matrix has been demonstrated as an effective approach not only to fasten
the electrons transfer rate but also to alleviate the volume expansion resulted from
repeated Na+ insertion/extraction. Various conductive carbonaceous materials,
such as carbon black, carbon nanotubes (CNTs), carbon nanofibers, and graphene,
etc. have been proposed to modify the electrochemical performance of RP anode.

The pioneering study of RP as SIB anode was first carried out by Lee and
co-workers [9]. An RP/C composite was prepared by ball milling with the com-
mercial phosphorus as precursor, in which nanoscale amorphous RP particles
were uniformly distributed in the carbon matrix of super P. The obtained RP/C
material delivered a high capacity of 1890 mAh g−1 with considerable cycling
stability (<7% capacity decay after 30 cycles) when applied with poly acrylic acid
(PAA) binder. In addition, the RP/C sample delivered a specific capacity as high as
1540 mAh g−1 at 2860 mA g−1, demonstrating an outstanding rate capability. Ex situ
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XRD measurements indicated that a reversible phase transition from amorphous
RP to Na3P phase was performed during the sodiation process.

The choice of carbon materials is one of the key factors for the enhancement
of Na-storage performance for RP materials. CNTs, showing high electronically
conductivity and outstanding mechanical properties, have been widely used as
an effective conductive network to modify RP particles for high Na-storage per-
formance. RP/multiwalled CNTs composite (RP/MWCNTs) obtained via a simply
hand grinding exhibited an improved reversible capacity of 1283 mAh g−1 at the
10th cycle, which was much higher than that of the P/C composite (90 mAh g−1

at the third cycle) [15]. Zhu et al. reported an RP coupled with single-walled CNTs
composite (RP-SWCNTs) fabricated via a vaporization–condensation method
(Figure 8.5a) [16]. The RP particles were uniformly mixed with the tangled
single-walled CNT (SWCNT) bundles with intimate attachment, enabling high
ionic/electronic conductivities of the whole electrode, a stable solid–liquid interface
for effective charge transfer, as well as robust skeleton strength to alleviate the
mechanical stress induced by the Na+ insertion/extraction. Benefiting from those,
excellent rate performance (reversible capacity of ∼300 mAh g−1 at 2 A g−1) with
stable cycling performance (capacity retention of 80% after 2000 cycles) of the
RP-SWCNT composites has been achieved.

Pei et al. first reported and selected graphene material for the modification of RP
anodes for the enhancement in sodium-storage properties [21]. Nanosized RP par-
ticles were encapsulated into graphene scrolls to form an RP/rGO composite. The
graphene matrix provides an interconnected conductive network of the RP/rGO
composite. It could also accommodate the volume expansion and particle aggrega-
tion during the charge–discharge processes. The obtained RP/rGO composite (RP
content: 50.8%) demonstrated a high reversible capacity of 2355 mAh g−1 and exhib-
ited ultra-stable cyclability capacity retention of 92% at the 150th cycle at 0.25 A g−1).

It follows that a relatively strong force beyond physical one between RP particles
and carbon matrixes can be expected to improve the cycling performance. Song
et al. reported a chemically bonded RP/rGO composite via ball milling under an
argon atmosphere (Figure 8.5b) [17]. It was demonstrated that the nanoscale RP
particles intimately attached to the well-exfoliated graphene nanoflakes through
P—O—C bonds. This structure offers several advantages for Na-storage perfor-
mance: (i) enhancing the electronic conductivity on the RP surface and improving
the effective electrical contact between the active particles; (ii) stabilizing the
overall electrode structure against repeated current attacks; and (iii) favoring for the
formation of stable SEI layer on the solid–liquid interface. As a result, a high initial
capacity of 2077 mAh g−1 with ∼99% initial Coulombic efficiency was achieved.
The prepared RP/rGO hybrid maintained 95% of its initial capacity after 150 cycles
at 260 mA g−1. Heteroatoms doping strategy was also proposed to obtain advanced
high-performance RP-based electrodes. A flexible RP/N-doped graphene (donated
as RP/N-rGO), fabricated by Zhang et al. [22], showed good rate performance
(809 mAh g−1 at 1.5 A g−1) with stable cycling behavior (85% capacity retention after
350 cycles).
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A great variety of carbonaceous materials, such as mesoporous carbon [18], car-
bon nanofibers [23], porous carbon [24], metal-organic frameworks (MOFs)-derived
microporous carbon [20], were used as the conductive skeletons to modulate the
issue of volume expansion for RP electrodes. Highly ordered mesoporous carbon
(CMK-3) exhibits uniform diameter-size pores, large pore volume, and high
electronic conductivities and thus has been widely used as the conductive matrix
for electrode modification [25]. A CMK-3 confined amorphous RP nanocomposite
(donated as P@CMK-3) was reported by Yu and co-workers (Figure 8.5c), which
was synthesized by vaporization–condensation conversion method [18]. When
applied as SIB anode material, an initial specific capacity as high as 2594 mAh g−1

(calculated by the RP mass) was achieved, and a reversible capacity of 1020 mAh g−1

was retained after 210 cycles when cycling at 5 C. Compared with the serious
cycling decay of RP particle anode or RP@C anodes, the excellent sodium-storage
performance of P@CMK-3 composites can be ascribed to the advantages of the
designed nanostructure, including: (i) CMK-3 matrix constructs highly conductive
network and alleviates the volume change of RP; (ii) nanoscale particle size of
RP greatly reduces the diffusion distance of Na+; (iii) RP nanoparticles intimately
attached to CMK-3, beneficial for suppressing the exfoliation and agglomeration of
RP particles; and (iv) the unique porous structure of CMK-3 provides open ionic
migration channels and easy interpenetration of electrolyte.

Additionally, the vaporization–condensation conversion approach was also
employed to realize the confinement of amorphous RP into the ZIF-8-derived
N-doped microporous carbon (P@N-MPC) [20]. The highly porous structure offers
easy pathways for electrolyte permeation that assures the sufficient contact between
the electrolyte and the RP particles, so as to enhance the electrochemical activity
(Figure 8.5e). N-doped carbon matrix constructs conductive skeleton for fast elec-
tron transfer. P@N-MPC material displayed superior sodium storage performance,
e.g. a specific capacity of 600 mAh g−1 at 150 mA g−1 with superior cycling stability
(0.02% capacity loss per cycle over 1000 cycles at 1000 mA g−1).

Despite various carbonaceous materials being proposed to improve the
ionic/electronic conductivities and mitigate the volume expansion for RP material,
incorporation of carbon usually causes low initial Coulombic efficiency, high
specific surface area, low tap density, and low operation potential (<0.1 V vs.
Na+/Na). The high carbon content in the RP/carbon hybrids reduces the specific
capacity and volumetric capacity. In addition, it is currently difficult to realize the
uniform coverage of carbon layer on the RP surface and accurate thickness control.

Recently, combination of RP with noncarbonaceous materials had shown to be
promising for enhancing the sodium-storage performance. Mechanical mixing of
RP and appropriate amount of Fe powder by using high-energy ball milling has
been demonstrated a better rate capability than that of pure RP electrode material
[26]. Additionally, a RP/Sb/Cu composite was also reported to achieve a competitive
Na-storage performance by combining RP with Sb nanoparticles and Cu nanowires
[27]. Benefitted from the enhanced electronic conductivity and mechanical strength,
the RP/Sb/Cu composite exhibited prolonged life span and precedent rate perfor-
mance (900 mAh g−1 retained at 2000 mA g−1).
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Apart from metals, metal oxides and metal phosphides have also been reported
to be used to modify the electrochemical performance of RP material. A core–shell
RP@Ni–P nanostructure as anode material for SIBs has demonstrated high
Na-storage performance [19]. The core–shell RP@Ni–P nanostructure was realized
through a two-step method: core–shell RP@Ni nanocomposite was firstly obtained
via a simple electroless deposition approach, which was then converted into
RP@Ni–P by using chemical dealloying. Especially, the thickness of the Ni–P layer
could be regulated by tuning the dealloying time. The schematic of the formation
of the core–shell RP@Ni–P nanostructure is shown in Figure 8.5d. Such structural
design endows a couple of advantages for increasing the Na-storage performance
of RP material: (i) the outer Ni–P shells with high mechanical strength were
one of the key factors for achieving long-term cycling stability, which effectively
inhibited the RP pulverization and endowed the electrode structural integrity
during charge–discharge process; (ii) the Ni–P layer that in situ phase-transformed
from Ni2P tightly coated to the RP surface, which also facilitated improvement
of the structural integrity of the electrode material; (iii) the high conductivity
of the outer Ni–P layer provided fast electrons/ions transportation. As a result,
the core–shell RP@Ni–P nanocomposite presented a superior high reversible
capacity (∼1250 mAh g−1 after 200 cycles at 260 mA g−1), precedent rate capability
(∼490 mAh g−1 at 5.2 A g−1), and excellent high-rate long-life cycling performance
(∼400 mAh g−1 during the 2000th cycle at 5 A g−1).

8.2.3.1.2 Modulating Nanostructures Manufacturing the particle size from
microscale into nanoscale has been widely considered as another effective strategy
for improving the Na-storage properties of RP, because the nanosized particles are
better at buffering the mechanical stress from cracking and improving the charge
transfer kinetics by shortening the diffusion distance. Although ball-milling method
is most commonly utilized for the fabrication of RP-based nanocomposites due
to the low cost and feasibility, the large particle size and uneven size distribution
consequently lead to poor rate capability and short cycling life span of RP-based
anode materials. In view of this, Liu et al. fabricated a RP nanodot/rGO nanocom-
posite via a vaporization–condensation approach [28]. The tiny RP nanodots were
observed to be tens to several hundred nanometers. The authors suggested that
the ultrasmall nanosized RP particles could facilitate the ionic conductivity by
reducing the transport length in solid phase, whereas the rGO nanosheets with
high electronic conductivity enhanced the electrons transfer and effectively miti-
gated the volume expansion of RP particles. Consequently, the RP nanodot/rGO
nanocomposite as the anode for SIBs received significantly enhanced rate capability
(1165 mAh g−1@159 mA g−1 and 510 mAh g−1@31879 mA g−1, respectively) with
more prolonged cyclability (∼914 mAh g−1 during the 300th cycle at 1593.9 mA g−1)
than that of the conventional RP anode materials. Based on the similar structural
design concept, Gao et al. proposed a vapor-redistribution strategy to prepare an
integrated C@RP/graphene porous aerogel, in which the RP nanoparticles with
a particle size range of 10–20 nm were uniformly distributed in the C@graphene
aerogel matrix [29]. The 3D porous C@RP/graphene aerogel anode material



258 8 Phosphorus/Phosphide Anodes for Sodium–Ion Batteries on Alloy and Conversion Reactions

exhibited an excellent Na-storage performance (1867 mAh g−1 during the 100th
cycle at 0.1 C; 1096 mAh g−1 after 200 cycles at 1 C).

Concerning the low RP content and the toxic WP remnants generated by the
vaporization–condensation method, liquid-phase solutions have been proposed
for solving these challenges. Hollow RP nanospheres (HPNs) materials were suc-
cessfully prepared by Zhou et al. using a solvothermal method [30]. The formation
of HPNs was based on a gas-bubble-directed mechanism, during which the NaN3
precursor reacted with PCl5 and generated large quantity of N2 gas. The average
diameter of the HPNs was highly depended on the NaN3 concentration. The
optimized HPNs sample with average diameter of 300 nm and the shell thickness
of around 40 nm showed the best sodium-storage performance, including a high
specific capacity of ∼1365 mAh g−1 at 0.52 A g−1 and good cyclability over 600 cycles
at 2.6 A g−1. In order to further enhance the electronic conductivity of RP material,
Liu et al. explored a boiling strategy to fabricate porous RP nanoparticles anchored
on the rGO nanosheets (denoted as NPRP@rGO). A concentrated RP@rGO solu-
tion was boiled at 200 ∘C in a vacuum drying chamber. Along with the gas bubble
growing, the RP particles self-assembled on the interface between the liquid and the
gas bubble and finally turn to be porous nanostructure after the gas-bubbles sep-
aration. Unsurprisingly, the NPRP@rGO nanocomposite obtained a high specific
capacity of 1250 mAh g−1 during the 150th cycle at 1 Ccomposite (1 C = 256 mA gRP

−1;
1 C = 173 mA gcomposite

−1), superior rate performance of 657 mAh g−1 at 10 Ccomposite,
and ultralong life cycle of 776 mAh g−1 at 20 CRP over 1500 cycles [31].

8.2.3.2 Black Phosphorus and Phosphorene for Na-Ion Batteries
BP, as the most thermodynamically stable phosphorous allotrope, has attracted
great attention for many applications. BP exhibited higher electronic conductivity
(∼66–300 S m−1) than that of RP (10−12 S m−1) and much more suitable operation
voltage for sodiation (∼0.45 V vs. Na+/Na). Furthermore, the large interlayer
distance of BP (∼3.08 Å) is adequate for both Li+ and Na+ insertion/extraction in
the channels. However, the huge volume variation (∼300–500%) and the sluggish
reaction kinetics are the two key obstacles for the practical applications of BP anode
materials. Currently, the proposed fabrication strategies mainly include high-energy
milling, high-pressure conversion from RP, and CVD synthesis, which are critically
dependent on the strict experimental conditions. Therefore, developing high
cost-effective synthetic methods for high-quality BP material on a large scale is also
of great importance.

Similar to RP, the combination with carbonaceous material is the most com-
monly used strategy for the modification of the Na-storage performance of BP
material. For example, BP/Ketjen-black/MWCNTs composite obtained by ball
milling demonstrated an exciting initial capacity of ∼2011 mAh g−1 and stable
cycling behavior (1700 mAh g−1 during the 100th cycle at 1300 mA g−1) [32]. In
addition, Haghighat-Shishavan et al. demonstrated an enhanced electrochemical
performance of a BP/MWCNTs composite when applying a binary polymeric binder
(sodium carboxyl methyl cellulose–poly acrylic acid, NaCMC–PAA) [33]. A high
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initial capacity of 2073 mAh g−1 with capacity retention of 75.3% after 200 cycles at
0.2 C along with a high rate performance of 609 mAh g−1 at 2 C was achieved.

2D graphene material was also reported to be used for the enhancement of
the charge transfer kinetics and accommodation for volume change during
repeated sodium-ion intercalation/deintercalation process for BP materials.
Li and co-workers used a co-exfoliation/electrophoretic deposition approach
for the preparation of BP/graphene composite. Remarkably, without using any
binders or additives, the free-standing BP/graphene anode for SIBs exhibited
superior rate performance (2365, 1894, and 1456 mAh g−1 were obtained at
0.1, 0.2, and 0.5 A g−1, respectively) and excellent long-term cycling stability.
In addition, a room-temperature pressurization strategy has been proposed to
prepare BP/graphene hybrids directly from an RP-graphene precursor [34]. As a
self-supporting and additive-free SIB anode material, the obtained BP/graphene
composite delivered a high reversible capacity of ∼1250 mAh g−1 at 1 A g−1 with
excellent cyclability of 640 mAh g−1 during the 600th cycle at 40 A g−1. It is note-
worthy that it is an availably low-cost and low-energy consumption synthetic
approach for scalable production of BP-based electrode materials toward practical
large-scale sodium-storage applications. Apart from graphene, 2D Mxene material
also demonstrate their promising potential for energy storage because of their high
electrical conductivity and mechanical strength. Meng et al. reported a BP-Mxene
composite of which the BP quantum dots successfully anchored on thin Ti3C2
nanosheets via a self-assembling process through sonication and stirring [35].
Benefitted from the combination of Ti3C2 nanosheets, the BP quantum dots/Ti3C2
composite showed superior long-life cyclability with almost no capacity loss over
1000 cycles. In another study, a BP-cubic boron nitride (c-BN)-rGO composite was
proposed by Ding et al. [36]. The hard c-BN decreased the particle size of BP but
also acted as the buffer shelter to suppress the mechanical stress and accommodate
the volume variation. After compositing with graphene to further enhance the elec-
tronic conductivity, the BP-cBN-rGO hybrid anode endowed excellent cyclability
with 90% capacity retained after 100 cycles at 50 mA g−1.

Furthermore, surface modification is also a valid approach for improving the
reaction kinetics and cycling stability of BP. Dou and co-workers reported a com-
posite material of BP nanolayers encapsulated by poly(3,4-ethylenedioxythiophene)
(PEDOT), which exhibited enhanced redox kinetics and surface wettability [37].
In addition, 4-nitrobenzenediazonium (4-NBD) was utilized to realize the surface
functionalization of BP, which was then further chemically bonded to reduced
graphene oxides [38]. The authors suggested that the strong interaction between the
surface modified BP and rGO nanosheets endowed the high Na-storage properties
of BP-rGO hybrid anodes, displaying a reversible capacity of 1472 mAh g−1 during
the 50th cycle at 0.1 A g−1 and maintaining ∼650 mAh g−1 after 200 cycles at 1 A g−1.
The results indicate that the buildup of strong chemical bonds between the BP and
host matrix is effective strategy to obtain high-performance BP-based SIB anode
material. Inspired by this thought, Song et al. reported a novel Na2Ti3O7/C-BP
composite anode material and demonstrated that the P—O—Ti bonds and/or P—C
bonds could be established between the BP and the Na2Ti3O7 nanoparticles through
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high-energy ball-milling process [39]. Benefiting from that, the Na2Ti3O7/C-BP
composite showed a reversible capacity of ∼183 mAh g−1 at 0.1 A g−1 over 100
cycles. Such low specific capacity can be ascribed to the low P content (∼20%) in
the hybrid material. Xia’s group fabricated a stable sulfur-doped TiO2/BP (denoted
as S-TiO2/BP) nanocomposite as the SIBs anode material and achieved a specific
capacity of ∼290 mAh g−1 at 0.5 A g−1 over 600 cycles [40].

Phosphorene, as a new fashion of 2D material, has shown great promising for
energy-storage applications due to its unique structural properties such as large spe-
cific surface area and interlayer distance, as well as fast electron/ion Na+ diffusiv-
ity. Kulish et al. demonstrated that the theoretical Na+ diffusion barrier in mono-
layer BP is only 0.04 eV [41]. Sun et al. [13] used a facile sonication process to fab-
ricate a phosphorene/rGO hybrid material, which demonstrated a high capacity of
2440 mAh g−1 at 50 mA g−1 and retained ∼83% of this value at the 100th cycle. In
this work, a two-step sodiation mechanism was investigated by in situ transmis-
sion electron microscopy (TEM) and ex situ XRD measurements. At the first stage
of sodiation, Na+ intercalated into the interlayers of phosphorene along the x-axis,
and an alloying process took place that resulted in an anisotropic volume expansion
in the directions of y- and z-axis and eventually formed Na3P phase (Figure 8.6).
Furthermore, the graphene layers in the phosphorene/rGO composite were found
to act as mechanical skeletons to buffer the huge expansion of phosphene layers and
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from Springer Nature.
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provide electrical highway for fast charge transfer, leading to ultra-stable cyclability
and superior rate performance.

Inspired by the pioneering work of phosphorene for SIBs, Huang et al. proposed
a intercalation–exfoliation approach to synthesize few-layer phosphorene from
bulk BP [42]. Tetraalkylammonium cations were chosen to intercalate the BP
and a work voltage range of −5 to −15 V was applied for the exploitation. The
results demonstrated that the number of phosphorene sheets can be tuned by
manipulating the applied potential. When served as the anode material for SIBs,
the exploited phosphorene delivered a discharged capacity as high as 1190 mAh g−1

at 100 mA g−1 after 50 cycles. So far, the lack of scalable and cost-effective methods
for large-scale production of phosphorene limits its practical applications for SIBs.
Therefore, innovative strategies, such as mechanical cleavage and liquid-phase
exfoliation, and continuous efforts for the development of phosphorene are greatly
encouraged.

8.3 Metal Phosphide Anodes

8.3.1 Na-Storage Mechanism for Metal Phosphides

Generally, the electrochemical reaction mechanisms of metal phosphides as anode
material for SIBs are based on the conversion reactions. Comparing with the
insertion-type reaction, more electrons are involved in the conversion and/or
alloying reaction process, leading to much higher specific capacity.

Based on whether the metal (M) in metal phosphides (MPx) reacts with Na
through the alloying reaction, MPx can be classified into two types: Na-active MPx
and Na-inactive MPx.

For Na-active MPx, both M and P possess the capability to take an alloy reaction
with Na to transform into NayM and Na3P in the initial discharge process. During the
subsequent process, M nanocrystalline and P nanoparticles are eventually formed
from the NayM and Na3P phases through reversible alloying reactions. The sodia-
tion/desodiation mechanism can be expressed as:

MPx + (3x + y)Na+ + (3x + y)e− → NayM + xNa3P (initial discharge process)
(8.1)

NayM ↔ yNa+ + ye− + M (subsequent cycles) (8.2)

Na3P ↔ 3Na++ 3e− + P (subsequent cycles) (8.3)

Typical samples of Na-active MPx include tin phosphide (Sn4P3) and GeP5 [43].
Additionally, for some kind of Na-active MPx, such as GeP3 [44], GeP, and Ge4P4 [45],
the MPx phase can be reformed after the full oxidation process through a reversible
phase conversion process between NayM and Na3P (Eq. (8.4)).

MPx + (3x + y)Na+ + (3x + y)e− ↔ NayM + xNa3P (8.4)
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In respect of Na-inactive MPx, based on whether the original MPx phase can be
reversibly reformed, the electrochemical reactions are also categorized into two
types. During the reduction process with Na+ sodiation, the Na inactive (i.e. not
alloy with Na) metal phosphides (MPx) converted into nanosized metal particles
(M) and Na phosphides (Na3P) with the broken of the M—P bonds. This reaction
process can be written as Eq. (8.5). The generated M nanocrystals are uniformly
distributed in the Na3P matrix, which serves not only as highly conductive media
to accelerate the electrons transport but also as a buffer matrix to mitigate the
volume expansion of P. The generated Na3P phase further dealloys into Na and P
nanocrystals, which recombined together to reform Na3P phase during the subse-
quent cycles. Representatives for this kind of Na-inactive MPx mainly include CoP
[46] and FeP [47]. It should be noted that the MPx cannot be reversibly reformed at
the end of desodiation process.

MPx + 3xNa+ + 3xe− → M + xNa3P (initial discharge process) (8.5)

For another case, M nanocrystals react with Na3P nanoparticles to reversibly gen-
erate MPx phase after the charging process (Eq. (8.6)). NiP3 [48], CoP3 [49], CuP2
[50], and Cu3P [51] are the typical samples of this case of Na-inactive MPx materials.

MxPy + 3yNa+ + 3ye− ↔ xM + yNa3P (8.6)

8.3.2 Metal Phosphides for Na-Ion Batteries

8.3.2.1 Tin Phosphide Materials
Sn4P3 has received significant research concerns as a SIB anode material due to
its high theoretical gravimetric capacity (1132 mAh g−1), high theoretical volumet-
ric specific capacity (6650 mAh cm−3), as well as the high electronic conductivity
(30.7 S cm−1). Furthermore, Sn4P3 can alloy with Na+ to form Na15Sn4, presenting
a lower redox potential (∼0.3 V vs. Na+/Na) than that of phosphorous (∼0.4 V vs.
Na+/Na).

Nevertheless, similar to RP and metal Sn anodes, Sn4P3 also suffers from
poor cycling performance because of the huge volume expansion during the
sodiation/desodiation processes. Sodium-ion storage behavior of Sn4P3 was first
examined by Kim et al. [52]. The ball-milled Sn4P3 material delivered a Na+-storage
capacity of 718 mAh g−1 and a good cyclability with almost 100% capacity retention
during the 100 cycles when applied an 1-fluoroethylene carbonate (FEC)-assisted
electrolyte. Using the same synthetic method, Qian et al. [53] reported an Sn4P3/C
nanocomposite, which demonstrated an enhanced electrochemical performance far
beyond those of P/C and Sn/C composites (a high specific capacity of 850 mAh g−1

at 50 mA g−1 with 86% capacity retention during the 150th cycle at 100 mA g−1). The
elevated sodium-storage properties could be ascribed to the synergistic Na-storage
effects between the discharge products of P and metallic Sn. After the full discharge
process, the uniform Sn nanocrystals are confined in the amorphous P matrix that
could enable high conductivity of the host and compensate the electrochemical
activities of P phase, meanwhile the discharged products of Na3P and P could
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be used as buffering components to inhibit the Sn nanoparticles aggregation and
further alleviate the volume variation during the subsequent cycling.

Core–shell nanostructure construction has been proven to be a useful
modification method to address the rapid capacity fading, which is ascribed
to the massive volume variation during the Na+ insertion/extraction process. Li
et al. [43a] fabricated a core–shell Sn4+xP3@(Sn–P) nanocomposite via a facile
low-speed ball-milling approach. The Sn4+xP3 core component with an average size
of 30 nm was coated with an amorphous Sn–P shell component, forming a unique
core–shell Sn4+xP3@(Sn–P) nanostructure. When Sn4+xP3@(Sn–P) nanocom-
posite tested as a SIB anode using a carboxymethyl cellulose (CMC) binder, a
high specific capacity of 890 mAh g−1 at 0.1 A g−1 was achieved. Moreover, FEC
additive facilitates the generation of a stable SEI layer that can improve the cycling
stability significantly. Unfortunately, it will cause partial capacity loss due to the
increased polarization that is ascribed to the high interface resistance from the
thick NaF-component SEI film. Benefitting from the usage of 5 vol% FEC agent, the
Sn4+xP3@(Sn–P) nanocomposite exhibited a stable cycling behavior (465 mAh g−1

at the 100th cycle, corresponding to a capacity retention of 92.6% of the capacity of
the second cycle).

Furthermore, yolk–shell nanostructures have also been widely utilized to
modify the huge volume expansion of the alloy-type anodes in the Na+ inser-
tion/extraction processes. A yolk–shell nanosphere Sn4P3@C composite was
developed via a top-down phosphorization strategy by Yu’s group [43b], as illus-
trated in Figure 8.7. The synthesis process mainly includes two separate steps:
manufacturing nanosphere-shaped Sn@C precursors and the further transforma-
tion of yolk–shell nanospheres Sn4P3@C composite through a facile solvothermal
phosphorization. As a result, numerous nanocrystals constituted Sn4P3 nanopar-
ticles were totally encapsulated in uniformly thin carbon shells. The defined
yolk–shell structure with internal void space provides obvious merits for buffering
the volume change and keeping the structural integrity of the electrodes during sodi-
ation/desodiation. Therefore, the yolk–shell Sn4P3@C nanospheres anodes showed
an initial reversible capacity of 790 mAh g−1 and considerable cycling stability
(360 mAh g−1 over 400 cycles at 1500 mA g−1), as well as superior rate performance.

To enhance the electrical conductivity of the Sn-based phosphates, combination
with conductive carbonaceous material has been wildly demonstrated as an
effective approach. A nanostructured Sn4P3 and BP embedded into a graphene
matrix was explored via a mechanochemical transformation strategy from SnP3.
The obtained nanocomposite exhibited a stable high-rate cyclability with a retained
capacity as high as 550 mAh g−1 during the 1000th cycle at 1 A g−1 and excellent rate
performance (585 and 315 mAh g−1 obtained at 2 and 10 A g−1, respectively). Sim-
ilarly, a Sn4P3/graphene composite, prepared via a low-temperature liquid-based
synthesis route [54], also presented enhanced sodium-storage performance. The
monodispersed Sn4P3 nanoparticles were completely encapsulated by graphene
nanosheets, forming a 3D mesoporous architecture. The obtained Sn4P3/rGO
hybrid delivered a stable cyclability with 362 mAh g−1 during the 1500th cycle at
1 A g−1. The precedent Na-storage properties of the Sn4P3/rGO nanohybrids can
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core–shell Sn4P3@C nanoparticles, and the current yolk–shell Sn4P3@C nanoparticles.
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be attributed to: (i) graphene nanosheets construct highly conductive networks
for e−/Na+ on the surface of the electrochemical active Sn4P3 nanoparticles; and
(ii) both the graphene nanosheets and the 3D mesoporous architecture offer an elas-
tic matrix and buffering space for alleviating the volume expansion of Sn4P3 during
the Na+ insertion/extraction process. All above-mentioned results indicated that the
Sn4P3 can be one of the potential candidates for SIB anodes with high performance.

Phosphorus-rich tin phosphide SnP3, exhibiting higher theoretical gravimetric
capacity (1616 mAh g−1) and volumetric capacity (6890 mAh g−1) than those of
Sn4P3, has also shown promising for SIB applications. Wang’s group reported
an SnP3/C composite and proposed a novel reversible conversion reaction with
the self-healing mechanism [55]. In the first sodiation stage, the SnP3 crystalline
firstly occurs conversion reaction with the breaking of Sn—P bonds to decompose
to metallic Sn nanoparticles (Eq. (8.7)), which are then uniformly distributed in
the nanocrystalline/amorphous Na3P matrix. Upon further Na+ inversion, the Sn
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nanoparticles subsequently evolve into Na15Sn4 by alloying with Na+ (Eq. (8.8)).
During the desodiation process, Na15Sn4 and Na3P undergo reversible dealloying
reactions to convert back to SnP3, respectively.

SnP3 + 9Na+ + 9e− ↔ Sn + 3Na3P (8.7)

4Sn + 15Na+ + 15e− ↔ Na15Sn4 (8.8)

As a result, such SnP3/C composite archived a specific capacity as high as
810 mAh g−1 at 150 mA g−1 and retained ∼400 mAh g−1 at a high rate density of
2560 mA g−1.

8.3.2.2 Cobalt Phosphide Materials
Cobalt phosphides have also exhibited electrochemical activity when served as
anode material for SIBs. CoP is the most common compound used for SIBs. The
electrochemical reaction mechanism of CoP can be expressed as:

CoP + 3Na+ + 3e− → Co + Na3P (initial discharge process) (8.9)

Na3P ↔ 3Na++ 3e− + P (subsequent cycles) (8.10)

Upon discharging, CoP firstly converts into Co and Na3P through interaction of
Na+. Although Co is inactive for alloying with Na+, it can serve as conductive sub-
strate using its metallic feature to buffer volume change and improve the electronic
conductivity. In the subsequent charge/discharge cycling process, P reversibly trans-
formed into Na3P with possible intermediate phases (Na2P, NaP, and NaP7). Li et al.
synthesized CoP material through ball-milling commercial RP and metal Co. [46a]
A high initial capacity of 770 mAh g−1 was obtained, indicating CoP to be one of the
potential SIB anode candidates. Unfortunately, it displayed a capacity retention of
only 70% after 25 cycles.

Similar to RP, the CoP material prepared through ball-milling approach usually
suffers from fast capacity fading and unsatisfied rate capability because of the
large particle size and uneven size distribution. To solve these problems, effective
strategies toward nanostructure construction of CoP/carbon composite materials
have been proposed, such as one-dimensional CoP/C nanocomposites [56] and
CoP@C-rGO core–shell nanostructures [46b]. Ge et al. proposed core–shell CoP@C
polyhedrons compositing with graphene nanosheets anchored on nickel foam
(NF) (denoted as CoP@C-rGO/NF) as a self-supporting SIB anode through a
low-temperature solid-phase phosphorization route [46b]. Polyhedron ZIF-67 pre-
cursor was transformed into core–shell nanostructured CoP@C with the shape well
maintained. The MOFs-derived carbon shell and rGO nanosheets not only ensure
facile pathways for easy electrons transfer but also provide adequate space to modify
the mechanical stress resulting from the huge volume expansion during charg-
ing/discharging. Therefore, the core–shell nanostructured CoP@C-rGO/NF showed
remarkable rate performance and superior cyclability (retaining 473 mAh g−1 over
100 cycles at 0.1 A g−1).
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8.3.2.3 Iron Phosphide Materials
Iron phosphides (FeP, FeP2, and FeP4), due to the reserve abundance, low cost, and
environmentally friendly characteristics of element Fe, have also been investigated
as promising SIB anode materials. Especially, among various iron phosphides,
FeP is the most commonly studied, which possesses a high theoretical capacity
of 473 mAh g−1. FeP exhibits similar Na-storage mechanism to that of cobalt
phosphides.

Upon the insertion of Na+ during the first discharge process, the FeP is
transformed into Fe, which can be served as the conductive medium to boost the
electronic conductivity and accommodate the volumetric variation of P. Upon the
subsequent charging/discharging process, P takes reversible reaction with Na to
convert into Na3P.

Li et al. investigated Na-storage behavior of FeP and FeP/graphite composites [24,
47a]. When CMC/PAA binder with 5 vol% FEC additive was applied, the obtained
FeP showed an initial specific capacity close to the theoretical value. In addition,
FeP nanorod arrays grew on carbon cloth (denoted as FeP NAs/CC) as electrode
were achieved by two-step synthesizing process. Fe2O3 nanorod arrays firstly grew
on the carbon cloth via a facile hydrothermal treatment and then converted into FeP
nanorod arrays through phosphidation. As SIB anode material, the FeP NAs/CC
demonstrated a capacity as high as 829 mAh g−1 at 0.1 A g−1, long-term cyclability
with 99.8% capacity retention after 100 cycles along with superior rate capability.
Furthermore, Han et al. proposed a self-sacrificing template approach to manufac-
ture FeP with amorphous carbon anchored on CNT (donated as CNT@FeP@C)
nanocomposite [57]. Attributed from the mesoporous carbon framework, the
prepared CNT@FeP@C nanocomposite displayed much improved electrochemical
performance with a high specific capacity of 415 mAh g−1 during the 100th cycle
at 100 mA g−1 and 295 mAh g−1 during the 500th cycle at 500 mA g−1. CoP-coated
FeP@C microcubes encapsulated by graphene nanosheets were exploited to modify
the sodium-storage properties of FeP (denoted as CoP@FeP@rGO) [58]. FeP@C
microcubes with an average size of 400 nm, derived by Prussian blue through
phosphidation process, consisted of abundant FeP nanoparticles and lots of pores
on the surface. CoP-shell coating not only contributed the sodium-storage capacity
but also alleviated the volume change during the cycling process. Compared with
the CoP@C–Fe and C–Fe samples, the CoP@FeP@rGO microcubes exhibited
improved cyclability (specific capacity of 456 mAh g−1 at the 200th cycle) and
much better rate performance (341 mAh g−1 at 2 A g−1), demonstrating that the
3D graphene skeleton and double coating of carbon and CoP play key roles on
the improvement of electrochemical performance, which could construct high
conductive pathway for fast ion/electron transport, but also effectively keep the
structural ingredient during the repeated Na+ sodiation/desodiation process.

P-rich iron phosphides have also been regarded as potential SIB anode materials
because of their low cost and high theoretical capacity resulting from the high P con-
tent. Zhang et al. fabricated P-rich FeP2 and FeP4 compounds via simple ball-milling
method and explored their Na-storage properties for the first time. Contrary to the
storage behavior in LIBs, FeP2 was nonreactive with Na when served as a SIB anode,
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which was possibly ascribed to the low sodiation potential nearing 0 V vs. Na/Na+.
Remarkably, FeP4 material exhibited excellent Na-storage performance, delivering
an initial capacity as high as 1137 mAh g−1 with the initial Coulombic efficiency of
84%, achieving excellent cyclability with 1000 mAh g−1 after 30 cycles, and good rate
performance. Unfortunately, the sodiation/desodiation mechanism of FeP4 is still
unclear [59].

8.3.2.4 Nickel Phosphide Materials
Nickel phosphides (Ni2P, NiP3, and Ni12P5), exhibiting high electronic conductivity
of around 10−6 S m−1 and low cost, demonstrate promising SIB applications. Never-
theless, the insufficient cycling life inhibits their further application. Constructing
various novel nanostructures has been devoted to endow nickel phosphides with
enhanced sodium-storage performance, such as Ni2P nanocrystals, nanosheets,
nanorods, nanoarrays, and NiP3 films. One should note that high Ni content in
nickel phosphides is favorable for achieving long-term cyclability, but low P content
leads to low value of theoretical capacity.

In 2014, Fullenwarth et al. first fabricated two types of NiP3 materials via high
temperature calcination and ball milling, respectively, using metal nickel and RP
as the raw materials [48]. The obtained NiP3 compound through high-temperature
treatment, as the anode for SIBs, delivered high reversible capacity of 1079 mAh g−1

over 15 cycles with a relatively low working potential of ∼0.2 V, demonstrating
great potential of NiP3 for sodium storage field. In addition, the sodium inser-
tion/extraction reaction mechanism was also investigated (NiP3 →Ni+Na3P, and
Na3P ↔ Na+P). During the initial discharge process, NiP3 decomposes into Na3P
and metal Ni nanoparticles that uniformly distributed in the conductive matrix. No
possible intermediate phases, such as NaP and Na3P11, have been identified so far.
During the subsequent cycles, the Na3P reversibly transforms into amorphous P by
dealloying reaction process.

Yu’s group proposed an assembly and self-templating approach to synthesize
a 3D yolk–shell-like Ni2P nanocomposite, in which Ni2P nanoparticles were
encapsulated in 3D graphene skeleton (denoted as Ni2P⊂pGN) [60]. Benefitted
from the conductive graphene network with abundant void space, Ni2P⊂pGN
demonstrated good Na-storage behavior when serving as a SIB anode, delivering an
initial capacity of 214 mAh g−1 and stable cyclability with 89% capacity retention
after 100 cycles at 200 mA g−1. In addition, a sandwich-like Ni2P nanoarchitecture
was developed by Dong et al. as a SIB anode material, in which the Ni2P nanoarrays
hybrids with N-doped rGO nanosheets (denoted as Ni2P/NG/Ni2P) [61]. The novel
nanostructured composite delivered a capacity retention of 57% over 300 cycles
at 500 mA g−1. Li et al. reported a microporous Ni2P@C–N polyhedron-shaped
nanocomposite embedded in highly rough CNTs as flexible SIB electrode material.
Benefitted from the host structural design and ultrasmall Ni2P nanoparticles with
size of ∼5 nm, Ni2P@C–N polyhedrons exhibited excellent long-life cyclability
with 0.04% capacity loss per cycle after 1000 cycles at 1 A g−1 and superior rate
performance (retaining 197 mAh g−1 at 2 A g−1) [62].
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It is acknowledged that building strong chemical bonding between the transition
metal phosphides and the conductive matrix is helpful for enhancing the elec-
trochemical performance. Kim and co-workers developed nanostructured NiP3
chemical bonded to functionalized CNTs via ball-milling method [63]. The results
suggested that the P—C and P—O—C bonds interconnecting NiP3 nanoparticles
and the CNTs functionalized surface are important factors for the improvement of
NiP3 anode for sodium-storage performance. Inspiringly, the obtained NiP3/CNTs
nanocomposite demonstrated a high initial reversible capacity of 853 mAh g−1 at
200 mA g−1 and maintained 80% of this value over 120 cycles, as well as superior
cyclability of 364 mAh g−1 during the 200th cycle at 1600 mA g−1.

8.3.2.5 Copper Phosphide Materials
Copper phosphides are another type of phosphides widely regarded as promising
SIB anode materials. Cu3P and CuP2, possessing hexagonal and monoclinic struc-
ture, respectively, are the most commonly studied recently. Ball-milling method was
exploited to prepare P-rich CuP2 SIB anode material by Kim and Manthiram [64]
The strong P—O—P chemical bonds between CuP2 nanoparticles and the carbon
matrix enable the long-term cycling stability (an initial capacity of 450 mAh g−1

with 95.5% capacity retained after 100 cycles). Zhao et al. reported a CuP2/carbon
black nanocomposite through an optimized two-step ball-milling method, which
obtained a high initial capacity (>500 mAh g−1) and decent rate performance [50].
Based on the reports, the sodiation/desodiation process of CuP2 electrode proceeds
via a reversible conversion reaction mechanism, which can be concluded as follows:

CuP2 + 6Na+ + 6e− ↔ Cu + Na3P (8.11)

Additionally, solution-phase method followed by phosphorization treatment
have been proposed to design novel nanostructure for CuP2 material endowing
high-performance for SIBs. Yu and co-workers reported a Cu3(PO4)2⋅3H2O derived
CuP2/carbon sheets nanocomposite, where the CuP2 nanoparticles were completely
encapsulated by cross-linked hollow carbon sheets (denoted as CuP2@CHCS).
Benefitted from the carbon shielding and the hollow structure providing the
buffer for alleviating the huge volumetric change during charging/discharging
along with the significant improvement in electrical conductivity, the as-obtained
CuP2@CHCS achieved a reversible capacity as high as 451 mAh g−1 and retained
91% of this capacity during the 200 cycles at 80 mA g−1 [65].

Cu3P was also developed as anode material for SIB applications. As shown in
Eq. (8.12), Cu3P undergoes the similar Na+-storage mechanism to that of CuP2
through reversible conversion reactions during the sodiation/desodiation process.

Cu3P + 3Na+ + 3e− ↔ 3Cu + Na3P (8.12)

Fan et al. proposed a Cu3P nanowire array (denoted as CPNW) electrode through
the direct growth of Cu(OH)2 nanowires on the copper current collector followed
by in situ phosphidation treatment [66]. The nanowire structure greatly reduced the
diffusion distance for both e− and Na+, which significantly enhanced the charge
transfer kinetics. In addition, the array-structured electrode construction offered
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abundant open void for electrolyte penetration and continuous electrolyte supply.
As a result, CPNW electrode demonstrated superior cycling stability with only 0.12%
capacity loss per cycle over 260 cycles at 1 A g−1.

8.4 Concluding Remarks

In general, due to the advantages of higher theoretical capacities coming from the
alloy/conversion reactions with multiple electrons transfer behaviors, the abundant
natural reserves and relatively appropriate working potential (∼0.4 V vs. Na+/Na),
phosphorus/phosphide anodes for SIBs have gained growing research interests.

For phosphorus, especially RP and BP possessing high electrochemical active with
sodium ions, they show similar alloy- or conversion-type Na-storage mechanism
(i.e., 3Na++ 3e− + P ↔ Na3P for RP and P + Na ↔ NaxP ↔ Na3P for BP), which pro-
vides large Na-storage capacity. However, because of the multiple Na+ ions involved
in the reaction, phosphorus anodes suffer from the huge volume expansion problem,
which leads to electrode fragmentation and pulverization and thus undesired cycling
performance. In addition, the short slabs of low Coulombic efficiency and low elec-
tronic conductivity also exist in the phosphorus anodes. Therefore, to solve these
issues, several effective strategies have been proposed, for example, combining with
conductive matrix to enhance the electronic conductivity of electrode and provide
soft matrix for volume expansion; modulating nanostructures to create extra vol-
ume for volume expansion; developing suitable electrolyte additives and electrode
binders to optimize battery configuration for enhancing Coulombic efficiency.

Compared with phosphorus anodes, the Na-storage mechanisms of metal
phosphides anodes are also based on the alloy- or conversion-type reaction, but
are more complex, which is mainly caused by the different Na+ ions reaction
activity of metal elements. In addition, some metal phosphides anodes possess
a few unique advantages over phosphorus, for example, Sn4P3 possesses higher
electronic conductivity and lower redox potential; the reserve abundance, low-cost
and environmentally-friendly characteristics of Fe increase competitiveness of FeP.
However, metal phosphides also suffer from poor cycling performance caused by
huge volume expansion. Since the fundamental reason for the volume expansion of
metal phosphides anodes is the conversion between P and Na3P, the strategies for
modified phosphorus anodes are also suitable for metal phosphides anodes.

Although great progress has been achieved for the phosphorus and metal
phosphides anodes in SIBs based on their inherent advantages and ingenious
modification, there are still some challenges to overcome. And we make bold
predictions about the research direction in this field, as follows: (i) developing more
advanced and novel method for fabricating phosphorus/phosphides materials,
achieving the control of molecules and even atoms to meet the high demand of
SIBs; (ii) using more advanced in-situ testing method and theoretical calculations to
investigate the Na-storage behavior in phosphorus/phosphides anodes at molecular
and even atomic levels, guiding the modified direction; and (iii) matching phos-
phorus/phosphides anodes with other components of the battery, such as cathode
materials, electrolyte, separator and so on, to improving the compatibility.
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9

Metal Oxides/Chalcogenides/Alloys for Sodium-Ion
Batteries on Alloy and Conversion Reactions

9.1 Introduction

In Chapter 8, the modification strategies, electrochemical performances, and reac-
tion mechanisms of phosphorus and phosphide anodes based on alloy and con-
version reactions for sodium-ion batteries (SIBs) are introduced detailly. Benefiting
from the high theoretical capacity of these reactions, anode materials of metal alloys
and metal oxides/chalcogenides with similar electrochemical behaviors have also
attracted more and more research interest. For example, metal chalcogenides with
special intrinsic properties, such as weaker M—X bond than M—O bond, are bene-
ficial to the reaction kinetics in conversion reaction and smaller volume expansion
in alloy reaction, showing promising sodium storage properties.

Despite these advantages, it is difficult to escape the same shortcoming as
phosphorus and phosphide, that is, the unsatisfactory cyclability. The strate-
gies of optimizing sodium storage performance of the above-mentioned alloy/
conversion-type anode materials have been explored for a long time. The main ones
include nanostructuring, morphology control, lattice engineering, construction
of hybrid composite, etc. Besides, engineering bimetallic systems (bimetal alloys
or bimetal chalcogenides) and utilizing compatible electrolyte (additives) systems
with suitable binders also turn to be valid approaches to optimize their Na storage
performance.

9.2 Metal Oxides

9.2.1 Conversion-type Oxides

Transition metal oxides (TMOs) with a conversion mechanism exhibit much higher
capacities. And TMOs including iron oxide (Fe3O4 and Fe2O3), cobalt oxide (CoO
and Co3O4), manganese oxide (MnO, Mn3O4, and MnO2), molybdenum oxides
(MoO3), and vanadium oxide (V2O5 and VO2), by far, have already been widely
applied in the application of lithium-ion batteries (LIBs). These well-known LIB
anodes have also been explored for analogous sodium storage, and the performances
are attractive. Moreover, the relatively lower potential renders these conversion-type

Sodium-Ion Batteries: Energy Storage Materials and Technologies, First Edition. Yan Yu.
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oxides as suitable anode materials for SIBs despite their relatively lower reversible
capacities compared with those in LIBs. However, most TMOs suffer from large
volume variation during Na+ ion insertion/extraction and inherent low elec-
tronic conductivity, leading to unsatisfactory performance. Thus, fabrication of
nanostructured composite is regarded effective in enhancing the electrochemical
properties.

As anode materials for SIBs, iron oxides are attractive and promising because
of their low cost, environmental benignity as well as the abundance in the earth
crust. However, the degradation of the crystal structure and the decomposition of
electrolyte occur during the sodiation–desodiation processes, resulting in capacity
fading. Therefore, shortening ion transport pathways and mitigating the volume
variation by designing various morphologies or compositing with other materials
were adopted to enhance the electrochemical performance of iron oxides. Modafferi
et al. reported α-Fe2O3@reduced graphene oxide (rGO) nanocomposites for SIBs
[1]. Higher rGO content exhibited better electrochemical performance and various
doping agents led to different effects. Ti doping is conducive to the enhancement of
rate capability, and Mn doping improves the electrode stability. Amorphous Fe2O3
confined in 3D nitrogen-doped carbon nanofiber (CNF) networks also exhibited
superior sodium properties [2]. A reversible capacity of 408 mAh g−1 was delivered
after 350 cycles at 100 mA g−1, and 183 mAh g−1 was remained at 3 A g−1. The relief
of electrode internal stress and more active sites for accommodating Na+ were
achieved by both synergistic effects of amorphous structure of Fe2O3 and 3D inter-
connected high-nitrogen-doping (10 at%) carbon network, thus ameliorating the
volume changes and the electronic and ionic diffusion. Fe3O4 is also a very common
anode material in SIBs. Ming et al. reported porous carbon–Fe3O4/Na2FeP2O7 con-
figuration for SIBs [3], and the full cell exhibited a superior capacity of 93 mAh g−1

and capacity retention of 93.3% after 100 cycles. The average work potential was
about 2.28 V and the corresponding energy density was 203 Wh kg−1. However,
the development of iron oxides still needs to overcome some key issues. Firstly,
the large voltage hysteresis should be alleviated and the in-depth electrochemical
reaction mechanism needs to be clearly clarified. In addition, the low overall energy
density during the full cell application resulted from the wide operation voltage
range needs to be enhanced.

Due to the outstanding redox properties of cobalt oxides, typically Co3O4 and
CoO are widely used in SIBs. Co3O4 is able to undergo a reversible conversion
reaction as following: Co3O4 + 8Na+ + 8e− → 4Na2O+ 3Co. Wu et al. have reported
a novel 3D porous hierarchical Co3O4 structure as anode for SIBs [4]. The specular
structure was composed of mesoporous Co3O4 nanosheet arrays grown on rGO
coating on surface-treated Ni foam, which offered outstanding binding and elec-
trical contact with the current collector. The impressive capacity of 757 mAh g−1

was retained at 100 mA g−1 after 400 cycles for SIBs. The results showed that the
Li+ ion intercalation/deintercalation processes were dominated by an ultrafast
supercapacitor-like storage behavior caused by the 3D porous ion transport net-
work and the graphene-mediated electronic transport pathway. In another work,
rambutan-like hybrid hollow spheres of carbon confined Co3O4 were reported by
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Xu et al. [5]. The rationally designed architecture renders high structural robustness
and rapid electrode kinetics. When tested in SIBs, a high reversible specific capacity
of 712 mAh g−1 at 0.1 A g−1 and 223 mAh g−1 even at a 5 A g−1 were retained.
Meanwhile, satisfactory capacity retention of 74.5% was achieved after cycling 500
times. Recently, nano-frames of CoOx encapsulated in carbonized electrospuned
fibers by electrospinning ZIF-67 nanoparticles with polyacrylonitrile (PAN) were
reported to exhibit outstanding sodium storage capacity [6]. With the help of in situ
Raman and ex situ microscopic characterization, the reversible conversion of CoOx
during the sodiation–desodiation process was unveiled. After extreme long cycling
over 6000 times, the sodium cell could achieve a high reversible capacity even at
20 A g−1, arising from the unique CoOx framework and the confinement effect of
carbon fibers which alleviated the volume variation during cycling. A Ni-doped
Co/CoO/NC hybrid anode for SIBs has been synthesized by Kaneti et al. [7]. They
used bimetallic Ni–Co-ZIF as the starting precursor and the resulting product
exhibited high specific surface area with micropores. Various factors including
minimized aggregation and pulverization by introducing carbon matrix, faster
insertion/de-insertion and shortened diffusion distance of Na+ by designing micro-
and mesopores, and creating extra electrochemically active sites through Ni doping,
synergistically enhanced the Ni-doped Co/CoO/NC hybrid, which released high
discharge capacity of 218 mAh g−1 at 500 mA g−1 and 218.7 mAh g−1 at 500 mA g−1

after cycling 100 times. In general, although cobalt oxides possess merits of high
reversibility and specific capacities, the large voltage hysteresis and the wide
operational potential range still hinder its commercial applications. The underlying
mechanisms should be further explored for designing new modified cobalt oxides
anode.

In spite of low redox potential, relatively low polarization, high theoretical capac-
ity, and environmental friendliness, manganese oxides including MnO, Mn3O4,
and MnO2 still face the similar issues like other conversion-type oxides. The large
volume fluctuation, low electronic conductivity together with easy dissolution of
Mn2+ in the electrolyte negatively affect the electrochemical properties, especially
cyclability. Therefore, the research progress on manganese oxide mainly focuses
on how to improve the mechanical strength and electronic conductivity. He et al.
have fabricated uniformly MnO nanoparticles with sizes of 4 nm on nitrogen-doped
carbon (NDC) nanotubes [8]. The introduction of NDC materials (served as
conductive scaffolds) facilitated the acceleration of electron transport and Na+
ion adsorb ability in the charging process, thus leading to an improvement of
electronic conductivity and inhibition of volume variation. The obtained product
exhibited 709 and 292 mAh g−1 at 0.1 and 5 A g−1, respectively. And after 3000
cycles at 5 A g−1, the capacity retention could maintain 91% corresponding to a very
slow capacity fading, illustrating that the structure changes could be controlled
via this unique configuration. Despite many studies on the MnO anodes, there
are not many reports on the Mn3O4 and MnO2 anodes. Li et al., for the first time,
reported a unique feather-like MnO2 nanostructure in situ grown on a carbon paper
through a simple hydrothermal method [9]. Thanks to a large pore size and the
high surface area, the anode delivered approximately 300 mAh g−1 after cycling
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400 times at 0.1 A g−1. Another nanosized flower-like γ-MnO2 was reported by
Si et al. [10]. In the EC-based electrolytes, the capacity decays rapidly due to the
inevitable dissolution of Mn2+. However, the dissolution of Mn2+ was effectively
alleviated when applied with ionic liquid electrolyte such as 1-butyl-3-methyl imi-
dazolium bis[(trifluoromethyl)sulfonyl] imide (BMIMTFSI), and the cell exhibited
a capacity retention of 76% after 100 cycles while only 56% for an EC/PC electrolyte
tested under the same condition.

Except for the above-mentioned oxides, molybdenum oxide (MoO3) with its
attractive structure, low cost, nontoxicity, and abundance was regarded as a promis-
ing anode candidate in SIB field. Layered orthorhombic α-MoO3 is stacked by bilayer
sheets of [MoO6] octahedron connected through wan der Waals forces. And similar
to the reaction mechanism in LIBs, both the spacings from layer-to-layer [MoO6]
octahedron and the interlayer of [MoO6] octahedron are able to accommodate Na+.
Although it has been used in LIBs for many years, the first report associated with
its application in sodium storage was released in 2003 by Hariharan et al. [11]. The
rocking chair full cell composed of Na3V2(PO4)3 cathode and MoO3 anode revealed
a potential of about 1.4 V with an initial discharge capacity of 164 mAh g−1. Xia et al.
have in situ characterized the sodiation–desodiation behavior of layer-structured
α-MoO3 nanobelt in the aspects of phase transformation and reaction mechanisms
[12]. By means of in situ transmission electron microscopy (TEM) and electron
diffraction pattern (EDP), α-MoO3 nanobelts were found to exhibit a multi-step
phase transformation process during the first cycling. In the initial sodiation, the
amorphous NaxMoO3 phase was firstly formed and transformed into an interme-
diate phase of crystalline NaMoO2, and the resulting product was a composite
composed of dispersed crystalline Mo nanograins with Na2O matrix. However, in
the following initial desodiation, the obtained Mo nanograins were firstly converted
to NaMoO2 before the formation of amorphous Na2MoO3, showing an irreversible
phase transformation with a large capacity loss after initial cycle. As the cycle
continues, Mo nanograins and amorphous Na2MoO3 transformed reversibly. Thus,
achieving a reversible transformation with a high Coulombic efficiency is the key
to enhance electrochemical performance of α-MoO3. Very recently, MoO3 with a
nanotube architecture fabricated by Jiang et al. exhibited satisfactory electrochemi-
cal performance [13]. By creating oxygen deficiency and surface phosphorylation,
the resulting MoO3 arrays sustained 265 mAh g−1 at a rate of 2 A g−1 over 1500
cycles with capacity retention of about 90%, which outperformed those in other
literatures. Furthermore, a sodium-ion full cell was assembled to demonstrate
the compatibility in practice. Paired with Na0.67(Ni0.23Mg0.1Mn0.67)O2 cathode, the
assembled MoO3−x//Na0.67(Ni0.23Mg0.1Mn0.67)O2 battery delivered an average cell
voltage of 2.7 V with a specific energy of 128 W h kg−1, as well as a power density of
1740 W kg−1 at 68 W h kg−1, verifying its potential in the application of SIBs.

Due to the layered structure, high energy density, and easy preparation, V2O5 is
also studied as an anode for SIBs. V2O5 aerogel as anode material was attempted
by Moretti et al. [14]. Combined with the carbon-coated Na3V2(PO4)3 cathode, the
full cell presented an average voltage of 2.5 V and a maximum specific capacity of
113 mAh g−1

anode after 200 cycles at 100 mA g−1. The widely utilized and feasible
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modification way is to composite with carbon materials such as rGO [15]. The
introduction of rGO could prevent the aggregation of V2O5 nanowires and enhance
the whole electronic conductivity of the composite anode. Thus, the as-prepared
V2O5/rGO composite presented 0.62 mAh cm−2 after 100 cycles at 0.4 mA cm−2.
Another work reported VO2 microspheres encapsulated into crumpled rGO as
another promising anode for SIBs [16]. The unique bilayer structure VO2 with
large lattice spacing endowed it with good electrical conductivity and high capacity.
Employing crumpled rGO to encapsulate VO2 nanomaterials could extend its
electrochemical potential window to the region of 0.01–3.0 V, which led to a higher
capacity. A high reversible capacity of 383 and 214 mAh g−1 at 0.1 and 4 A g−1 could
be obtained, respectively. Moreover, the composite is able to undergo 2000 cycles
at 4 A g−1 with a capacity fade of 0.013% per cycle. Besides, a novel multi-shelled
V2O3/C composite was synthesized to boost the electrochemical performance
[17]. Adopting a simple solvothermal process and a calcination treatment, the
composite, as expected, exhibited an outstanding specific capacity of 173 mAh g−1 at
1000 mA g−1 after 2000 cycles, ascribing to multiple positive effects induced by the
high electrical conductivity, rich available redox sites, fast charge carrier transfer
rate, and good structural stability.

In general, conversion-type oxides as a large anode family contribute satisfactory
sodium storage properties to the whole anode field. Due to various reaction mech-
anisms, their phase stabilities and sodiation–desodiation processes differ from each
other. Thus, designing new materials or adopting novel modification methods to
solve the intrinsic drawbacks including low electronic conductivity and severe vol-
ume fluctuation still need to be further explored.

9.2.2 Conversion-alloy-type Oxides

Oxides based on alloy reactions have aroused much attention due to their high
capacities. Taking SnO2 as an example, it could react with Na+ to generate Sn and
Na2O, and the resulting Sn could further react with Na+ via alloying reaction. The
complete process delivers a high capacity of 667 mAh g−1 theoretically and a low
reaction potential when been applied in SIBs. Although the agglomeration and
volume expansion are suppressed to some extent during the first alloy stage since
Sn and Na2O dispersing in each other, SnO2 still bears severe volume change due to
the expansion of Sn. Additionally, the low conductivity of SnO2 anode also results in
inferior rate capability and cycling life. Conventional and effective methods includ-
ing reducing ionic/electronic diffusion, compositing with conductive materials, and
constructing novel heterostructures have afforded it much-improved performance.
For example, 3D carbon foam-supported Mo-doped SnO2 nanoflake array was
designed [18]. The carbon foam provided a 3D conductive network and also served
as a buffer skeleton to suppress the volume variation, resulting in improved rate
performance and cycling stability. Moreover, doping of Mo could accelerate the
kinetics of sodium-ion transfer, and interlaced SnO2 nanoflake arrays are conducive
to the promotion of conversion reactions. Mo–SnO2@C foam with 38.41 wt%
SnO2 and 3.7 wt% Mo content delivered an initial capacity of 1017.1 mAh g−1 at
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0.1 A g−1. In addition, Liang et al. employed 1D tubular TiO2 as a structural-stable
substrate to enhance the stability of SnO2 [19]. The reaction kinetics in the process
of sodiation–desodiation was accelerated by forming a layer of SnO2 particles on
the surface of the TiO2 nanotubes, leading to excellent sodium storage capacity. The
SnO2@TiO2 anode released 316 mAh g−1 after 50 cycles at 50 mA g−1 and the initial
Coulombic efficiency (ICE) of 49.7%, which were much superior to the pristine
SnO2 (200 mAh g−1 and 29%) and TiO2 nanotube (179 mAh g−1 and 32%).

Similarly, the use of Sb2O3 exhibits better performance on alleviating volume
expansion compared with metallic Sb, and the capacity could be thus improved.
Sb2O3 first converts into Sb nano-precipitates in an amorphous Na2O matrix
during sodiation, and the stress generated during the following alloy process
from Sb to Na3Sb could be alleviated to some extent. Fei et al. have adopted a
simple solvothermal method to obtain a flexible Sb2O3 composite anode [20]. With
employing carbon cloth as substrate, the uniformly distributed Sb2O3 nanospheres
exhibited higher electronic conductivity due to the conductive pathway provided by
carbon cloth for fast electron transfer. Based on alloying and conversion reactions,
the Sb2O3/carbon cloth anode demonstrated a high initial discharge capacity of
1248 mAh g−1, and 900 mAh g−1 was retained at 0.05 A g−1 after 100 cycles, resulting
from the good conductivity of carbon cloth and strong chemical bonds between
Sb2O3 and carbon cloth. Another 3D Ni-supported Sb2O3 anode has also been
reported to deliver a high gravimetric and volumetric capacity [21]. Large pore
interconnection in the 3D scaffold could be achieved via the colloidal template,
which was beneficial to accommodate a large volume expansion and held a high
active material loading. At a loading of 1.1 g cm−3, a specific capacity and volumetric
capacity of about 445 mAh g−1 and 488 mAh cm−3 were delivered, respectively.
Excellent cycling performance with capacity retention of 89% after 200 cycles at
200 mA g−1 was also achieved.

Furthermore, since Bi2O3 possesses the advantages of large abundance, envi-
ronmental benignity, stable chemical properties, and a high theoretical capacity of
690 mAh g−1, its usage as anode for SIBs has also been explored. However, its infe-
rior electrical conductivity and huge volume variation during the electrochemical
conversion would cause rapid capacity fading. Compositing with carbon materials,
the electrochemical performance of Bi2O3 is able to be enhanced distinctly [22].
With decorating Bi2O3 nanoparticles on CNFs by electrospinning method, this
self-supporting composite demonstrated high rate capability of 504 mAh g−1 after
100 cycles at 25 mA g−1 and 393 mAh g−1 at 625 mA g−1. Besides, amorphous carbon,
and rGO could also be used as modifiers to boost the electrochemical performance
[23].

9.3 Metal Chalcogenides

9.3.1 Metal Sulfides

Recently, as a big family of energy storage materials, metal sulfides (MSx) have also
gained a lot of attention for SIBs. Except for the merits of low working voltage,
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long life cycle, and high specific capacities, they exhibit higher electrochemical
reversibility during redox reactions compared with the corresponding metal oxides.
The reactions between metal sulfides and Na+ ions are mainly conversion and/or
alloying reactions, similar to those with Li+ ions. In this segment, various MSx will
be thoroughly discussed.

9.3.1.1 SnS/SnS2

Tin sulfides with unique layered structures and easy preparation process have
been investigated in SIBs. Orthorhombic SnS and hexagonal SnS2 as typical
semi-conductive materials are very attractive. SnS exhibits respective high theoreti-
cal capacity of 1022 mAh g−1, but it still experiences severe volume variation during
repeated cycling processes and relatively poor electrical conductivity, leading to
capacity fading. Because of the inherent larger radius of Na+ (0.102 nm) than Li+
(0.076 nm), the reaction of SnS with Na is more complicated since it bears a much
larger volume change than the reaction in LIBs. Large endeavors have been tried
to improve the electrochemical properties including design of a stable structure,
morphological control, doping with heterogeneous atoms, compositing with
conductive materials to form hybrid materials, and so on. Yan et al. have designed
self-standing SnS/C nanofibers membrane anode to exhibit high sodium storage
performance [24]. It exhibited a high specific discharge capacity of 324 mAh g−1

after 200 cycles with a capacity retention of 84.8%. By introducing interconnected
nanosized building blocks, a micro/nanostructured SnS/few-layer graphene
(SnS/FLG) composite fabricated by a facile scalable plasma milling method was
reported [25]. The nanosized building blocks of the SnS/FLG composite combined
with SnS nanoparticles and FLG matrix ensured excellent electron/ion conductivity.
Moreover, the cycle-induced stress could be effectively relieved thanks to the FLG
matrix and high-density boundaries, preventing SnS from pulverization after
repeated cycling. Therefore, the SnS/FLG delivered a high gravimetric capacity
of 494.2 mAh g−1 after 200 cycles, and high gravimetric/volumetric capacities of
388.1 mAh g−1/768.5 mAh cm−3 after 500 cycles even at 1 A g−1. A unique structure
of N, S co-doped rGO and SnS sandwiched together by selective vulcanization of
ZnSn(OH)6 and subsequent in situ decomposition was reported (Figure 9.1a) [26].
The electronic conductivity could be enhanced by introducing rGO substrate and
chemical bonds between SnS and rGO, and the co-doping of N and S rendered
abundant sites for ions adsorption, inducing a strong pseudocapacitive effect and
favoring fast electrochemical kinetics. The SnS/rGO/SnS electrode delivered high
charge capacities of 573.2, 533.2, 482.0, 419.5, 359.2, 304.3, and 265.8 mAh g−1 at
0.05, 0.1, 0.2, 0.5, 1, 2, and 3 A g−1, respectively, much superior to the pure SnS.

Adopting a conversion and alloying process toward sodium storage, SnS2 stands
out with a high theoretical capacity of 1136 mAh g−1. However, the drawbacks
especially poor electronic conductivity and enormous volume variation of 324%
during sodiation–desodiation still hinder its application. The introduction of
S-doped graphene (SG) and K doping to obtain K-doped-SnS2@SG could greatly
improve the electrochemical performance of SnS2 [30]. S-doped graphene could act
as a 2D conductive matrix to boost electrical transportation. And the K+ ions with
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Figure 9.1 (a) Schematic illustration of the fabrication of sandwich-like SnS/rGO/SnS
structure. Source: Liu et al. [26]. Reproduced with permission, 2020, Springer
Science+Business Media. (b, c) TEM and dark field STEM images of the Sb2S3@CNF. Source:
Zhai et al. [27]. Reproduced with permission, 2019, Elsevier. (d) FE-SEM image of the
FeS2@C (the inset is the TEM image of FeS2@C) and (e) cycling performances of
Na/FeS2@C cell at 10 A g−1. Source: Man et al. [28]. Reproduced with permission, 2020,
American Chemical Society. (f) Schematic illustration of the preparation for the CoS2@C
composite. Source: Zhao et al. [29]. Reproduced with permission, 2020, Elsevier.

positive charge can be electrostatically adsorbed on the negatively charged graphene
oxide sheets, and the resulting repulsive force also prevented graphene from stack-
ing and maintained a dispersion of a few-layered structure. Thus, due to the
synergistic effect of the dispersed S-doped graphene and uniformly distributed
SnS2 quantum dots, the K-doped–SnS2@SG exhibited superior electrochemical
performances of 743 mAh g−1 at 45 mA g−1 and 236 mAh g−1 even at 27 A g−1,
respectively. Wang and coworkers found that hierarchical SnS2 microspheres with
the created S vacancy could boost the charge transfer kinetics for SIBs [31]. The
theoretical calculations have suggested that the presence of S vacancies could
decrease the band gap and favor the sodium storage performance. On the one
hand, nanosheet units could effectively reduce the diffusion pathway of sodium
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ions. On the other hand, the hierarchical SnS2 microspheres possessed a higher
conductivity, which favored the transport of electrons. Therefore, the hierarchical
SnS2 microspheres with S vacancies delivered long-term cycle life with a large
capacity of 486.2 mAh g−1 after 1000 cycles.

9.3.1.2 Sb2S3/Bi2S3

Since Sb2S3 possesses the merits of a high theoretical capacity of 946 mAh g−1

with low toxicity, it has been widely accepted as a promising anode for SIBs. Sb2S3
has an orthorhombic and anisotropic-layered structure, where the 1D structures
of (Sb4S6)n connecting by weak van der Waals force align parallelly to the [011]
direction [32]. Zhai and coworkers have applied a one-pot electrospinning process to
obtain Sb2S3 nanocrystals hosted in multichannel porous N-doped CNF composite
[27]. Sb2S3 nanoparticles with 10–50 nm in size were uniformly embedded in CNF
(Figure 9.1b,c), and the multichannel pores of CNF acted as a buffer to restrict the
structural variation of Sb2S3 during cycling. Sb2S3@CNF exhibited a specific capac-
ity of 178 mAh g−1 at 5 A g−1 with excellent cycle life (87% capacity retention after
1000 cycles at 1 A g−1). By adopting a novel vaporization–condensation method,
Chang et al. have investigated Sb2S3/active carbon nanostructured composite as an
efficient anode for SIBs [33]. The confinement of Sb2S3 within the nanopores of
active carbon accommodated the large volume of Sb2S3 variation and enabled the
fast electron/Na-ion transfer, resulting in excellent sodium storage performance.
The obtained Sb2S3 with nanosized pores exhibited a capacity of 799.5 mAh g−1 at
1162 mA g−1, and 476.5 mAh g−1 was retained after 1000 cycles. Zhao et al. employed
another ultrasound sonochemical method to fabricate amorphous Sb2S3–graphene
composites for SIBs [34]. Because of the opening frame of ion diffusion channels
and higher reversibility in thermodynamics, the amorphous composite displayed
superior electrochemical properties in comparison with the crystalline counterpart
for SIBs. Consequently, the amorphous Sb2S3–graphene composite delivered the
first discharge capacity of 1867.1 mAh g−1 and a high reversible capacity of over
880 mAh g−1 after 50 cycles.

Bismuth (Bi), belonging to the same group as Sb, is an attractive anode for SIBs
as well. Layered orthorhombic bismuth sulfides (Bi2S3) with a direct band gap of
1.3 eV is a semiconductor and isostructural to Sb2S3. Likewise, Bi2S3 often under-
goes unsatisfactory cycling property resulting from poor conductivity together with
the structural destruction induced by severe volume variation, leading to severe com-
promise on its application in advanced SIBs. Designing novel morphology to endow
Bi2S3 with fast mass transfer and high conductivity is one of the effective methods
for elevating sodium storage capacity. A hierarchically structured Bi2S3/graphene
aerogel composite with a flower-like morphology was proposed by Zhang et al. [35].
Adopting a one-step hydrothermal reaction and the following freeze-drying pro-
cess, the Bi2S3/graphene (23 wt%) aerogel composite exhibited a reversible specific
capacity of 587 mAh g−1 at 100 mA g−1 and maintained 397 mAh g−1 after 50 cycles.
A reversible specific capacity of 336 mAh g−1 was achieved even at 2 A g−1. More-
over, 348 mAh g−1 after 120 cycles at 1 A g−1 was still maintained. SEM observation
showed that the microsized flower-like Bi2S3 was composed of 1D nanorods with
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700 nm in length uniformly anchored between the graphene layers, and the detailed
microstructure observed from TEM illustrated the distribution of Bi2S3 nanorods
(300 nm in width) within wrinkled graphene layers. Large amounts of pores together
with a continuous graphene framework would facilitate the rapid transportation of
electrons and sodium ions, and at the same time, the excellent elasticity of graphene
aerogel was conducive to alleviate volume changes during sodiation–desodiation.
Moreover, oxygen bridges by Bi—O—C bonds between Bi2S3 and the graphene aero-
gel further provided pathways for electron diffusion. Another attractive solution is
constructing novel heterostructures which would alter the chemical properties of
these functional materials. Inspired by the built-in electric field effect, Luo et al.
designed heterostructured Bi2S3–Bi2O3 nanosheets via an easy water bath approach
accompanying by a controllable thioacetamide-directed surfactant-assisted reaction
process [36]. When applied in sodium storage, the Bi2S3–Bi2O3 heterostructure dis-
played a promising performance with a reversible discharge capacity of 630 mAh g−1

at 100 mA g−1 with relatively good stability.

9.3.1.3 MoS2/WS2

As for the group VIB metal, MoS2 and WS2 are the ones that have been most
explored. Based on the conversion reaction mechanism, sodium ion could insert
in MoS2 and WS2 to generate Na2S and metallic Mo or W. Similar to graphite,
MoS2 and WS2 demonstrate layered structures connecting by weak van der Waals
forces, where S layers covalently bond with Mo(W) layers. This layered structure
is able to promote a rapid diffusion of charge carriers and cushion the volume
changes during redox process. Nevertheless, the inferior electrical conductivity
together with the problem of restacking need to be avoided to obtain satisfactory
electrochemical performance. Thus, several methodologies such as morphology
optimization, size reduction, lattice expansion, as well as carbon materials incor-
poration have been utilized. Zhan et al. for the first time reported all-in-one MoS2
nanosheets tailored by porous nitrogen-doped graphene (N-RGO) as an anode for
SIBs [37]. The obtained material combined all the favorable qualities including
vertical alignment of ultrathin layered MoS2 with vacancy defects and expanded
spacing. Furthermore, porous N-RGO would restrict the growth of all-in-one MoS2
by a strong coupling effect, leading to the enhancement of cycling reversibility of
conversion reaction. Therefore, the MoS2@N-RGO displayed an excellent reversible
capacity of 365, 219, and 149 mAh g−1 at 0.2, 10, and 20 A g−1, respectively. And
capacity of 250 mAh g−1 was retained after 300 cycles at 1 A g−1. Moreover, when
coupled with Na3V2(PO4)3 cathode, the full cell displayed a high reversible capacity
of 265 mAh g−1 at 0.1 A g−1 with a remarkable energy density of 141 Wh kg−1. Liu
et al. used bacterial cellulose (BC) as a carbon source to form highly conductive CNF
to synthesize nanoflower-like MoS2/CNFs [38]. 3D porous architecture of CNFs
provided sufficient room to adapt the volume change of MoS2, while the conductive
network facilitated electron and ion transfer. In this design, the formation of
few-layered ultrathin MoS2 nanosheets crosslinked with CNFs due to the confined
growth, leading to a high active surface area of 35.1 m2 g−1. The alternation of
CNFs content would cause various morphology evolution of MoS2/CNFs. When the
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content of CNFs was 10.24 wt%, the optimized MoS2/CNFs possessed an enlarged
lattice spacing of 0.71 nm, facilitating ion and electron diffusion. Thus, it delivered
a capacity of 509 mAh g−1 at 0.1 A g−1 and maintained a high discharge capacity of
368 mAh g−1 after 400 cycles at 6.25 A g−1 as anodes for SIBs.

Aiming at exploring the sodium storage performance of 3D graphene–WS2 hybrid
structure, Mohammadi et al. adopted the first-principle calculations to calculate
the structural properties of Na adsorption and diffusion on 3D graphene–WS2 as
well as the electronic structure and charge transfer properties of Na adsorbed on
3D graphene–WS2 systems [39]. In contrast to graphene and graphene nanoribbon,
larger binding energy was delivered in the case of Na atom intercalating into the
interlayers of the 3D GW hybrid structure, which indicated that this composite struc-
ture exhibiting better cycling stability. The estimated Na diffusion barriers between
0.05 and 0.17 eV showed that the Na atoms would readily diffuse on the 3D GW
system during battery operation. Moreover, satisfactory electrical conductivity was
exhibited before and after Na adsorption, which is conducive for anode performance.
Additionally, Xu et al. have reported a novel additive-free anode with direct construc-
tion of vertically aligned WS2 columnar platelets on an Al foil with low-tortuosity
pores (VA/LT-WS2) via an innovative sputtering strategy [40]. This unique structure
provided high efficiency of ion diffusion. An additional carbon layer with 6 nm in
thickness also covered the composite film electrode to enhance the electron trans-
portation pathway; meanwhile, it also relieved the cracking of solid electrolyte inter-
face (SEI) film resulting from the volume expansion. At 100 mA g−1, the 2.8-μm
composite film anode exhibited a high capacity of 1339 mAh cm−3 volumetrically.
When paired with Na2V3(PO4)3/C cathode, the full cell demonstrated a reversible
volumetric capacity of 554 mAh cm−3 at 50 mA g−1, verifying its potential for further
battery development.

9.3.1.4 FeSx/CoSx/NiSx

As two widely investigated iron sulfides, pyrite FeS2 and FeS, have drawn a lot
of attention in the energy storage field for their high theoretical capacity, nat-
ural abundance, cost-effectiveness, and environmentally friendliness. In cubic
FeS2 structure, Fe takes up the octahedral sites of FeS6 and sulfur is in the
form of S2

2−. Although intercalation (FeS2 + xNa+ + xe− →NaxFeS2 (x < 2)) and
conversion reactions (NaxFeS2 + (4−x)Na+ + (4−x)e− →Fe+ 2Na2S) could both
happen during the discharging process in theory, experiments characterization
revealed the intercalation reaction is irreversible, implying that FeS2 cannot
be regenerated during the charging process. Thus, the sodium storage mecha-
nism of FeS2 could be illustrated based on the conversion reaction as following:
NaxFeS2 + (4−x)Na+ + (4−x)e− ↔ Fe+ 2Na2S, and the reaction delivers a high
theoretical specific capacity of 894 mAh g−1. Similarly, FeS exhibits the theoretical
capacity of 609 mAh g−1. However, it should be noted that severe volume change
owing to their conversion reactions causes inferior cyclic performance, which hin-
ders their applications. Extensive efforts during recent years have been dedicated
to improve the performance. FeS2@carbon (FeS2@C) yolk−shell nanostructures
fabricated via a facile carbonation–sulfidation strategy were reported by Man
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et al. [28] for SIBs. The yolk−shell structure was able to improve the reaction
kinetics of the high-capacity FeS2 and meanwhile provide enough space to tolerate
large volume changes (Figure 9.1d). As a result, the FeS2@C nanocomposite
with the unique structure delivered a reversible capacity of 616 mAh g−1 after 100
cycles at 0.1 A g−1 and retained 220 mAh g−1 even after 10 000 cycles at 10 A g−1

(Figure 9.1e). Similar morphology of a unique dual carbon-decorated FeS2-based
hybrid (denoted as GF/FeS2@C) was also prepared by Jing et al. [41]. Furthermore,
by using Prussian blue microcubes as the self-sacrificial templates, yolk–shell
FeS2@C microbox structure was preserved, which was considered to bear repeating
volume change and guarantee the mechanical integrity. And the introduction of
N, S co-doped graphene framework could homogeneously cover the yolk–shell
FeS2@C microboxes, offering not only abundant defects to enrich the number of
electrochemically active sites but also fast electron pathways for sodium diffusion.
Benefiting from the synergistic effect, the resulting anode could deliver a reversible
capacity of 200 mAh g−1 at 10 A g−1, and a satisfactory cycle life with a capacity of
257 mAh g−1 after 1000 cycles at 0.5 A g−1. Haridas et al. prepared a freestanding
hybrid electrode incorporating FeS and sulfurized polyacrylonitrile (SPAN) for the
first time [42]. They used electrochemically active SPAN fiber network to replace the
inactive carbon matrix, and the sulfur atoms were covalently bonded to the carbon
atoms in the cyclized and dehydrogenated PAN backbone. On the one hand, the
high capacity of both the active materials, FeS and SPAN, would lead to high energy
density. And conductive FeS nanoparticles (102–103 S cm−1) could also compensate
the inherently low conductivity of SPAN. On the other hand, the SPAN matrix was
able to keep the structural stability and enhance the Na+ transport by reducing
the diffusion pathways. This configuration at 200 mA g−1 displayed a capacity of
782.8 mAh g−1, and 327.5 mAh g−1 was retained after cycling 500 times at 5 A g−1.
High loading FeS2 nanoparticles anchoring on biomass-derived carbon tube as
anode for SIBs was prepared by Chen et al. [43]. Natural herb juncus was selected
as the carbon source and mesh-like FeS2/carbon tube/FeS2 composites (FCF) were
obtained via simple heat treatment of juncus, ferric nitrate, and sulfur. The biomass
materials exhibited merits of renewability, low cost, and complicated structure.
With the introduction of a carbon tube network of only 5.3 wt%, the composite
demonstrated a high capacity of 542.2 mAh g−1 and good stability (capacity loss was
less than 0.005% per cycle over 1000 cycles) and the excellent rate performance of
426.2 mAh g−1 at 2 A g−1.

Cobalt sulfides, such as Co9S8, CoS, CoS2, and Co3S4, have been studied
as the anodes for SIBs. Among them, CoS2 possessing the maximum S ratio
demonstrates a theoretical capacity of 872 mAh g−1. CoS2 embedded in N-doped
porous carbon spheres interlinking by rGO was synthesized to improve the poor
cycling stability and rate capability [44]. The combination of CoS2 nanoparticles,
graphitic-structured N-doped porous carbon spheres, and rGO nanosheets could
form interconnected multidimensional nanostructure to offer enough and rapid
transfer pathway for electrons and ions, leading to high electric conductivity and
fast reaction kinetics. In addition, the unique structure and morphology facilitated
volume variation and maintained structural stability. As a consequence of the
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synergistic effect, the resulting composite delivered outstanding electrochemical
properties in the voltage window of 0.4–2.9 V using 1.0 M NaCF3SO3 in diglyme as
electrolyte. A reversible capacity of 523.9 mAh g−1 at 100 mA g−1 after 150 cycles and
423.3 mAh g−1 at 2 A g−1 was presented. Moreover, it also delivered an extraordinary
long-term cycling stability, i.e. 465.9 mAh g−1 at 500 mA g−1 after 600 cycles and
412.2 mAh g−1 at 1 A g−1 after 400 cycles. Zhao et al. have prepared the hollow
CoS2@C microcubes as an anode for SIBs [29]. In this design, Cu2O cubes served
as the template and carbon coating was achieved via the pyrolysis of acetylene gas
and the following sulfidation using thiourea as sulfur source (Figure 9.1f). This
unique cubic hollow morphology was beneficial to buffer the volume variations
accompanied by sodiation–desodiation processes. At the same time, complete car-
bon shells uniformly covering the CoS2 cubes could enhance electrical conductivity
by promoting charge transfer. Finally, CoS2@C exhibited superior rate capacities
with 367.6 mAh g−1 at 5 A g−1 after 200 cycles and 260 mAh g−1 at 15 A g−1.

Co9S8 with a theoretical capacity of 544 mAh g−1 consisting of two types of
polyhedrons including CoS6 octahedra and CoS4 tetrahedra, where each CoS6
octahedron shares its six corners with 24 CoS4 tetrahedra. Lin et al. combined
hydrothermal synthesis and chemical vapor deposition to obtain the Co9S8 nanorod
encapsulated by NDC shell (r-Co9S8@NC) as an anode for SIBs [45]. The NDC shell
could form a chamber-confined effect and its sodiophilic interface well restrained
the Co9S8 redox in the shell accompanied with improved kinetics. On the one
hand, both the Co9S8/electrolyte side reaction and large volume expansion could
be alleviated. On the other hand, sodium storage/diffusion ability was enhanced
benefiting from the advantages of this structure. Consequently, high capacities of
675 mAh g−1 at 50 mA g−1 and 342 mAh g−1 at 10 A g−1 were delivered. After 1500
cycles at 5 A g−1, it also exhibited a capacity of 317 mAh g−1. An elaborate composite
with Co9S8 nanoclusters embedded in honeycomb-like sulfur-doped carbon foam
(Co9S8@S–CF) was prepared [46]. They adopted a facile sulfur-assisting calcina-
tion strategy, which tactfully induced the co-occurrence of in situ pore forming,
sulfidation, sulfur doping, and carbonization. The abundant voids provided by
sulfur-doped carbon foam (S–CF) could lead to 3D ionic/electronic pathways,
resulting in high sodium-ion accessibility and ultrafast sodium-ion/electron
transportation toward Co9S8 nanoclusters. A remarkable capacity of 373 mAh g−1

over 1000 cycles at 0.25 C with superior capacity retention of 80% and a rate
capability of 180 mAh g−1 at 50 C (20 A g−1) were delivered when it served as anode
for SIBs.

Co3S4 has a high theoretical capacity of 702 mAh g−1. Dong et al. employed
a simple solvothermal and subsequent annealing approach to synthesize
CoS2/Co4S3@N-doped carbon (CoS2/Co4S3@NC) microspheres [47]. In a half-cell
configuration, they exhibited 650 and 217 mAh g−1 at 0.3 and 6 A g−1, respectively,
and ultra-long cycling performance of 256 mAh g−1 after 1500 cycles at 4 A g−1,
together with 239 mAh g−1 after 3000 cycles at 6 A g−1. As assembled as a full
cell with FeFe(CN)6 cathode, it released a reversible capacity of 520 mAh g−1 at
500 mA g−1. The extraordinary electrochemical performance resulted from the
superior structural stability of the composite as well as the pseudocapacitive
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behavior, which accelerated the diffusion of ion and electron to further improve
the high-rate capability. When S-doped graphene was used to wrap SnS2/Co3S4
hollow nanocubes, the composite delivered distinguished specific capacities of
845.7 mAh g−1 at 0.5 A g−1 after cycling 100 times. And it should be noted that
392.9 mAh g−1 can be obtained at 10 A g−1 during an ultrafast sodium storage
process, and the charging time is less than three minutes [48]. CoS with a theo-
retical capacity of 589 mAh g−1 endures poor intrinsic electrochemical properties
as well. CoS/MXene composite with a heterolayered architecture was obtained by
Zhang et al. [49] CoS nanoparticles with 6 nm in size were uniformly anchored
on the Ti3C2 MXene flakes, leading to excellent electrochemical performance,
i.e. a high reversible capacity of 267 mAh g−1 after 1700 cycles at 2 A g−1 with an
extremely low capacity decay rate of only ∼0.0072% per cycle, and an outstanding
rate performance with 272 mAh g−1 at 5 A g−1. The introduction of MXene flakes
was able to offer a stable conductive network and the open 2D structure can
expose more active sites for fast electrochemical reactions. Moreover, MXene could
also prevent CoS nanoparticles from agglomeration and reduce the size of CoS
nanoparticles. The small CoS nanoparticles would result in the reduction of the
sodium-ion diffusion path.

Nickel-based sulfides such as NiS2, NiS, and Ni3S2 are promising anodes as
their merits of high theoretical specific capacity, low cost, naturally abundant, and
environmentally friendly. Ni3S2 has a theoretical capacity of 446 mAh g−1. Shuang
et al. adopted sulfuration of a Ni-based metal–organic framework (Ni-MOF) and the
following coating with polypyrrole (PPy) to synthesize Ni3S2 composite anode [50].
Ni3S2 nanoparticles were uniformly embedded in NDC nanosheets and the particle
aggregation of Ni3S2 could be prevented by the NDC shell. The transportation path-
way of the electrons and ions could also be shortened and the volume expansion was
alleviated by the NDC shell. As expected, high discharge capacities of 432.8 mAh g−1

at 0.2 A g−1 and 371.6 mAh g−1 at 6.4 A g−1 were achieved by the composite. NiS2
exhibits a theoretical capacity of 873 mAh g−1. Zhao et al. reported the fabrication of
porous CNFs with the embedment of ultrasmall NiS2 nanoparticles [51]. The com-
bination of NiS2 nanoparticles and conductive CNF has a positive effect for reducing
the volume expansion and offered rapid transport channel for electron and ion.
Thus, the composite exhibited capacity of 500 mAh g−1 at 0.1 A g−1 and maintained
200 mAh g−1 at 2.0 A g−1. NiS has a theoretical capacity of 590 mAh g−1. Fan et al.
constructed complex NiS multi-shelled hollow structures for high-performance SIB
anode [52]. This delicate structure consisting of multi-shell nitrogen-doped carbon
nanotube (NCNT) scaffold with NiS nanoparticles encapsulation facilitated the
structural stability and rapid electronic/ionic channels. Consequently, significant
improvement on cycle life and rate capability was delivered, i.e. 531.5 mAh g−1 at
0.05 mA g−1 with 89.3% capacity retention over 500 cycles.

9.3.1.5 Other Monometal Sulfides Including CuSx/VSx/TiS2

CuS exhibits promising sodium storage performance owing to its good thermal
stability and large specific capacity. However, the practical use of CuS is hin-
dered by serious pulverization of electrode materials upon cycling. Zhao et al.
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fabricated 1D CuS nanowires wrapped in NDC (CuS NWs@NC) for SIBs [53].
Combining the virtue of a coaxial 1D structure and a conductive carbon layer,
the fast conductive highway was constructed to reduce the ion/electron transport
length and accommodate the volume change as well as to enlarge the contact
interface between electrolyte and electrode. Therefore, CuS NWs@NC anode with
fast sodium-ion diffusion of 2.43 × 10−10 to 3.90 × 10−13 cm2 s−1 exhibited an
ultra-long cycling stability with a reversible capacity of 216.7 mAh g−1 at 20 A g−1

after 10 000 cycles, and the full cell also demonstrated 220 mAh g−1 at 0.2 A g−1 after
200 cycles.

Vanadium sulfides (for example, VS4, VS2, and V5S8) enjoy good electro-
chemical activities. Li et al. synthesized three novel 3D VS4 nano-architectures
including nanorods (nanorod-VS4), nanocones, and nanobelts self-assembled
VS4 microspheres [54]. Among them, nanorod-VS4 exhibited the best reversible
capacity of 225 mAh g−1 at 0.5 A g−1 after 200 cycles and even achieved 203 and
168 mAh g−1 at 1.0 and 2.0 A g−1, respectively. The analysis revealed that these
superior electrochemical performances were originated from the self-assembled
structure of radial nanorods and the preferred orientation growth along (110)
planes. Additionally, through a facile solvothermal method, VS2 nanosheets
were hierarchically assembled into flower-like structures [55]. Kinetic studies
indicated a pseudocapacitance dominant mechanism. Moreover, ex situ Raman,
high-resolution transmission electron microscopy (HRTEM), and selected area
electron diffraction (SAED) characterizations verified the high reversibility of the
electrochemical process. Tested within 3.0–0.3 V, the flower-like VS2 exhibited
superior electrochemical performance. At 0.1 A g−1, a reversible capacity of around
600 mAh g−1 was delivered. And 83% and 87% of its initial capacities were retained
after 700 cycles at 2 and 5 A g−1, respectively. Moreover, a discharge capacity
of 277 mAh g−1 was released at 20 A g−1, verifying the excellent performance at
high rates. Yang et al. have synthesized monoclinic-structured V5S8 nanosheets
combined with graphite [56]. Inside the V5S8 nanosheets, VS2 monolayer stacks
layer-by-layer with the additional V atoms locating 1/4 of the available crystallo-
graphic sites. This unique morphology and structure were beneficial to the fast
transport of electronic/ionic charge carriers and promoted fast Na+ ion diffusion for
reversible charge–discharge cycles. Therefore, a high reversible discharge capacity
of 682 mAh g−1 at 0.1 A g−1 was delivered and 496 mAh g−1 was retained at 1.0 A g−1

after 500 cycles.
TiS2, which features a layered structure, could accommodate guest atoms in layers

to form intercalation compounds. To in-depth investigate the electrochemical behav-
iors of TiS2 in SIBs, Lin et al. adopted computational modeling and a multi-modal
synchrotron approach: a combination of operando X-ray absorption spectroscopy
(XAS) and ex situ X-ray powder diffraction (XPD) [57]. They showed that during
sodiation of TiS2, both Ti and S were the electrochemical redox-active sites where
three phases including TiS2, Na0.55TiS2, and NaTiS2 formed unlike that occurring in
lithiation. Moreover, the decay in Coulombic efficiency resulted from the incomplete
recovery of the coordination number of Ti after cycling.
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9.3.1.6 Bimetallic Sulfides
Exhibiting higher electrical conductivity and richer redox reactions, bimetallic sul-
fides have a significant enhancement of the electrochemical performances as com-
pared to the monometal sulfides.

M–Co–S (M = Ni, Cu). Ternary nickel cobalt sulfides are demonstrated with
excellent electrochemical performance resulting from their diversity in crystal
structures and morphologies. NiCo2S4, as the most widely investigated electrode,
has aroused a lot of attention because of its high conductivity and multiple
redox reactions. Approaches to improve the cycling and rate performance
include constructing 3D electrodes with grown nanoarrays, designing hollow
or novel morphologies, compositing with conductive materials, and so on. For
example, coating rGO onto NiCo2S4 nanoparticles was designed (Figure 9.2a)
[58]. The obtained 3D micro/mesoporous network increased intrinsic electrical
conductivity which promoted the access of sodium ions and electrons and pro-
vided sufficient reaction active sites together with enhanced structural stability.
The NCS@rGO electrode delivered 621 and 532 mAh g−1 at 0.1 and 0.5 A g−1,
respectively, and a high capacity retention of 95% was obtained at 0.1 A g−1 after
100 cycles. They revealed that the conversion products of NiS2 and CoS2 from
the phase transformation of NiCo2S4 were successfully confined in the rGO
coating. Moreover, the pseudocapacitive-dominated behavior contributed to the
measured superior rate capability (Figure 9.2b). Similarly, CuCo2S4 demonstrated
a relatively low resistivity (10−4 Ω). After compositing with conductive materials,
the CuCo2S4/rGO also exhibited a high reversible capacity of 433 mAh g−1 at
100 mA g−1 after 50 cycles, and excellent rate capability with a specific capacity
of 336 mAh g−1 at 1000 mA g−1 [60].

M–Fe–S (M = Co and Ni). Except for the wide application of electrocatalysts, ternary
cobalt iron sulfides Co–Fe–S have been rarely utilized as anode for SIBs. Vari-
ous cobalt iron sulfides including different Co/Fe ratios have been investigated
by doping Co into FeS2 nanospheres [61]. The samples were denoted as FeS2,
Fe0.9, Fe0.7, Fe0.5, and Fe0.0 based on Fe concentrations of 1.0, 0.9, 0.7, 0.5, and
0.0, respectively. The results showed that the Fe0.5 had the highest reversible
capacity and best rate capability. After 5000 cycles, the Fe0.5 sample delivered
a discharge capacity of 220 mAh g−1, and even at 20 A g−1, the Fe0.5 could still
deliver a discharge capacity of 172 mAh g−1. Moreover, coupled with Na3V2(PO4)3
cathode, an initial capacity of 340 mAh g−1 at 200 mA g−1 with an average out-
put voltage of 1.6 V was released. Zhang et al. have synthesized heterostructured
Ni/Fe-bimetallic sulfide encapsulating in a matrix of interconnecting N-doped
porous cubic carbon and carbon nanotubes (CNTs) (Ni–Fe–S–CNT) via a conve-
nient co-precipitation and subsequent sulfurization technique of the correspond-
ing Prussian blue analog nanocage [62]. The 3D hierarchically high-conductivity
3D networks provided fast Li+/Na+/K+ insertion/extraction, maintained the elec-
trical contact, and guaranteed structural integrity. As anode for SIBs, a capacity of
431 mAh g−1 at 0.1 A g−1 was delivered.

M–Mo(W)–S (M = Fe, Co, Ni and Cu). Bimetallic phase MxMo6S8−y (M = Cu, Ni, Co,
Fe, Ag, Cr) with 3D frameworks (rhombohedral or triclinic) has been developed
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Figure 9.2 (a) Illustration of the fabrication process of the NCS/rGO composites, and
(b) bar chart showing the contribution ratio of capacitive- and diffusion-controlled
capacities at different scan speeds. Source: Sun et al. [58]. Reproduced with permission,
2020, Elsevier. (c) Schematic illustrations of the NiMo3S4 laminar structure. (d) Low- and
high-magnification SEM images of the NiMo3S4/CTs sample. (e) Long-term cycling
performances of NiMo3S4/CTs, MoS2/CTs, and NiSx/CTs electrodes at current densities of
0.06 and 0.48 A g−1. Source: Kong et al. [59]. Reproduced with permission, 2018, Elsevier.

with high electronic conductivity (102–103 S cm−1) and high Na+ diffusion
coefficient. Among them, Cu2MoS4 with two allotropes including P phase (Pm42
space group) and I phase (Im42 space group) exhibits tetragonal crystal structure
and large interlayer spacings. Chen et al. incorporated glucose and rGO with
Cu2MoS4 [63]. The combination of ex situ X-ray photoelectron spectroscopy
and in situ XAS revealed that dominant intercalation mechanism was achieved
using ether-based electrolyte with narrowed voltage window, which enabled fast
Na+ storage performances. After compositing with rGO, the anode exhibited
205.7 mAh g−1 after 2000 cycles. And the full cell (paired with stable NVP-based
cathode) demonstrated a capacity retention of 75.5% after 500 cycles with a high
CE of about 100%. A novel NiMo3S4/carbon textiles electrode was prepared by
forming 3D hierarchical defect-rich NiMo3S4 nanosheet arrays tightly anchored
on flexible carbon textiles (Figure 9.2c,d) [59]. By the means of incorporating
Ni ions into the MoS2 lattice structure, the lattice spacing of the (002) crystal
plane was enlarged and plenty of electrochemical active defects were generated.
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Moreover, large surface area, good electron transport, and high ion diffusion
rates were also conducive to the improvement of SIBs. The high-conductive
carbon textile could serve as a solid mechanical backbone to support NiMo3S4
nanosheets and prevent aggregation as well. Therefore, a high specific capacity
of ∼480 mA h g−1 at 0.12 A g−1 with high Coulombic efficiency of 100% was
delivered as anode for SIBs. As shown in Figure 9.2e, after a long-term cycling
of 1000 times, reversible capacity of ∼302 mA h g−1 with 73.9% was retained at
0.48 A g−1, showing its promising application in SIBs.

M–Sb–S (M = Cu, Co, and Bi). Typically, CuSbS2 offers a theoretical value of
751 mAh g−1, which could also be considered as a promising energy storage
material. Marino et al. explored the sodiation mechanism of CuSbS2, which
contained multiple reactions [64]. The conversion reaction happened first with
the sequential formation of intermediate phases of CuSb(1−x)S(2−y), NaxS alloy and
Sb. And in the following step, Sb alloyed with Na+ ions. During the desodiation
process, a Sb- and S-deficient ternary phase CuSb(1−x)S(2−y) was formed. Wen
et al. reported facile hydrothermal method and self-polymerization of dopamine
to modify the BiSbS3 nanorods with NDC coating [65]. Traditional and facile
carbon coating would lead to fast ion/electron transfer and buffer volume expan-
sion, thus the resulting BiSbS3@NC electrode delivered high sodium storage
capacity of 771.5 mAh g−1 in the second cycle and excellent rate performance of
518.4 mAh g−1 at 1000 mA g−1.

M–Sn–S (M = Cu). Cu2SnS3 has interlayer spaces and tunnels which benefit fast
Na+ diffusion, and the good conducting ability also render it with ideal candi-
dates for energy storage materials. Noted, its supercell crystal exhibits interlayer
distance of 2.280 Å and tunnel size of 3.921× 5.587× 4.210 Å3 in structure, which
are larger than the diameter of sodium ion (radius 0.95 Å), and thus nanostruc-
tured Cu2SnS3 materials for SIBs anode have been reported including different
morphologies. For example, single-crystalline Cu2SnS3 nanosheets were synthe-
sized by Shi et al. [66]. The face-centered cubic-structured Cu2SnS3 nanosheets
exhibited size of 50–70 nm in thickness and oriented parallel to the (220) crystal
plane to form 2D structure. The resulting anode demonstrated initial sodiation
capacity of 586 and 178 mAh g−1 after 50 cycles. Additionally, benefiting from the
flower-like morphology, the Cu2SnS3 delivered high initial reversible capacity of
447.7 and 200.6 mAh g−1 after 50 cycles at 100 mA g−1 [67].

Although various structures and configurations of bimetallic sulfides have been
widely explored to date, controllable size and shape via simple and facile methods are
still hard to be achieved. Additionally, various chemical combinations in different
bimetallic sulfides are still complicated to be understood. Thus, elaborate calculation
and modeling could be carried out to further explore the inner mechanism during
sodiation–desodiation process.

9.3.2 Metal Selenides

Although metal selenides exhibit lower theoretical gravimetric capacities, compar-
ing with metal sulfides due to the heavier atomic weight of Se than S, the striking
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merits of metal selenides also attract researchers’ attention. Firstly, as the density
of Se is about 2.5 times higher than S, a comparable theoretical volumetric capac-
ity density of metal selenide to sulfide would be achieved. Additionally, Se exhibits
higher conductivity than S and metal–Se bonds are weaker than metal–S bonds, lead-
ing to high activity for sodium storage.

9.3.2.1 SnSe/SnSe2

Similar to the tin sulfide counterparts, the study of tin selenides mainly focuses on
SnSe and SnSe2, whose theoretical capacities are 780 and 756 mAh g−1, respectively,
based on conversion and alloying reactions. Although their volume expansion is
less than metallic Sn, they still suffer from the fading cycling performance due to
volume variation. Therefore, plenty of efforts have been carried out to improve
the electrochemical properties. Zhao et al. have fabricated SnSe quantum dots
sheathed in nitrogen-doped CNF using a modified method to avoid irregular shapes
and micron-sized agglomerations produced by conventional methods such as
simple ball milling [68]. The obtained SnSe exhibited a large discharge capacity of
268 mAh g−1 after 750 cycles at 2 A g−1. Further exploration on full cell performance
coupled with Na3V2(PO4)3 cathode showed an output voltage of above 2.0 V, and
ultra-long cycle life of 1500 cycles with a high reversible discharge capacity of about
100 mAh g−1 at 1 A g−1 together with the superior rate capability. Additionally,
SnSe2/rGO sandwich structure was proved to exhibit improved electrochemical
properties [69]. With only introducing 7.3% rGO, the formed abundant Sn—O—C
bonds were conductive to accelerate the charge transfer and enhance the mechan-
ical strength to accommodate volume variation. Thus, the SnSe2/rGO composite
delivered improved ICE of 73.7% and high capacity of 402.0 mAh g−1 after 150
cycles at 0.1 A g−1 with a retention of 86.2%.

9.3.2.2 Sb2Se3/Bi2Se3

Kim et al. have studied the hetero-interfacial interactions and SEI formation
between Sb2Se3 and functionalized CNTs [70]. In contrast to the irregular SEI
formed on the commercial Sb2Se3 electrode (∼71.8 nm in thickness), ex situ
cryo-TEM illustrated a uniform SEI with ∼35.7 nm in thickness was formed on the
Sb2Se3/CNT composite (Figure 9.3a,b). And EIS analysis verified that Sb2Se3/CNT
composite has much reduced Rct, more than four orders of magnitude lower
than commercial Sb2Se3 (Figure 9.3c). Benefiting from the reason mentioned
above, Sb2Se3/CNT composite electrode demonstrated a reversible capacity of
428 mAh g−1 at 10 000 mA g−1 with a capacity retention of over 62% after 200 cycles.
The as-prepared full cell would also lead to a high energy density of ∼175 Wh kg−1

at 0.5 C and capacity retention of 84.5% at 20 C after 120 cycles. Li et al. have syn-
thesized graphene-loaded Bi2Se3, exhibiting superior electrochemical performance
as anode for SIBs [72]. Through a combined conversion−alloying reaction, a high
gravimetric specific capacity of 346 mAh g−1 and volumetric specific capacity of
716 mAh cm−3 at 0.1 A g−1 were displayed. Even at 10 A g−1, the composites still
displayed 183 mAh g−1 gravimetrically and 379 mAh cm−3 volumetrically with
ultrahigh stability up to 1000 cycles.
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Schematic illustration of FeSe nanoparticles within 3D carbon nanofiber aerogels and FeSe
with carbon layer. (e) Long-term cycle stability of FeSe-CNFA-700 at a 2000 mA g−1 over
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9.3.2.3 MoSe2/WSe2

MoSe2, as typical layered transition metal selenide, exhibits a large interlayer
distance of 0.646 nm for Na+ (de)insertion. Wu et al. have prepared a composite
of MoSe2 with nitrogen/phosphorus (N/P) co-doped carbon (NPC) and rGO by
a simple polymerization reaction followed by selenization [73]. The obtained
MoSe2@NPC/rGO demonstrated ∼340 mAh g−1 after 500 cycles at 0.5 A g−1, and a
high reversible capacity of ∼100 mAh g−1 at 50 A g−1. The introduction of NPC/rGO
sheets intercalated within the composites functioned as channels for fast electron
transfer. Pseudocapacitance-dominated Na+ storage mechanism at high rates was
obtained via first-principles calculations and quantitative kinetics analysis.
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WSe2 has also been investigated as an anode candidate for SIBs. However, the
difficulties in the synthesis and other related issues still hinder its exploration.
Zhang et al., for the first time, adopted a simple solid-state reaction and a following
high-energy ball milling method to obtain carbon-coated WSe2 nanomaterials
[74]. Crystalline WSe2 nanoparticles with a weight ratio of 75.57% are uniformly
dispersed on a carbon matrix, which was proved to be effective in alleviating
the huge structural change of WSe2. Consequently, a capacity of 270 mAh g−1 at
200 mA g−1 was obtained.

9.3.2.4 FeSex/CoSe2/NiSe2

Iron selenides mainly including FeSe2, FeSe, and Fe7Se8 have been widely
investigated ascribing to their advantages such as environmentally friendly,
earth-abundant, and high theoretical capacity. FeSe could accommodate 2 Na+
to form Na2Se during the discharge process and is recovered in the following
charge process. FeSe/CNF aerogel was reported by Lv et al. [71]. The FeSe exhib-
ited ultra-small particles which uniformly embedded in interconnect 3D CNF
(Figure 9.3d), and thus the obtained composite demonstrated large surface area
as well as robust structural stability benefiting from a highly conductive network.
The superior electrochemical performance of capacity as high as ∼313 mAh g−1

at 2000 mA g−1 after 1000 cycles and ultrahigh rate capability up to 20 000 mA g−1

(Figure 9.3e,f) also verified that the intercalation property of Na+ into the composite
was enhanced through the strong interaction between FeSe nanocrystals and the
carbon layer.

Compared with FeSe, more works are concentrating on the electrochemical
performance of FeSe2. A four-electron reaction occurs as for FeSe2 during cycling
with conversion reaction formula of FeSe2 + 4Na+ + 4e− ↔ Fe+ 2Na2Se. Like
other conversion-type anodes, FeSe2 also experiences a large pulverization during
repeated cycles leading to relatively poor cycling performance and rate capability.
Incorporation of carbonaceous material has proved to be effective to solve issues
caused by the volume changes. Taking advantage of the Kirkendall effect, Lan et al.
have prepared hollow carbon-coated FeSe2 nanospheres [75]. It revealed a high
capacity of 474.1, 364.5, and 316.5 mAh g−1 at 0.05, 2.0, and 5.0 A g−1, respectively,
which was superior to that of bare FeSe2 nanoparticles. Prussian blue microcubes
were also utilized by Fan et al. to form 3D hierarchical hollow nanocubes construct-
ing by 1D FeSe2@C core–shell nanorods through a thermally induced selenization
process [76]. The resulting FeSe2@C composite exhibited good rate capability and
stable cycling stability of 212 mAh g−1 after 3000 cycles at 10 A g−1 benefiting from
the unique morphology and the coating layer.

In addition to FeSe and FeSe2, a novel Fe7Se8 has also been firstly reported
recently by Wan et al. [77]. Combined with various characterization methods
including ex situ X-ray diffraction (XRD), SAED, and CV analysis, it revealed
that an activation process involving structural evolution of Fe7Se8@NC electrode
occurred during the initial 200 cycles, which would exert influence on the sodium
storage mechanisms. As a result, in the following 1000 cycles, an average capacity
of 339 mAh g−1 at 1000 mA g−1 was delivered with a capacity retention of 99.5%.
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Reversible discharge capacities of 367 and 251 mAh g−1 were delivered at 500 and
2000 mA g−1, respectively. Very recently, Zhang et al. have reported a hybrid material
of ultra-small Fe7Se8 nanoparticles/N-doped CNFs (Fe7Se8/N-CNFs)) through a
facile electrospinning method [78]. A large surface/volume ratio of electrodes and
full utilization of active materials could be achieved due to the ultrasmall diameter
(12 nm) of the material. And the CNFs also improved the electronic conductivity of
the whole electrode, while the unique open structure of the hybrid ensured rapid
electron/ion transfer to contribute to the fast kinetics. Consequently, the multiple
synergistic effects led to a much better rate performance with 286.3 mAh g−1 at
20 A g−1, superior to 101 mAh g−1 at 10 A g−1 of core–shell structural Fe7Se8@NC,
and 150 mAh g−1 at 5 A g−1 of peapod-like Fe7Se8@C nanorods.

Till now, the sodium storage properties of several cobalt selenides, exampled as
CoSe2 and CoSe, have been studied. Zhang and coworkers have investigated the
electrochemical mechanism of the CoSe2 nanorods [79]. They adopted a simple
solvothermal method to obtain the urchin-like CoSe2 nanorod assemblings. It
was found that insertion reaction firstly occurred at discharged 1.56 V, and the
other two plateaus around 0.98 and 0.65 V appeared subsequently. In the following
charging process, the reaction between Co and Na2Se happened to form NaxCoSe2
and then to CoSe2. A high discharge capacity of 410 mAh g−1 at 1 A g−1 after 1800
cycles was thus achieved, corresponding to a capacity retention of 98.6%. Full cell
with the configuration of Na3V2(PO4)3/CoSe2 displayed a reversible capacity of
380 mAh g−1, illustrating its potential for application. Two effective strategies to
improve the electrochemical performance of CoSe2 have been widely recognized,
i.e. the increase in the conductivity and the tuning of the nanostructure. Fang et al.
have selected Co–Co Prussian blue analog microcubes as the starting material to
obtain a high-performance anode for SIBs [80]. With adopting a facile two-step
sequential ion exchange method, hierarchically nanosheet-assembled Cu-doped
CoSe2 microboxes were successfully fabricated. Benefiting from both the unique
structural and compositional merits, superior sodium storage properties of the
Cu-doped CoSe2 microboxes were delivered, i.e. a high reversible capacity of
492 mAh g−1, superior rate capability of 185 mAh g−1 at 3 A g−1, and long cycle life
of 94% capacity retention over 500 cycles.

Compared to CoSe2, CoSe exhibits a relatively smaller volume change, which
endows it with better stability upon repeated cycles. Zhang et al. chose ZIF-67 as
sacrificial templates to fabricate nitrogen-doped, yolk–shell-structured CoSe/C
mesoporous dodecahedra as anode for SIBs [81]. The cobalt species in the
metal-organic framework (MOF) reacted with Se powder to achieve the in situ
formation of CoSe, and the organic species were simultaneously converted into
NDC. Therefore, the CoSe nanoparticles with 15 nm in size coherently confined
in the mesoporous carbon framework exhibiting the specific capacities of 597.2
and 361.9 mAh g−1 at 0.2 and 16 A g−1, respectively. A 2D composite of ultrafine
nano-CoSe embedded in NDC matrix was designed to attain excellent sodium
storage [82]. The composite exhibited a synergistic positive effect on the enhance-
ment of reaction kinetics, alleviation of volume change, and the inhibition of
unstable SEI. Thus, a high initial specific capacity of 530 mAh g−1 at 0.2 A g−1
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was delivered. Additionally, Co0.85Se embedded in carbon matrix (Co0.85Se@CSs)
has been reported [83]. The Co0.85Se@CSs exhibited stable cycling property at
4000 mA g−1 between 0.5 and 2.8 V. Co9Se8 has been investigated as well by Wang
and coworkers [84]. During discharging process, Co9Se8 could convert to Co
nanoparticles dispersing in Na2Se matrix and was recovered during the following
charge process. Benefiting from the surface-controlled pseudocapacitive behavior,
Co9Se8/rGO showed 295 mAh g−1 at 5000 mA g−1.

Nickel selenides have been widely used in many fields including solar cells,
supercapacitors, and batteries. Among them, two typical compounds including
NiSe2 and NiSe have been utilized as anode materials in batteries. The main
strategies to obtain satisfactory performance of nickel selenides are concentrating
on constructing unique nanostructure and compositing with conductive materials.
In situ XRD has been applied in studying the reaction mechanism of NiSe2 during
sodiation–desodiation process [85]. When discharged to 1.1 V, Na+ ion inserted
into NiSe2 host material and intermediate NaxNiSe2 was then formed. As the
discharge went on, the formation of Na2Se and Ni0 metal could be observed. Thus,
just like FeS2 and MoS2, the conversion reaction of NaxNiSe2 with Na+ ion as well
as the formation of Na2Se and Ni metal occurred during the discharge process.
During charging back to 1.9 V, Na2Se fade away and finally disappeared and the
low crystallinity phase of NaxNiSe2 could be observed, illustrating the reversible
conversion reaction between Na2Se and Ni0 metal. After fully charged to 3.0 V, the
main NiSe2 peaks regained, suggesting a completely reversible structure evolution.
Zhu et al. utilized a hydrothermal method to prepare NiSe2 nanooctahedra [86].
The ICE of NiSe2 was very impressive (over 90%), and outstanding long-term cyclic
stability of 313 mAh g−1 after 4000 cycles at 5 A g−1 together with excellent high-rate
capability of 175 mAh g−1 at 20 A g−1 were displayed. As for NiSe anodes, a few
literatures have been reported. Zhang et al. designed core–shell NiSe/C composites
via a facile two-step method [87]. By adopting an in situ polymerization process to
form a thin polydopamine layer on NiSe, the core–shell NiSe/C composites were
fabricated in the following calcination process. This core–shell NiSe/C composite
exhibited a capacity of 339 mAh g−1 after five cycles and maintained 280 mAh g−1

even after 50 cycles, but quickly faded to 62 mAh g−1 after 50 cycles. Thus, the
electrochemical performance needs to be further improved.

9.3.2.5 Other Monometal Selenides
Cu2Se with a superionic feature known for thermoelectrics and optoelectronics is
also regarded as a promising candidate for SIBs. Cu2Se intercalation compound
fabricated using a green growth approach was reported by Xiao et al. [88]. By
the means of inserting quaternary ammonium salt CTAB on Cu foil at room
temperature, the interlayer space of Cu2Se can increase the buffer space, stabilize
the polyselenide shuttle, and prevent the fast growth of Cu nanoparticles. When
served as anode for SIBs, the Cu2Se–CTAB nanosheet arrays with expanded inter-
layer space delivered capability of 426.0 mAh g−1 at 0.1 A g−1 and 238.1 mAh g−1

at 30 A g−1 and a high capacity retention of ≈ 90% at 20 A g−1 after 6500 cycles.
Moreover, compositing Cu2Se with ZnSe to form heterojunction structure could

mailto:Co0.85Se@CSs
mailto:Co0.85Se@CSs
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also improve the electrochemical performance [89]. The type-I heterojunction
between Cu2Se and ZnSe was conducive to the acceleration of electron transport,
and additional CNFs were able to maintain the long cycling life. Consequently, the
Cu2Se-ZnSe-CNFs showed a 310 mAh g−1 after 100 cycles at 0.1 A g−1 with a rate
capacity of 237 mAh g−1 at 2 A g−1.

Moreover, ZnSe with a theoretical capacity of 557 mAh g−1 has the merits of
environment-friendly, less toxic, and low cost. Zhou et al. employed a one-step
hydrothermal strategy to form ZnSe nanoparticles on a uniform 3D interconnected
multi-walled carbon nanotubes (MWCNTs) conductive network [90]. The intro-
duction of MWCNTs was favorable to the enhancement of electrical conductivity,
ionic diffusivity, and structural stability. The optimal ZnSe/MWCNTs delivered
398.8 mAh g−1 at 0.1 A g−1 after 50 cycles and 279.4 mAh g−1 at 10 A g−1. After
300 cycles at 4 A g−1, the capacity retention can still be 93%. This superior rate
performance was achieved by the pseudocapacitance in redox processes. Moreover,
it should be noted that at low temperature of −10 ∘C, it also showed good long-term
cycling stability of 246.7 mAh g−1 at 1 A g−1 after 600 cycles and 180.5 mAh g−1 at
5 A g−1.

9.3.2.6 Bimetallic Selenides
It has been widely known that the intrinsic electronic conductivity could be
improved via the introduction of binary metals or the heterogeneous species.
And the rich redox sites provided by multi-metal centers are favorable to increase
adsorption capabilities. Therefore, introducing multiple metals in monometallic
selenides has been regarded as an effective method to boost the performance.

M–Fe–Se (M = Co and Ni). Single-phase Fe2CoSe4 nanoparticles were encapsulated
in carbon matrix by Ali et al. (Figure 9.4a) [91] with a simple hydrothermal reac-
tion followed by gas selenization. Compared with the Fe-Co sulfide counterpart,
Fe2CoSe4 nanospheres possess superior electrical conductivity. And due to the
synergistic effect by combining higher conductivity, intimate wrapping of carbon
matrix, and unique porous structure, the Fe2CoSe4 anode demonstrated excel-
lent rate capability, which delivered 816.3 mAh g−1 at 0.5 A g−1 and 400.2 mAh g−1

at 32 A g−1, and very long cycle life, i.e. 350 mAh g−1 even after 5000 cycles at
4 A g−1 (Figure 9.4b,c). An adequately high energy capacity of 615 mAh g−1 after
100 cycles at 1 A g−1 could also be achieved. They also reported Fe2NiSe4 nanos-
tructures as an anode for SIBs and concluded that the iron incorporation improved
the conductivity and the performance of the sample [93].

M–Co–Se (M = Ni). Designing novel morphology and introducing conductive
materials could be employed to improve the poor cycle stability and large
volumetric expansion during the cyclic process of layered Ni–Co diselenides.
Hou et al. have encapsulated Ni1.8Co1.2Se4 nanoparticles inside NDC nanoboxes
using the bimetallic MOF as raw materials [94]. The 3D dual continuous NDC
conductive networks facilitated the promotion of highly efficient, and ultrafast
transport of electrons and sodium ions, and volume changes could be buffered
during the redox processes. Moreover, the inner voids could also alleviate the
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Figure 9.4 (a) Schematic illustration of the formation process of Fe2CoSe4. (b) Charge–
discharge profiles at various current densities and (c) comparison of cycling performances
of FCSe, FCS, and FCO at 4 A g−1. Source: Ali et al. [91]. Reproduced with permission, 2018,
Wiley-VCH. (d) Ex situ XRD of NiCo2Se4@C at various voltages and corresponding voltage
profile during the first cycle. (e) Cycle performance of NiCo2Se4@C at 2.0 A g−1. Source: Qui
et al. [92]. Reproduced with permission, 2020, Elsevier.

expansion of Ni1.8Co1.2Se4 nanoparticles. As a result, the Ni1.8Co1.2Se4@C anode
delivered excellent rate performance of 211 and 153 mAh g−1 at 30 and 50 A g−1,
respectively. Moreover, a full cell with Na3V2(PO4)2O2F cathode exhibited an
energy density of 227 Wh kg−1 and capacity retention of above 97.6% even after
60 cycles at 0.4 A g−1 between 1.2 and 4.3 V at room temperature. By an easy
hydrothermal method, hollow NiCoSe2 microspheres@NDC was achieved [95].
After cycling at 100 mA g−1, it exhibited a reversible capacity of 464.7 mAh g−1

over 200 times. Moreover, reversible capacities of 425.3, 420.8, 403.2, 394.7, 378.7,
367.8, and 337.5 mAh g−1 were achieved at 100, 200, 500, 1000, 2000, 3000, and
5000 mA g−1, respectively, indicating its outstanding rate performance. NiCo2Se4
has been also reported as a new anode for SIBs [92]. Investigations showed that
the formed Na2Se, Ni, and Co nanoparticles dispersed in Na2Se matrix after fully
discharge. And during the recharge process, NiCo2Se4 phase can be regenerated
with a small amount of CoSe2 and NiSe phases left, which would lead to the

mailto:Ni1.8Co1.2Se4@C
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irreversible capacity loss during the initial cycle (Figure 9.4d). When hybrid with
conductive carbon, the NiCo2Se4@C composite delivered a reversible capacity
of 603.2 mAh g−1 corresponding to initial CE of 85.79% at 0.5 A g−1. Reversible
capacity of 377.5 mAh g−1 can be obtained after 600 cycles at 2 A g−1 (Figure 9.4e).

9.3.3 Metal Tellurides

Although metal tellurides have relatively lower theoretical gravimetric capacities
compared to the metal sulfides and selenides, they exhibit higher theoretical volu-
metric capacity and electrical conductivity. However, the study on metal telluride
anodes for SIBs is still scarcely explored. Recently, a few literatures are focusing
on the improvement of their electrochemical performance including morphology
design and hybrid electrode formation, and so on.

Recently, with the help of advanced characterization methods, some in-depth
explorations on reaction mechanisms were performed. In situ TEM was carried
out to investigate the rhombohedral Sb2Te3/C anode, which was prepared via
a high-energy ball milling method [96]. It revealed that Na3Sb and Na2Te were
formed at the end of discharge, and carbon served as a glue to bond the Sb2Te3
nanoparticles together suppressing the pulverization during cycling. However,
cracks grew at the boundary between the main and attached particle for pure
Sb2Te3 particle, leading to a severe capacity fade. On the contrary, the Sb2Te3/C
showed a high capacity of 360 mAh g–1 and 93% capacity retention after 400 cycles
at 1000 mA g–1. Moreover, it delivered 437 mAh g–1 at 20 mA g–1 and retained
314 mAh g–1 at 2000 mA g–1. In addition, cryogenic TEM was adopted to capture the
structural change of Sb2Te3/CNT [97]. A uniform and thin SEI layer of∼19.1 nm was
observed on the Sb2Te3/CNT composite while irregular and thicker SEI of ∼67.3 nm
for the pure Sb2Te3. Thus, it illustrated that uniform and thin SEI layer induced
by the functionalized CNTs facilitated the amelioration of high-rate capability
and cyclic performance. Therefore, the Sb2Te3/CNT composite anode delivered
excellent reversible gravimetric and volumetric capacities of 422 mAh g–1 and
1232 mAh cm–3, respectively, at 100 mA g−1 with ∼97.5% capacity retention after
300 cycles. Paired with Na3V2(PO4)2F3 cathode, full cell demonstrated remarkable
energy density of ∼229 Wh kg−1 at 0.5 C and excellent cyclic stability of over 71%
and 66% capacity retention after 200 cycles at 5 and 10 C, respectively. Moreover,
Sun et al. synthesized layered Bi2Te3 nanoplates/graphene (Bi2Te3/G) via one-pot
solvothermal method [98]. Bi2Te3 with quintuple layer sandwich structure of a large
interlayer spacing of 1.02 nm was anchored on graphene matrix. And it exhibited
high reversible gravimetric and volumetric capacity as high as 416 mAh g−1 and
648.9 mAh cm−3 at 0.1 A g−1. A high gravimetric capacity of 203 mAh g−1 was still
achieved even at 5.0 A g−1 by Bi2Te3/G.

Other tellurides such as GeTe and CoTe have also been reported. Sung et al.
prepared a GeTe compound with a layered structure by a simple solid-state method
[99]. Employing amorphous carbon as a modifier, the GeTe/C anode demonstrated
a high reversible first volumetric capacity of 662 mAh cm−3 with a stable capacity
retention of 98.5% after 100 cycles, and capacity of 704 and 630 mAh cm−3 at 1
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and 3 C, respectively. By examining via various ex situ analytical methods, the
reaction mechanisms of GeTe/C and GeTe control sample were investigated as
follows. During sodiation, both anodes could convert into NaGe and Na2Te phases.
However, in the desodiation process, only the converted NaGe and Na2Te phases in
GeTe/C were able to completely recover to their original state, which was attributed
to their higher reversible capacity. Semi-conductive CoTe has been used in a variety
of electronic devices and photovoltaic cells. CoTe with high electrical conductivity is
expected to be a potential anode of SIBs. Ding et al. have studied the electrochemical
properties of CoTe anode by a simple solvothermal route [100]. After hybridizing
with rGO to further improve electrical conductivity and mechanical strength,
CoTe/rGO exhibited a specific capacity of 306 mAh g−1 at 50 mA g−1 after 100 cycles
and a capacity of 200 mAh g−1 even after 200 cycles at 0.1 A g−1.

9.4 Metal Alloys

In the past decade, Li alloys have been well researched for LIBs due to their high
capacity. In contrast, much less research has been concerning with the application
in SIBs. After the exploration on sodium alloys carried out by Chevrier and Ceder in
2011 [101], attention has been paid on the sodium storage of diverse alloys. In this
section, alloy-type electrodes (for example Sn, Sb, Bi, and their intermetallic com-
pounds) are discussed. Different from the insertion-type anodes of carbon-based and
Ti-based anodes which show relatively small volume change upon cycling, alloying
reaction with sodium occurs in terms of alloy-type materials, delivering much higher
capacities in contrast to the above-discussed insertion-type materials, the severe vol-
umetric fluctuation upon the repetitive alloying–dealloying reaction caused by large
sodium ions restricts the practical application of these alloy-type anodes. The rea-
son results from the peeling off of electrode from the current collector due to loss of
electrical contact induced by electrode fracture or pulverization. To date, strategies
such as constructing novel morphologies and compositing conductive carbon matrix
have been developed to tackle this problem. Additionally, engineering intermetallic
compounds and selecting optimized binders or electrolytes (additives) are verified
to enhance the electrochemical performance as well.

9.4.1 Tin (Sn)

Sn shows its potential as anode for SIBs since it has merits of low reaction potential
(<0.6 V), high theoretical specific capacity of 847 mAh g−1 [101], inexpensive as well
as environmentally benignity. Huang and coworkers studied the electrochemical
evolution of Sn accompanied with volumetric variation during sodiation using in
situ TEM [102]. They found that two-step sodiation process occurs initially with
the formation of Na-poor, amorphous NaxSn (a-NaxSn, x ∼ 0.5) alloy phase (56%
expansion) via a two-phase reaction, and followed by the generation of several
Na-rich amorphous phases, and ultimately the crystalline c-Na15Sn4 phase is
formed (420% expansion) via a single-phase reaction (Figure 9.5a). Actually, the
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electrochemical insertion process of sodium into Sn has not been fully elucidated
and it has been suggested to be more complicated than that for LIBs. The structure
and composition of the intermediate NaxSn phases have been further investigated
by using various techniques and density functional theory (DFT) calculations to
better understand the sodium storage mechanism of Sn [8, 110]. Recently, Stratford
and coworkers adopted both in and ex situ characterizations and the theoretical
calculation to elucidate some intermediates during reaction which has not been
identified [8]. Based on their experimental results, a successive phase transition
(β-Sn→NaSn2 → amorphous Na1.2Sn→Na5−xSn2 →Na15+ xSn4) has been pro-
posed. It should be noted that the insertion/exaction of 3.75 Na atoms accompanied
with volume variation plays leading role on the limitation of Sn application as
anodes. The severe structural change leads to poor cycling performance due to both
pulverization and loss of electrical contact.

Wang et al. [103] has carried out in situ synchrotron hard X-ray nanotomog-
raphy to illustrate the structural/chemical evolution of Sn anode during cycling
(Figure 9.5b, left), which shows that small particle exhibits robustness without
cracks, fracture, or pulverization after insertion/extraction of Na ions. And two criti-
cal sizes including 0.5 μm for low complexity (negligible structural degradation) and
1.6 μm for high complexity (Figure 9.5b, right) are able to offer clear information in
order to clarify the failure mechanisms. Obviously, designing materials to nanosize
has been regarded as one of the most effective methods to accommodate volume
variation upon cycling. In this approach, electrodeposited Sn thin film anodes
consisted of fine grains demonstrated outstanding cycle stability with delivering
607.51 mAh g−1 after cycling 40 times, much superior to that composed of coarse
and isolated particles showing obvious capacity fading [110c]. Furthermore, Sn
nanofiber electrode synthesized by Nam et al. [110e] displayed reversible capacity
of 776.3 mAh g−1 over cycling 100 times corresponding to capacity retention of
95.1%, ascribing to the fact that the synergistic effect of porous properties as well as
anisotropic expansion would effectively alleviate the volume variation.

Constructing Sn/C nanocomposites by introducing conductive carbon
host/substrate is shown to be another effective approach which can physically
buffer the volume strain, prevent the nanoparticles from migrating and agglomerat-
ing, and create the electric conducting pathways. To this end, various nanostructured
Sn/C nanocomposites with different morphologies like nanospheres, nanofibers,
nanosheets, and nanopillars (Figure 9.5c–i) have been fabricated and displayed
outstanding cycling stability with satisfactory capacity and superior rate capabilities
[104–109]. For example, Sn nanodots encapsulated in porous nitrogen-doped CNFs
(Figure 9.5d) could release a specific capacity of 483 mAh g−1 over 1300 cycles at
2000 mA g−1 [105]. Another core–sheath-structured Sn@CNT nanopillars aligned
on carbon paper (Figure 9.5h,i) are able to achieve specific capacities of 445 and
377 mAh cm−2 after 100 cycles at 250 and 500 mA cm−2, respectively. And good rate
performance with capacities of 341 and 299 mAh cm−2 at 750 and 1000 mA cm−2

is also delivered. Such superior electrochemical performance results from the
dispersing effect of carbon paper and the buffering effect provided by the carbon
sheath [109].
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Reproduced with permission, 2012, American Chemical Society. (b) 3D images of the
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schematic illustration of two critical sizes for Sn fracture in SIB. Source: Wang et al. [103].
Reproduced with permission, 2015, Springer Nature. (c) TEM image of Sn@C sphere.
Source: Liu et al. [104]. Reproduced with permission, 2014, Wiley-VCH. (d) SEM image of Sn
NDs@PNC nanofibers. Source: Liu et al. [105]. Reproduced with permission, 2015,
Wiley-VCH. (e) TEM image of F-G/Sn@C composites. Source: Luo et al. [106]. Reproduced
with permission, 2016, Elsevier. (f) TEM image of yolk–shell Sn@C eggette-like
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Furthermore, it has been demonstrated that binders in the electrode and
electrolyte (additives) also play critical roles in battery performance [111]. For
instance, Komaba et al. [111a] found that an improvement on reversibility of
Sn anodes was achieved by adopting polyacrylate (PAA)) as a binder instead
of the mainstream binder of polyvinylidene fluoride (PVDF), although it still
suffers from capacity decay which results from the volume change and electrolyte
decomposition. They also found that the introduction of small amount of fluo-
roethylene carbonate (FEC) into the propylene carbonate-based electrolyte could
further improve the performance of the Sn electrode with PAA binder. Zhang
et al. attempted to investigate the performances of microsized Sn particles directly
as anode for SIBs by applying different electrolytes [111c]. In their research,
glyme-based electrolyte (1 M NaPF6 in diethylene glycol dimethyl ether [diglyme,
DGME]) was selected to compare with carbonate-based electrolyte system (1 M
NaPF6 in PC electrolytes with 5% FEC). In sharp contrast to that cycled in PC
with 5% FEC, the Sn anode in DGME exhibited much smoother surface, indicating
the structural integrity. Furthermore, thin SEI film formed on surface of particles
could work as protective layer to prevent the generation of insulating domains,
giving rise to an improvement in stability. Once coupled with Na3V2(PO4)3/C
cathode, the corresponding microsized Sn//1 M NaPF6 in DGME// Na3V2(PO4)3/C
full battery delivered initial charge–discharge capacities of 102/83 mA h g−1 at an
average voltage of 3 V. After 50 cycles, capacity retention of 90% was maintained.
Taking both cathode and anode into account, the gravimetric energy density and
volumetric energy density are 200 Wh kg−1 and 703 Wh L−1, respectively, 19%
and 61% higher than the hard carbon//1 M NaPF6 in EC/DMC// Na3V2(PO4)3/C
configuration.

9.4.2 Antimony (Sb)

Similar to Sn, Sb electrode has been explored as an alloying-type anode for SIBs as
well. It has theoretical specific capacity of 660 mAh g−1 with forming full sodiation
product of Na3Sb at low potential of about 0.5 V. As for the reaction mechanism, Sb
would alloy with Na to form amorphous intermediates (NaxSb with x ∼ 1.5) initially
in the discharge process. After fully transformation of Sb into amorphous phase,
cubic-hexagonal Na3Sb is formed and later stabilized in the existence of hexago-
nal Na3Sb [112]. In the most recent study by Allan et al., alloying mechanism of Sb
was further studied by utilizing operando pair distribution function analysis and ex
situ Na magic-angle spinning solid-state nuclear magnetic resonance (NMR) spec-
troscopy. Two previously unknown amorphous of a-Na3−xSb (x ≈ 0.4–0.5) with sim-
ilar structure to crystalline Na3Sb and highly amorphous a-Na1.7Sb intermediate
phases were identified [113].

Sb also meets the challenge of huge volume change (∼390%) during sodiation–
desodiation process, which could cause capacity fading. Constructing anodes
with nanometer size has been recognized as common and facile method to solve
the issue. Recently, various nanostructures such as porous hollow microspheres
(PHMSs) [114], nanorod arrays [115], cypress leaf-like structures [116], porous
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structures [24, 117], and nanotubes [118] were reported to optimize the performance
of Sb anode while inhibiting volume change. For instance, Hou et al. reported
Sb PHMSs as advanced anode for SIBs via employing Zn microspheres as tem-
plates [114]. The Sb PHMSs delivered 617 mAh g−1 at 100 mA g−1 after 100 cycles
corresponding to capacity retention of 97.2%, and 312.9 mAh g−1 at 3200 mA g−1.
The authors ascribed this excellent performance to the novel structural design
including hollow structure with high porosity, thus leading to alleviation of volume
change and rapid Na+ transportation upon cycling. Later, Liu et al. proposed
a top-down process to obtain nanoporous Sb [117a]. By the means of adopting
chemical dealloying of Al–Sb alloy ribbon precursors to fabricate Sb particles with
different size, the coral-like nanoporous Sb electrode exhibited 573.8 mAh g−1 after
200 cycles at 100 mA g−1 as well as excellent rate property up to 3300 mA g−1. The
innovative electrode of 3D porous structure assures high sodium-ion accessibility,
strong structural integrity, and fast electrode transport, thus resulting in outstanding
cycling stability and rate performance.

It is noted that innovative exploration of Sb-based anodes also concentrates on
designing various Sb–carbon composites. As far, various Sb–carbon composites with
novel structures, for example Sb@C yolk–shell spheres [119], peapod-like Sb@N–C
hybrid [120], freestanding porous Sb–C framework films [121], Sb/C spheres [122],
Sb nanoparticles@porous carbon [123], Sb@C coaxial nanotubes [124], Sb@(N,
S–C) hybrid [125], Sb/C fibers [126], and Sb/graphene nanosheets [127], have been
reported. These Sb–carbon composites exhibited expressive performance. Some
typical examples are shown in Figure 9.6. Sb@C nanosphere anode with biomimetic
yolk–shell structure has been prepared [119]. As shown in Figure 9.6a, a layer of
conductive carbon with protection effect covered around the Sb hollow yolk to form
the yolk–shell microstructure. The yolk–shell Sb@C exhibited large amount of void
space which could accommodate the volume change; moreover, the carbon shell
could also induce the formation of stable SEI film. As expected, as anode for SIBs,
these Sb@C yolk–shell nanospheres exhibited good rate capability, i.e. 600, 548, 463,
408, 329, and 279 mAh g−1 at 50, 100, 200, 500, 1000, and 2000 mA g−1, respectively
(Figure 9.6b). In addition, long cycle performance with about 280 mAh g−1 at
1000 mA g−1 over 200 cycles was also obtained, indicating the favorable effect
of yolk–shell structure on stabilizing active Sb. Doping heteroatoms such as N,
S, F, and P into carbon frameworks have been intensively explored to enhance
sodium storage capacity of the carbonaceous materials. The heteroatoms-doped
strategy of carbon was introduced into Sb to obtain peapod-like Sb@N–C hybrid
[120] (Figure 9.6c,d) and Sb@(N, S–C) hybrid [125] (Figure 9.6e,f). Benefiting
from the synergistic merits of sufficient N-doping, 1D conductive carbon coating
as well as extensive inner void space, the peapod-like Sb@N–C hybrid displayed
excellent long-term cycle performance (345.6 mAh g−1 after 3000 cycles at 2 A g−1)
(Figure 9.6d). Novel Sb/C hybrid encapsulating the Sb nanorods into highly
conductive N and S co-doped carbon (Sb@(N, S–C)) frameworks has performed
capacity of 374.3 mAh g−1 at 10 A g−1 (Figure 9.6f).

The effect of binders and electrolyte additive on performance of Sb was studied
as well. Lu and coworkers examined and compared sodium storage process of
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Figure 9.6 (a) Low-magnification SEM images of hollow Sb@C yolk–shell nanospheres
with dark-field TEM image in inset. (b) Rate capability at various rates. Source: Liu et al.
[119]. Reproduced with permission, 2017, American Chemical Society. (c) Schematic
illustration of preparing peapod-like Sb@N–C hybrid. (d) Prolonged cycling stability of
Sb@N–C at 2 A g−1. Source: Luo et al. [120]. Reproduced with permission, 2018, Wiley-VCH.
(e) The reaction mechanism during the charge–discharge process of Sb@(N, S–C). (f) Rate
capabilities at various current densities. Source: Cui et al. [125]. Reproduced with
permission, 2018, American Chemical Society.

SiC–Sb–C electrode in different electrolytes [128]. They found that the presence of
FEC could lead to the generation of SEI film with the thin, chemically/mechanically
stable, and structurally compact properties, leading to the greatly enhanced cycling
performance. Another polymer with crosslinked chitosan network has been
reported by Gao et al. exhibited its advantages as binder to effectively alleviate
volume variation in contrast to PVDF or carboxymethyl cellulose (CMC) [129].

9.4.3 Bismuth (Bi)

Bi has attracted considerable attention as anode for SIBs because of its unique
layered structure with large crystal lattice along c-axis (d(003) = 0.395 nm) for ion
insertion, low melting point, low thermal conductivity, non-toxicity, and moderate
theoretical gravimetric capacity of 385 mAh g−1 by forming Na3Bi. However,
works reporting its sodiation mechanism are somehow ambiguous. Ellis et al.
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proposed that the sodiation process of Bi undergoes the formation of NaBi and
Na3Bi [130]. Similar mechanism was also reported by Sottmann et al. based on
the quasi-simultaneous in operando synchrotron XRD/XAS and DFT calculations
[131]. It was found that NaBi was formed initially, and subsequently the mixture
of cubic or hexagonal Na3Bi were generated. The authors proposed that sodiation
would go on with following two obvious structural mechanisms according to
crystallite size of Bi. While Su et al. adopted DFT calculations to verify the rapid
Na+ transportation and volume accommodation arising from substantial sites of Bi,
demonstrating its intercalation mechanism other than alloy reaction [132]. Similar
result was also reported by Liu et al. with employing ex situ XRD measurements
on arrayed bismuth nanorod bundle [133]. However, in a more recent study by
Gao et al. [134] the operando XRD method verified that Bi anodes with different
morphologies, size, and sources exhibited the same sodium storage mechanism
based on alloying/dealloying process (Bi→NaBi→Na3Bi), corresponding to
two-step process with delivering two voltage plateaus. Moreover, both Na3Bi and
NaBi phases exhibited metastable property, which tends to decompose by ex situ
conditions with the equation of Na3Bi→NaBi→Bi. Therefore, the phenomenon
that only Bi phase could be detected under ex situ XRD conditions was able to be
made clear, which also explains the inaccurate mechanism that reported previously.

Based on previous reports on Bi anode, it has been widely known that the sodiation
of Bi proceeds with sequential formation of NaBi and Na3Bi. Huge volume change
of 250% is still the main obstacle to hinder its application due to the slow kinetics
and capacity fading resulted from the lost contact with current collector. Targeted at
this, Bi with various nanostructures is reported to promote the electrochemical per-
formance. Liu et al. [133] initially put forward the preparation of arrayed Bi nanorod
bundles via chemical dealloying method. Finally, the materials used as anode could
demonstrate 301.9 mAh g−1 after cycling 150 times at 50 mA g−1 with clear potential
profiles. The outstanding electrochemical properties could be attributable to the fol-
lowing reasons: on the one hand, severe volume variation is able to be alleviated due
to the design of arrayed Bi nanorod bundles with large interval spacing; on the other
hand, the novel structure also facilitates the diffusion of sodium ions. Bi nanoflakes
on Ni foam (Bi/Ni) with 3D interconnected structure have been reported by Wang
et al. via a facile replacement reaction [135]. The obtained material used as anode
is conductive to bear the large volume expansion and the diffusion of Na+, which
exhibited 302.4 mAh g−1 after 100 cycles at 200 mA g−1.

In addition, Bi nanoparticles composited with conductive carbon matrices have
also been prepared, like Bi@graphene nanocomposites [132], Bi@C microspheres
[136], Bi–NS@C composite [137], Bi@graphite [138], Bi@N-C [52], yolk–shell
Bi@Void@C nanospheres [139], Bi nanosheets/carbon fiber cloth [140], and Bi@C
composite nanosheets [141]. These rational designed Bi/carbon composites have
exhibited good performance because of the improved conductivity and structural
stability by introducing carbon matrices. Particularly, nanostructure equipped with
substantial void spaces for buffering the volume variation seems to be effective in
order to obtain ultrafast cycling life. For example, Xue et al. [52] have fabricated
Bi nanorods encapsulated in NDC nanotubes (Bi@N–C) (Figure 9.7a). Assembled
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Figure 9.7 (a) Fabrication illustration of Bi@N–C and the corresponding operation mechanism. Source: Xue et al. [52]. Reproduced with permission,
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in a half cell, the as-prepared Bi@N–C anode exhibited capacity of 410 mAh g−1 at
50 mA g−1 and 368 mAh g−1 at 2 A g−1. Moreover, it could go through 1000 repeated
sodiation–desodiation at 1 A g−1, verifying its long life span. While tested in full cell
with Na3V2(PO4)3/C cathode, a satisfactory power density of 1190 W kg−1 together
with energy density of 119 Wh kg−1 based on total weight was released. Finally, the
authors summarized the reason leading to excellent sodium storage performance
including unique novel structure and stable SEI layer, which facilitates both
accommodation of volume variation and improvement of electronic transportation.
Another yolk–shell Bi@C nanospheres has been reported by Yang et al. [139] to
exhibit large amounts of void volume (Figure 9.7b), which could be regulated
to adapt the volume variation. In contrast to structural crack induced by limited
void space and lower volumetric capacity resulted from excess void space, the
optimized Bi@Void@C-2 sample with appropriate void demonstrated superior
electrochemical properties, i.e. 198 mAh g−1 at 20 A g−1 even after 10 000 cycles
and 170 mAh g−1 at ultrahigh current density of 100 A g−1. This result indicates
that appropriate void space plays important role in accommodating the volume
variation and maintain high volumetric energy density.

Interestingly, commercial Bi anode for SIBs delivering comparable electrochem-
ical performance once glyme-based electrolytes was used has been reported by
Wang et al. [142]. Adopting glyme-based electrolytes (NaPF6 in diglyme), the
commercial bulk Bi of less than 20 μm in size (Figure 9.7c) demonstrated stable
cycling performance up to 2 A g−1 and ultra-long cycle span of 2000 cycles with
400 mAh g−1 at 400 mA g−1 (Figure 9.7d,e). In addition, Bi anode equipped with
a variety of glyme-based electrolytes and binders has been investigated as well.
Regardless of the involved Na salts or binders, performance adopting glyme-based
electrolytes exhibited little difference, verifying the synergistic effect of Bi anode
and glyme-based electrolytes on enhancing the electrochemical performance.
Of note, two obvious plateaus located at 0.67/0.77 V and 0.46/0.64 V could also
confirm the highly reversible alloying/dealloying mechanism, corresponding
to the reactions of Bi ↔ NaBi and NaBi ↔ Na3Bi. In addition, in contrast to
carbonate-based electrolytes, the bulk Bi anode was found to gradually develop into
a porous integrity upon cycling, which results from the facile Na+ transport and
structural stability influenced by glyme-based electrolytes (Figure 9.7f,g). Based
on their comprehensive investigations, the excellent performance of bulk Bi arises
from the unique porous integrity evolved in the glyme-based electrolytes, stable
SEI, and good electrode wettability of glymes. Again, this study further confirms the
importance of electrolytes options in order to obtain anodes with high performance.

9.4.4 Intermetallic Compounds

Except for single-element alloy-based materials, engineering binary intermetallic
compounds has proved to be resultful in improving electrochemical performance
of alloy-type metal anodes. Once compositing with appropriate additives, the inter-
metallic compounds would display additional favorable property in contrast to indi-
vidual component. As for M–Sn/Sb/Bi, M could be either an electrochemically active
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component (Sn, Sb, Bi, Zn, etc.) or inactive component (Ni, Cu, Fe, Co, Mo, Mn,
etc.). Compared with electrochemically inert metals, electrochemically active metals
can deliver additional capacity to the whole electrode. During the sodiation process,
a displacement reaction occurs to extrude one of the elements, and subsequently
forming NaxM alloy while followed by alloying reaction with the incoming Na+.
Specifically, Sn/Sb/Bi and active M metals react with Na at different potentials thus
can serve as mutual buffers to moderate the volume changes. Owing to the syner-
gistic effects and the combined advantages of these two elements, the intermetallic
compounds possess advantages of excellent specific capacity and prolonged cycling
span, which outperforms the single-metal anode.

Various binary compounds containing active M metal like Sn–Sb nanostructures
[143], Bi–Sb nanostructures [144], Sn–Sb/C [72, 145], Bi–Sb/C [146], and Zn–Sb
[147] have been investigated as SIB anodes. However, they still suffer from capacity
fading due to the formation of single-phase element which tends to peeling off
from the current collector, leading to poor electronic conductivity. Compositing
active materials with carbon materials is an effective method to solve this issue. For
instance, Li et al. [145a] fabricated SnSb–core/carbon–shell nanocables anchored
on graphene sheets. The outer carbon nanocable layer played great influence on
accommodating the volume expansion, and the involved conductive graphene
would isolate the agglomeration of SnSb. When adopting electrolyte of 1 M NaClO4
in PC+ 5% FEC, better electrochemical performance of 360 mAh g−1 upon 100
cycles was demonstrated in comparison to 1 M NaClO4 in PC, 1 M NaClO4 in
PC/FEC (1 : 1 v/v), and 1 M NaPF6 in PC. Bi–Sb alloy/CNFs with various Bi/Sb
ratios were prepared by Guo et al. [146b] and the bonding nature of Bi–Sb was
studied. Benefiting from the unique lattice softening mechanism and conductive
CNFs, the BiSb3/C nanofibers anode exhibited prolonged cycling stability and
sodium storage of 233.2 mAh g−1 at 2 A g−1 after 2500 cycles.

Intermetallic compounds with electrochemically inactive metals including M–Sn
(M = Ni, Cu, Co, Fe, Mn) [84, 148], M–Sb (M = Ni, Cu, Co, Fe, Mo) [149], and Ni–Bi
[95] have also been studied. Inert M metal could be used as buffer for alleviating the
volume changes of active components during sodiation–desodiation and improve
electrical conductivity. For instance, Yu and coworkers [148a] reported Ni3Sn2
microcages with large porosity via template-free solvothermal method. Finally, the
anode composed of tiny Ni3Sn2 nanoparticles exhibited about 270 mAh g−1 at 1 C for
300 cycles, and satisfactory rate performance even at 10 C. The reason for the excel-
lent performance is owing to the following aspect: firstly, both unique hollow-core
structural design and the introduction of Ni matrix would ease the mechanical stress
induced by volume fluctuations. Secondly, the formation of uniformly dispersed Ni
arising from Ni3Sn2 provides excellent electronic conductivity for the whole anode.
Sn0.9Cu0.1 nanoparticles with 100 nm in size reported by Mullins and coworkers
[148b] has been prepared by surfactant-assisted wet chemistry route. As anode
for SIBs, over 420 mAh g−1 at 0.2 C rate after 100 cycles was retained. With a high
capacity retention of 97%, it has more promising application than the microparticles
(13%) and nanoparticles (49%) counterparts. The good performance arises from the
copper addition which could effectively lower the charge transfer resistance in the
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interfaces and suppress aggregation among nanoparticles. In principle, examples
discussed-above provide ideal candidates to replace pure elemental electrodes.
However, inactive M metal is unable to offer sodium storage stability, leading to
decreased capacity density of such Sn/Sb/Bi-based intermetallic compound. Beside
the above-discussed binary intermetallic compounds, some ternary alloys, e.g.
Sn10Bi10Sb80 film [150], Fe1.0–SnSb ribbon [151], and Sn50Ge25Sb25 film [152], were
fabricated as energy storage materials and exhibited excellent cycling performance
for SIBs.

This section gives the latest research advances of Sn/Sb/Bi-based alloy-type
anodes for SIBs. Strategies to solve the inherent disadvantages of these anodes
with high capacity but unstable structure have been proposed. Most of them are
concentrating on the buffering of volume fluctuation, inhibiting aggregation as well
as accelerating the ionic/electronic diffusion kinetics. And the common methods
could be summarized as following: constructing unique nanostructures with large
porosity, compositing with carbonaceous materials to form anode with stable
structural robustness, as well as choosing appropriate binder and electrolyte for
different anode categories.
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10

Effective Strategies to Restrain Dendrite Growth
of Na Metal Anodes

10.1 Introduction

Nowadays, rechargeable lithium ion batteries (LIBs) have been widely used in
electric vehicles and portable electronic devices since the first commercialization
in 1991, due to its magnificent advantages like high energy density, no memory
effect, and little self-discharge [1]. However, the limited abundance of lithium
sources (0.0065%) is not conducive to the rapid increasing need of super-large-scale
energy storage devices in the future [2]. As the same group element (Group IA),
sodium element shares similar physical and chemical properties with lithium
in many aspects. What is more, sodium sources are rich (2.8%) and worldwide
availability. Therefore, sodium-based batteries are considered as ideal candidates
for super-large-scale and inexpensive energy storage devices and attracted consid-
erable attention [3]. Meanwhile, the existing theories of LIBs can contribute to the
development of sodium-based batteries.

Among the many candidate anode materials, Na metal gains most atten-
tion because of its high theoretical capacity (1166 mAh g−1) and low electrode
potential. There are many new types of rechargeable Na–metal-based batteries
like sodium–sulfur (Na–S) batteries, sodium–oxygen (Na–O2) batteries, and
ZEBRA-type sodium–metal halide batteries [1b]. However, Na metal batteries still
suffer from many serious issues. Like lithium metal anode, the major issue of
sodium metal anode is uneven plating/stripping behavior which will cause wild
dendrite growth, dead Na, and even cell interior short-circuit [4]. Another problem
is the continuous side reaction between Na and electrolyte without the protection by
stable solid electrolyte interphase (SEI) [5]. The irreversible reaction will consume
too much of the electrolyte and Na, resulting in low Coulombic efficiency (CE).

To solve the above-mentioned issues, various strategies have been carried out
(Figure 10.1). Typically, it is useful to optimize electrolytes or introduce electrolyte
additives for stabilizing reaction interface and SEI film. Electrode architectures are
also practicable ways that both reduce the current density and serve as effective
nucleation templates. Besides, alloy designs to tune the bulk properties of the
metal demonstrate some appreciable improvements [3]. This chapter will focus on
these three classical strategies and discuss in depth. Hope this chapter can help to
comprehend the protection strategies of Na metal anode and offer some guidance.

Sodium-Ion Batteries: Energy Storage Materials and Technologies, First Edition. Yan Yu.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Figure 10.1 The summary of the aspect involved in this chapter. Source: Lee et al. [3].
Reproduced with permission, 2019, American Chemical Society.

10.2 Liquid Electrolyte Optimization
for Na Metal Anodes

Electrolytes serve as an important bridge to connect anode and cathode, providing
a transport pathway for Na ions. Thus, it is imperative to optimize the electrolyte
for enhancing the performance of Na metal anodes. For liquid electrolyte, the reac-
tion with the highly active Na has some severe problems (e.g., uncontrolled den-
drite growth), which will cause superfluous consumption of both electrolyte and Na
metal. To improve it, plenty of researches focusing on solvents, salts, and additives
in electrolyte have been carried out [2, 6].

10.2.1 Traditional Electrolyte

Carbonate solvents are commonly applied to the sodium-ion battery (SIB) electrolyte
due to wide electrochemical stability and high ionic conductivity. Iermakova’s group
assembled Na||Na symmetrical cells with the electrolytes of ethylene carbonate
(EC)–dimethyl carbonate (DMC) (1 : 1,v/v) and EC–DMC–propylene carbon-
ate (PC) (4.5 : 4.5 : 1,v/v/v) [5]. They found a large overpotential occurred at
0.1 mA cm−2 for Na||Na cells while comparing to Li||Li cells, which was due to
an enhanced interfacial resistance but no ionic conductivity. However, the typical
SEI in these carbonate electrolytes is consisted of organic products like HCOONa,
RCH2OCO2Na, R(OCO2Na)2, and ROCO2Na, which cannot prevent penetration of
the electrolyte nor passivate Na metal anode. To stabilize the SEI on Na metal sur-
face, fluoroethylene carbonate (FEC) is selected as the additive, which has already
been reported in lithium metal batteries [7]. For example, Choi’s group added
1 wt% FEC into the electrolyte consisting of 1 M sodium bis(fluorosulfonyl)imide
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(NaFSI) in PC : EC (1 : 1), and an ion-permeable and mechanically strong SEI
comprised of Na2CO3, NaF, and sodium alkylcarbonates was demonstrated, which
could restrain the growth of Na dendrite, as shown in Figure 10.2a [8]. Moreover,
Tarascon and coworkers confirmed that the additive of FEC could minimize
the irreversible capacity of Na-half cells [10]. Kong and his coworkers chose
sodium-difluoro(oxalato)borate (NaDFOB)-based electrolytes to replace common
NaPF6-based electrolytes and achieved preferable rate performance and longer
cycle life in Prussian blue||Na cells [11].

On the other hand, ether-based solvents with the higher lowest unoccupied orbital
(LUMO) energy than that of carbonate solvents have wider electrochemical stability
window, making them stand a more reductive environment without decomposi-
tion [12]. Thus, ether-based electrolytes are more befitting for SIBs [1b, 4, 13]. Cui
and his coworker reported a comprehensive study on the electrolyte of NaPF6 with
mono-, di-, and tetraglyme solvents and found glyme-typed solvents decomposed
after Na salts decomposition [9]. As shown in Figure 10.2b, an even and compact
inorganic SEI was formed in NaPF6–glyme-based electrolyte. Such an inorganic SEI
made of NaF and Na2O not only had good ionic conductivity to facilitate uniform
Na deposition without Na dendrite but also efficiently prevented the permeation of
electrolytes, resulting in a high CE (Figure 10.2c,d). Besides, Li’s group investigated
the additive of sodium polysulfide (Na2S6) in NaPF6–diglyme electrolyte and indi-
cated Na2S6 could serve as a pre-passivation agent which can enhance long-term
anode stability [14]. Meanwhile, they also found that the use of Na2S6-NaNO3 as the
co-additive had disadvantageous impact on Na anode, which was different in the
lithium anode system.
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Self-healing electrostatic shield mechanism is also a fantastic method to suppress
the growth of Na dendrite. Chen and his coworkers proposed a Li–Na hybrid
battery, where the Li+ could form an electrostatic shield layer during Na plating
(Figure 10.3a) [15]. The reduction potential of Li-ions (−3.04 V vs. SHE) is lower
than that of Na-ions (−2.71 V vs. SHE), so Li-ions will not be reduced during
the process of plating. Instead, Li-ions will assemble on the tips of the plating
regions to build a positively charged electrostatic shield due to the accumulated
negatively charged electric field. When Na-ions approach, they will diffuse and
plate into adjacent regions because of repulsive force from the electrostatic shield.
As a result, the Na deposition showed cubic morphology without growth of
dendrites (Figure 10.3b). In addition, Wang’s group used a bifunctional electrolyte
additive, potassium bis(trifluoromethylsulfonyl)imide (KTFSI) in tetraethylene
glycol dimethyl ether (TEGDME) containing 1 M sodium trifluoromethylsulfonate
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(b) In situ optical observation of Na depositing in hybrid electrolyte. Source: Zhang et al.
[15]. Reproduced with permission, 2018, Wiley-VCH. (c) Schematic of the stabilization
effects of KTFSI additive for Na deposition. (d) Charge-discharge voltage profiles of Na||Na
symmetric cells with and without 0.01 M of KTFSI added in the 1 M NaOTf in TEGDME
electrolyte. Source: Shi et al. [16]. Reproduced with permission, 2018, Wiley-VCH.
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(NaOTf) [16]. As exhibited in Figure 10.3c, K-ions (−2.93 V vs. SHE) could form
an electrostatic shield layer while TFSI− would contribute to form a desirable SEI,
rendering Na anode with a long cycle life even at a high capacity of 10 mAh cm−2

(Figure 10.3d).

10.2.2 High-concentration Electrolyte

The properties of electrolyte are affected by the concentration of salt, which will
directly impact the performance of batteries. High salt concentration electrolytes
possess some preferable advantages like the enhanced thermal stability, reduc-
tive/oxidative stability, and ion transference number [12]. Meanwhile, the increase
in initial metal ion concentration will prolong the Sand’s time and therefore post-
pone dendrite formation [17]. Besides, a large number of Na-ions in the electrolyte
will coordinate with more free solvent molecules to form a unique solvation
structure, which can mitigate Na anode corrosion induced by the organic solvents
[18]. Zhang’s group reported a high concentrated electrolyte consisted of 4 M NaFSI
in 1,2-dimethoxyethane (DME) [19]. The Na||Cu cells with this electrolyte exhibited
an excellent performance with high efficiency (>99%). Afterwards, many researches
on NaFSI–DME-based high-concentration electrolyte were reported [20]. Moreover,
Choi’s group further increased the concentration of NaFSI to 5 M in DME sol-
vent, where they found it could also mitigate the corrosion of Al current collectors
(Figure 10.4a) [21]. Besides, they noted that high concentration of salt was only effec-
tive in DME solvents and ineffective in carbonated-based electrolyte (Figure 10.4b,c).

High-concentration electrolyte, however, also brings some inevitable defects, such
as high viscosity, high salt cost, and poor wettability. To overcome those problems,
a localized high-concentration electrolyte was proposed by Zhang and his cowork-
ers [22]. They used hydrofluoroether as an “inert” diluent to remarkably reduce
the salt concentration in whole electrolyte. The bis(2,2,2-trifluoroethyl)ether dilu-
ent would not break the solvation structure of NaFSI–DME and still maintain a high
Na-ion transference number, as displayed in Figure 10.4d. With this special elec-
trolyte, large amounts of nodule-like Na were deposited on the Cu electrode without
the growth of needle-like Na (Figure 10.4e). In addition, Na||Na3V2(PO4)3 batteries
can reach high CE (>99%), fast charging (20 C), and stable cycling (90.8% retention
after 40 000 cycles) (Figure 10.4f). This work offers a novel strategy to customize the
electrolyte for developing high-performance SIBs.

Except for the conventional organic electrolyte, there are also many significant
efforts in designing novel electrolytes to improve battery performance. For example,
Kim’s group reported dendrite-free Na anode for sodium rechargeable battery,
engineered by employing nonflammable and highly Na+-conductive NaAlCl4⋅2SO2
inorganic electrolyte [23]. They dissolved 5.3 M NaAlCl4 in SO2-solvated molten
complex, demonstrating a high ionic conductivity of 0.1 S cm−1 and a high cation
concentration. Compared to the electrolyte of 1 M NaPF6 in EC : PC, the high
concentrated NaAlCl4⋅2SO2 electrolyte could remain an initial impedance for long
storage time in Na||Na symmetric cells. The X-ray photoelectron spectroscopy
(XPS) analysis revealed that a dense and even inorganic layer of NaCl was formed
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on the surface of anode, which could passivate Na metal from electrolyte corrosion
and offer a high Na ion diffusion rate (Figure 10.5a). The scheme of Na deposi-
tion/dissolution is illustrated in Figure 10.5b and a polygonal morphology of plated
Na is observed in Figure 10.5c, which is desirable as such Na deposition cannot
pierce the separator [1a]. Applied this inorganic electrolyte, Na||Na symmetric cells
showed stable voltage profiles up to 95 cycles, while the cells in NaPF6–EC: PC
failed after 22 cycles (Figure 10.5d). In addition, another novel inorganic electrolyte
based on liquid ammonia was reported by Gómez and his coworkers, which
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could be shorted as NaY⋅xNH3 (Y: I−, BF4
−, BH4

−) [24]. The optimized electrolyte
could achieve ultrahigh sodium concentration of 7 M and high conductivity of
0.1 S cm−1 with low density, low viscosity, and low cost [3]. Using NaBF4–2.5NH3,
the plating-stripping test of Na on Cu foil showed a low-voltage hysteresis of 4.5 mV
for 100 cycles.

10.2.3 Ionic Liquids

Ionic liquids (ILs) are kinds of room-temperature molten salts consisted of organic
cations and organic/inorganic anions existing in a liquid form under 100 ∘C. The
characters of ILs include high thermal stability, low vapor pressure, low flamma-
bility, wide electrochemical widow, and improved safety, so it is an intense topic
for ILs to apply as SIB electrolyte (Figure 10.6a) [25]. Hosokawa and his coworkers
investigated the stability of [C2C1im][FSA]- and [C2C1im][TFSA]-based ILs against
Na metal [27]. After storing Na metal in the Na[FSI]–[C2C1im][FSI] electrolyte for
four weeks, the Na surface maintained smooth with metallic luster while the sur-
face became rough and dark after immersion in TFSI−-based counterpart, which
was due to the different property of SEI. Besides, Archer’s group reported SEI films
generated directly on Na metal through electropolymerization of functional IL mem-
branes, as shown in Figure 10.6b [26]. They found that the ionic membranes can
prevent parasitic reactions of Na with electrolyte but not compromise ion trans-
port in SEI. In addition, the ionic membranes can reduce the electric field on Na
surface, causing the even deposition of Na metal, high CE, and stable long-term
cycling.
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10.3 Construction of Novel Current Collectors
for Na Metal Anodes

Since the uneven distribution of sodium ion on electrode surface would directly lead
to sodium dendrites growth, it is urgently need to explore new strategies to gener-
ate uniform sodium ion flux [1a]. The development of novel current collectors to
inhibit the sodium dendrite growth by dissipating the local current density of the
electrode surface area is accepted as an efficient strategy [19, 28]. These current col-
lectors should have high chemical stability without a reaction with sodium, high
mechanical stability to recover the initial shape and excellent electrical conductivity
with fast electronic transmission [6a, 29]. Therefore, current collectors with a unique
nanostructure for the stabilization of sodium metal anodes have been designed and
explored.

10.3.1 Metallic Current Collectors

Frequently used Cu current collector tends to form sodium dendrites due to its
rough surface and uneven electron distribution during the plating/stripping cycles
[28, 30]. It is thus necessary to design or modify the traditional current collectors
with a unique nanostructure to dissipate the local current density of sodium anodes
and prevent the growth of sodium dendrites. Wang and his colleagues developed
a porous Cu composite matrix by utilizing commercial Cu foam current collector
for Na metal anode [31]. As shown schematically in Figure 10.7a, the oxygen-(or
sulfur-) treated Cu matrix with excellent mechanical properties and the abundant
porous structure was used as the current collector to stabilize the metal sodium
anode, which promoted to form homogeneous impregnation and distribution of
Na metal by the chemical interaction, restraining the volume change and the
growth of sodium dendrite. The composite sodium metal significantly improved
the stability of cyclic behavior, showing a superior rate performance at a high rate
of 5 C, which is much better than the bare sodium metal electrode in carbonate
ester-based electrolyte without additive. Chen’s group reported the usage of 3D Cu
nanowires as Na current collector via a facile hydrothermal treatment of the planar
Cu foil (Figure 10.7b), which greatly promotes the uniform ion flux distribution
and reduces the uneven charges distribution, resulting in stable Na deposition, long
life with a high efficiency, and low overpotential [32].

Al foil can also serve as the current collector for Na anode due to the lower cost
and weight than Cu foil, and no alloy reaction with sodium [3, 33]. However, similar
to Cu foil, the planar Al foil also tends to form sodium dendrites because of its low
surface areas and nucleation sites. Luo’s group proposed an interconnected porous
Al current collector as the plating substrate to suppress the growth of Na dendrites
[33], which greatly improved the cycling stability due to its enough Na nucleation
surface area (Figure 10.8a). Detailedly, the sodium current collector of 3D porous
Al nanostructure showed long-term cycling stability with a small voltage hysteresis
over 1000 hours at 0.5 mA cm−2 (Figure 10.8b) and high average CEs of above 99.9%
(Figure 10.8c).
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10.3.2 Carbon-Based Current Collectors

Carbonaceous materials have been extensively used in various rechargeable battery
systems because of the benefits of high electrical conductivities, excellent chem-
ical, and mechanical stability [34]. Recently, carbonaceous materials have been
developed to replace the Cu/Al-based current collectors for sodium metal anodes
[35]. Chu and coworkers proposed an oxygen-doped carbon nanotube framework
(a-CNT) by acidifying, which induced the homogeneous Na nucleation and deposi-
tion due to the sodiophilic peculiarity of oxygenic functional groups (Figure 10.9a),
and suppressed dendrite growth [36]. In addition, the a-CNT/Na anode revealed
excellent electrochemical performances with 99.8% CE after 1000 cycles at
3 mA cm−2. Peng’s group also presented an oxygen-functionalized 3D carbon nan-
otube network by mediating sodiophilic interphase for ultrahigh capacity and cycle
life over 3000 cycles in Na metal batteries [37]. A robust and sodiophilic interphase
was formed on oxygen-functionalized 3D carbon nanotube network electrode,
which promoted the uniform Na deposition and the formation of dendrite-free
morphology during recurring Na plating/stripping processes (Figure 10.9b). In
brief, because of the synergistic effect arising from these optimizing features, the
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Figure 10.8 (a) Schematic of Na deposition on two different Al foils. (b) The cycling
performance of symmetric cells, and (c) the Coulombic efficiency at different current
densities. Source: Liu et al. [33]. Reproduced with permission, 2017, American Chemical
Society.

carbon-based current collector electrodes with sodiophilic peculiarity realized
long-term stable cyclic performance without dendrite formation.

10.3.3 3D Scaffolds/Na Metal

To reduce the local current density of the electrode surface area for uniform Na
nucleation and suppress dendrite growth, 3D carbon-based scaffolds and metal
Na composites were used as effective host materials, which had great significance
for the safety of Na metal anode [38]. Luo et al. proposed a Na carbonized wood
composite electrode by a melt infusion strategy (Figure 10.10a) [39]. Benefiting from
conductive, porous framework and good mechanical stability, the carbonized wood
was proved to be an ideal host for Na metal anode, which displayed stable cycling
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Figure 10.9 (a) Schematic illustrations of the homogeneous Na deposition on the
oxygen-doped carbon nanotube framework. Source: Chu et al. [36]. Reproduced with
permission, 2019, Elsevier. (b) Schematic illustrations of uniform Na nucleation on
oxygen-functionalized 3D carbon nanotube network. Source: Ye et al. [37]. Reproduced with
permission, 2019, Wiley-VCH.

performance and flat plating/stripping profiles. Moreover, large-scale commercial
3D flexible carbon felt as the stable host to pre-store sodium to form a Na/C
composite by a melt infusion strategy was demonstrated by Chi and his colleagues
(Figure 10.10b–e) [40]. The anode significantly inhibited Na dendrite growth and
alleviated large volume change, demonstrating a good suitability in full cells.

Additionally, some 3D metallic scaffolds have been recently utilized to steady
Na anode and significantly enhanced cycling stability by suppressing dendritic
Na growth due to the advantages of excellent mechanical features, rich surface
functional groups, and good electronic conductivity [41]. Cao’s group designed
Ti3C2Tx-coated carbon cloth and Na metal composites (Na–Ti3C2Tx–CC) as good
host for Na metal anodes (Figure 10.11a–d) [42]. This unique electrode was con-
structed by a tough skeleton of CC and functional Ti3C2Tx with sodiophilicity and
fast electron channels, which facilitated uniform infusion of molten Na, resulting
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Figure 10.10 (a) Schematics of the construction of Na-carbonized wood composite
electrodes. Source: Luo et al. [39]. Reproduced with permission, 2017, American Chemical
Society. (b) Schematic of Na/C anode fabrication process and the corresponding images of
(c) carbon felt, (d) molten Na infusion, and (e) the Na/C composite. Source: Chi et al. [40].
Reproduced with permission, 2018, Wiley-VCH.

in excellent cycling performance and high stripping/plating capacity in ether and
carbonate-based electrolytes. Zhang et al. reported a SnO2–carbon fiber (SnO2–CF)
and Na composites for Na metal batteries (Figure 10.11e), which decreased local
current density and effectively repressed the growth of dendrites [43].

10.4 Alloy-Based Na Metal Anodes

10.4.1 Alkali-metal Alloys

It is reported that no dendrites were observed in commercial sodium–sulfur
batteries using high temperature molten alkali metal as anode [44]. However,
the operating temperature of liquid sodium exceeds 300∘, which imposes strict
requirements on other components of the batteries [45]. Since the eutectic point
of alkali metal alloys is lower than room temperature, liquid alloys such as Li–Na,
K–Na, Na–Rb, and Cs–Na can be realized as anodes at room temperature. Because
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Figure 10.11 (a) Schematics of the fabrication for Na–Ti3C2Tx–CC metal anodes, and
optical images of (b) bare Na foil, (c) Na–Ti3C2Tx–CC stickiness, and (d) foldable and
bendable Na–Ti3C2Tx–CC metal anodes. Source: Fang et al. [42]. Reproduced with
permission, 2020, American Chemical Society. (e) Optical image of the SnO2–CF framework
and molten Na. Source: Zhang et al. [43]. Reproduced with permission, 2018, American
Chemical Society.

Na+ is an alkali ion with the highest redox potential, theoretically it can form alloys
with any other alkali ions, resulting in electrostatic shielding [46]. With the increase
in ion radius, the electrostatic shielding effect is weakened, so the lithium ion is the
most favorable. Jiang and coworkers reported that the Li–Na alloy anode combined
with the electrolyte additive greatly improved the cycle stability of bimetallic Li–Na
alloy—O2 battery [46]. The strong and soft passivation film formed by the reaction
of the alloy with the additive effectively inhibited the dendrite and alleviated the
bulk expansion of the alloy anode, thus ensuring a stable cycle of the battery. On
the sodium electrode, Na+ is easy to deposit on the tip to form dendrite, while on
the Li–Na alloy electrode, because the Li+ is adsorbed at the tip, the Na+ is excluded
from the tip area to avoid the formation of dendrite (Figure 10.12a). They point
out that the Na/Li ratio is an important factor in inhibiting dendrite growth and
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improving battery cycle stability. A small amount of dendrites can still be observed
when the alloy with ultra-low lithium. If the Na/Li ratio reaches 6, the alloy anode
shows the best electrochemical stability. When the symmetrical cells with 0.5 M
NaCF3SO3/TEGDME electrolyte were tested at 1 mA cm−2, Li–Na alloy (Na/Li = 6)
symmetrical cells stable cycle over 130 hours, while the other cells run less than
130 hours, which indicates that alloy anode can stabilize sodium electrode to some
extent (Figure 10.12b). The electrochemical properties of metal–O2 batteries were
tested using commercial carbon nanotubes as cathode and lithium sodium alloy,
lithium, and sodium as anode. As displayed in Figure 10.12c, the cyclic voltammetry
(CV) graph shows that the reduction potential in Li–Na alloy battery is 2.42 V, which
is between Li–O2 battery (2.66 V) and Na–O2 battery (2.27 V), implying that Li and
Na participate in redox reaction during charge and discharge processes.

In recent years, there is a great progress on the research of liquid Na–K alloy
anode. Liquid Na–K alloy is immiscible with the most of hydrocarbon electrolytes,
so it can form a stable liquid–liquid anode–electrolyte interface. However, the
high surface tension of sodium–potassium alloy causes the poor wettability of
the liquid electrolyte surface. Goodenough and coworkers solved this problem
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(e) Photos of liquid K–Na alloy being absorbed in a carbon paper strip at 420 ∘C. Source:
Xue et al. [47]. Reproduced with permission, 2016, Wiley-VCH.

by making the Na–K alloy into sheets [47]. They found that liquid Na–K alloy
could be absorbed into carbon paper at 420 ∘C easily (Figure 10.13), and then well
recycled in the solvent of TEGDME. This flexible porous membrane containing
liquid Na–K alloy can be used as a dendrite-free anode in contact with organic
electrolyte. Yu’s group has developed a simple method to fabricate sodium and
potassium electrode at room temperature [48]. By immersing the pretreated
graphite intercalation compound (GIC) in liquid Na–K alloy (removing oxide layer
at high temperature), because the diffusion rate of K is much faster than that of Na,
the network of KC8 is formed at first, which induced the uniform diffusion of Na–K
alloy. Compared with solid anode, Na–K–GIC–carbon (Na–K–GC) coincidence
electrode, which combines the fast electron transport characteristics of GIC and
liquid metal anode with self-repair ability, has superior effect on inhibiting dendrite
growth and improving electrochemical stability. Through the above discussion,
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we can clearly understand that Na–K liquid alloy can not only realize dendrite
growth inhibition but also have stable electrochemical performance in the full cells.
However, there is a question about when liquid Na–K alloy is used as sodium anode
or potassium anode. Goodenough’s work shows that the alkali metal peeled from
liquid Na–K anode depended on the kind of cathode [49]. If the main structure of
the cathode selectively accepts sodium ion, it is used as the anode of the sodium
battery, and if the potassium ion is preferred, it is the anode of the potassium
rechargeable battery. For example, when the cathode material is Na2/3Ni1/3Mn2/3O2
and NASICON-structured Na3V2(PO4)3, because these materials are more receptive
to Na+, Na–K anode acts as a sodium anode, and when together with a cathode
body favoring K+, such as Na2MnFe(CN)6, MnFe(CN)6, and K2MnFe(CN)6, it acts
as a potassium anode. This provides a guide for the later research of Na–K alloy
negative electrode.

In Yu’s another work, they dipped the carbon paper into the liquid Na–K alloy
at room temperature, and then liquid alloy was soaked into the carbon paper
through a pressure differential created by vacuuming [50]. Compared with high
temperature treatment, this process is more safe and effective, and can avoid the
side reaction at high temperature. The mechanism of the Na–K alloy anode was
explored through comprehensive characterization and theoretical calculations.
When sodium rhodizonate dibasic (SR) was chose as cathode material, Na–K
alloy||SR battery can serve as both Na-ion battery and K-ion battery, and all of them
showed excellent cycle performance. The theoretical calculation (Figure 10.14a,b)
demonstrated that the selectivity of organic cathode to different carriers is negligi-
ble, and the deposition–dissolution reaction of different alkali metal ions in Na–K
alloy anode was dominated by the SEI film formed by the corresponding electrolyte.
As displayed in Figure 10.14c,d, compared with pure Na or K, Na–K alloy and
Li metal cell displayed a stable symmetrical voltage curve, which indicates that
liquid Na–K metal has self-recovery property and can effectively eliminate dendrite
growth. The CE of Na-ion battery and K-ion battery was 100% (Figure 10.14e,f),
which implies that the reversibility of SR/Na–K redox reaction is very excellent.
When commercial Ni1/3Mn1/3Co1/3O3 (NMC) was used as cathode material and
Na–K alloy as anode to design mixed ion battery, the characteristics of high energy
density and dendritic inhibition of the battery are also realized [51]. In Li+/K+

mixed electrolyte (3 : 1 Li/K-TFSI or 1 : saturated Li/K–ClO4 salts in EC/DEC), K+

in the anode of Na–K alloy was redoxed, and Li+ was embedded and removed in
NMC, which achieved stable cycle and outstanding rate performance.

When it comes to other alkali/Na alloys, where they have the same advantages
as Na/K, Liu’s group studied the liquid phase sodium metal anode for the liq-
uid Na/BASE (β′′-Al2O3 solid electrolyte)/S system, showing a better cycle life
than pure solid sodium at 95–150 ∘C [52]. They also investigated the wettability
of liquid Na–Cs, Na–K, and Na–Rb to the BASE. The contact angles of Na–Cs
and Na–Rb to BASE are 62.4∘ and 88.4∘ at 100 ∘C, respectively (Figure 10.15a).
However, for practical applications, wettability needs to be improved at lower
temperatures.
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Figure 10.14 Schematic and DFT calculation. (a) Schematic of SR insertion mechanism of
Na+ and K+ , and (b) DFT calculations of cathode products, including: LUMO states, HOMO
states, and the ESP distribution with the isosurface scale bar in unit of 26.568 kcal mol−1,
for Na- or K-intercalated SR: RNa4 and RNa2K2, respectively. Battery stability measurement.
Na–K anode stability in (c) Na electrolyte and (d) K electrolyte. Full cell cycling
performances of SR versus Na–K in (e) Na electrolyte and (f) K electrolyte after
stabilization. Source: Ding et al. [50]. Reproduced with permission, 2019, Wiley-VCH.

10.4.2 Other Metals/Na Alloys

In addition to the alloy formed by Na and alkali metals, anodes composed of other
metals and Na have also been investigated. Wu and coworkers reported a novel
nucleation buffer layer containing core–shell carbon–antimony nanoparticles
(C@Sb NPs) (Figure 10.15b), which allows uniform deposition of sodium metals
[53]. These C@Sb NPs increase the initial nucleation sites of Na by forming Sb–Na
alloys, and the carbon layer keeps these nuclei stable. The asymmetric cells (Na||Cu
and Na||C@Sb@ Cu) can reach a stable CE with an average value of 99.72% for
nearly 738 cycles at 1 mA cm−2 with a capacity of 4 mAh cm−2 (Figure 10.15c). Mao
et al. reported a simple method for depositing sodium by introducing a sodiophilic
Cu@Au layer on a copper substrate as a collector [54]. By sputtering ultra-thin Au
layer on Cu surface, and then alloying with Na in the incipient cycle, sodiophilic
Au/Na alloy layer was introduced on the surface of Cu (Figure 10.16a). The low
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Figure 10.15 (a) Wetting behavior of Na and Na alloys on BASE surface. Source: Lu et al.
[52]. Reproduced with permission, 2014, Springer Nature. (b) Schematic for the synthesis of
C@Sb NPs and the sodium plating/stripping on C@Sb@ Cu foil. (c) CE of sodium
plating/stripping for the cells using bare Cu and C@Sb@Cu foils. Source: Wang et al. [53].
Reproduced with permission, 2020, American Chemical Society.

binding energy of Cu and Na causes the high nucleation barrier of Na on Cu,
which makes the deposition of Na uneven. However, the binding energy of Au/Na
alloy layer with Na is high, which greatly increases the number of nucleation sites
for Na deposition, which finally enables the deposition of uniform and dense Na
layer. The results show that the sodiophilic substrate can significantly improve the
deposition of Na anode and can remarkably reduce the nucleation overpotential
of Na. Through the SEM images (Figure 10.16b) of Na deposition on Cu and
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Figure 10.16 (a) Schematic diagram of Na plating on Cu@Au substrate. (b) Optical
photographs of Na plating on Cu and Cu@Au. Source: Tang et al. [54]. Reproduced with
permission, 2018, Elsevier. (c) Schematic diagram of SEI formation mechanism of Na–Sb
layer. Source: Fang et al. [55]. Reproduced with permission, 2021, Springer.

Cu@Au substrates, it is clear that Na deposition is very uneven on the Cu surface.
With repeated plating/stripping, obvious dendrite appears on the surface of Cu.
In contrast, the Na deposition on the surface of Cu@Au is very uniform, which
indicates that Na nucleates compactly. In addition to improving the collection fluid
of the alloy to inhibit the growth of sodium dendrite, the method of forming the
alloy by adding the corresponding additives and using the ion exchange reaction in
the solution has also proved to be a very effective method for uniform deposition
of sodium. Yu’s group inhibits the growth of dendrite by adding SbF3 to form hard
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Na–Sb alloy on the surface of Na metal (Figure 10.16c) [55]. This method is simple
and effective and provides a valuable reference for alloying inhibition of dendrite.

10.5 Conclusions

The development of high efficiency and stability of Na-based anode is one of the final
goals of high energy and low-cost energy storage system. In summary, this chapter
summarized various strategies to restrain Na dendrite growth and improve long life
of Na metal anodes.

For liquid electrolytes, appropriate electrolyte solvents and salts are crucial to the
formation of SEI, which is the key for Na metal anode. Among various salts and
solvents, NaPF6 and glymes are the best choices for electrolytes, which can facili-
tate the formation of an even inorganic SEI layer consisting of Na2O and NaF that
can restrain dendrite growth. In addition, increasing the concentration of electrolyte
salts could also make prominent influences to the stabilization of SEI layer and
suppression of dendrites. Furthermore, electrolyte additives exhibit an immediate
way to adjust the components of SEI because they decompose preferentially on the
anode. The development of electrolyte additives, especially those that are compatible
with both Na anodes and high energy density cathodes, presents great opportunities.
However, the side reactions of additives between electrolytes and other cell compo-
nents as well as increased costs are the inevitable problems that have to explore.
Moreover, to further solve the current problems, some novel electrolyte systems are
worthy of further study.

Construction of novel current collectors and hosts for sodium metal anode is also
an important engineering strategy. In brief, 3D porous structure current collectors
with large surface area (up to several orders of magnitude compared to the planar
current collector) can promote to dissipate the localized current density, leading to
the suppression of Na dendritic growth. Furthermore, introducing sodiophilic com-
pounds or surface functional groups on 3D carbon scaffolds with high electronic
conductivity and high-surface area, can increase the sodium ion deposition sites to
decrease the effective current density and result in an even Na nucleation. More-
over, the different kinds of alloy-based sodium anodes can also bring excellent per-
formance improvement for Na metal anodes. It is a priority to develop high-speed
charging/discharging with high current density and safety for Na metal batteries to
ensure its practical applications.
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Organic Liquid Electrolytes for Sodium-Ion Batteries

11.1 Introduction

Electrolyte of sodium-ion batteries (SIBs) is Na+ conductor but electron insulator,
which only allows Na+ ions transfer between cathodes and anodes. As one of the
most important components, the electrolyte plays a great role on the performance
of batteries, such as cycling stability, rate capability, temperature suitability, safety,
etc. The chemical and electrochemical stability of electrolytes influence the electro-
chemical window, output voltage and cycling lifetime of SIBs. The ionic conductivity
of electrolyte and compatibility to electrode materials determine the migration rates
of Na+ ions between anode and cathode, which has a very large impact on the rate
capability and power density of the batteries. More importantly, the electrolyte is
the main cause of safety issues, since it generally involves flammable organic sol-
vents. Thus, developing high-performance and safe electrolytes is one of the most
popular topics for SIBs. The electrolyte physicochemical properties are determined
by the compositions or its fine structure, and thus most of the research studies aim
to optimize the microstructures of the electrolyte components to achieve better per-
formance. In this chapter, organic liquid electrolytes are summarized and discussed,
including Na salts, solvents, and functional additives.

11.2 Electrolyte Properties

Organic liquid electrolytes are currently the most commonly used electrolytes for
SIBs and mainly contain sodium salts as solute and organic solvents to dissolve
sodium salts. In addition, small amount of functional additives, which helps to
improve the performance, is possibly included. The evaluation on liquid electrolyte
is mainly based on the following properties:

(1) Liquid range. Electrolytes should be liquid at the operating temperature range,
with low melting points and high boiling points. Also, the viscosity should be
low even at low temperature to guarantee fast ion motion.

(2) Conductivity. A high ionic conductivity of the electrolyte allows Na ions to
migrate fast, which is critical for the power density of the battery. On the other

Sodium-Ion Batteries: Energy Storage Materials and Technologies, First Edition. Yan Yu.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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hand, electron must be not conducted in the electrolyte between the cathode
and anode.

(3) Electrochemical and chemical stability. In principle, electrolytes should be inert
to all the other component of SIBs, including active (electrodes) and inactive
(separator, binder, current collector, etc.) parts. However, in practice, electrolytes
are favorable to forming an interfacial layer on surfaces of both cathode and
anode. The electrochemical stability of electrolytes depends on whether protec-
tive layer is stable or not.

In addition, low cost and low toxicity are also necessary for large-scale applications
of electrolytes. These properties are mainly determined by the electrolyte compo-
sitions, including sodium salts, solvents, and functional additives. Here, different
compositions in organic liquid electrolytes and how they affect the performance are
going to be discussed below.

11.3 Sodium Salts

As a main component of the electrolyte, sodium salt has great effects on the ionic
conductivity and electrochemical stability. Several key points should be taken into
consideration in the selection of sodium salt: (i) high solubility is supposed to
acquire adequate charge carriers [1]; (ii) the salt should have appropriate oxidative
and reductive stability [2]; (iii) the compatibility between the electrolyte and other
components in the battery is largely determined by the chemical inertness of the
anions [3]; (iv) the thermal stability of the salts influences the battery safety [4]; (v)
the salt should be low-cost and environmentally friendly.

Na+ has larger ionic radius than Li+, so that sodium salts are soluble in solvents
with low dielectric constant and more sodium salts are available than analogue
lithium salts in the electrolyte [1]. Usually electronegative peripheral ligands
coupled with stable central atoms constitute the anion group of sodium salts,
which is beneficial to the delocalized negative charges for Na+ transfer [5]. The
advantages and disadvantages of electrolytes largely depend on the anions. Hence
the regulation of anion group is essential in developing new sodium salts. The
structure and properties of some sodium salts are shown in Table 11.1. NaClO4
has been successfully applied because of its fast ion transport, low cost, and good
compatibility with electrode [12]. However, several intrinsic drawbacks, including
high toxicity, explosion hazard, and high-water content, hinder the practical
application of NaClO4. Similar to LiPF6, NaPF6 is commonly used in SIBs and
demonstrates high conductivity in PC-based electrolytes [6]. However, it also inher-
its the shortcomings of LiPF6, such as low decomposition temperature and toxicity
along with HF release. Moreover, the solubility of NaPF6 in many single solvents
is low. For instance, the solubility of NaPF6 in ethylene carbonate (EC), propylene
carbonate (PC), diethyl carbonate (DEC), and dimethyl carbonate (DMC) is only
1.4, 1.0, 0.8, and 0.6 M, respectively. Therefore, it is necessary to use EC-containing
multicomponent solvent for preparing NaPF6-based electrolytes. Anions with large



Table 11.1 Structure, physical, and chemical characters of various sodium salts.

Salt
Molecular
structure of anion

Molecular
weight Al-corrosion

Decomposition
temperature,
Tm (∘C)

Conductivity,
𝛔a)(m S cm−1) Toxicity Reference

NaClO4 122.4 No 480 6.4 Highly toxic [6]

NaPF6 167.9 No 300 7.98 Low toxicity [6]

NaBF4 109.8 No 384 – Highly toxic [1]

NaFSI 203.3 High 118 – Nontoxic [1]

(continued)



Table 11.1 (Continued)

Salt
Molecular
structure of anion

Molecular
weight Al-corrosion

Decomposition
temperature,
Tm (∘C)

Conductivity,
𝛔a)(m S cm−1) Toxicity Reference

NaTFSI 303.1 High 257 6.2 Nontoxic [6]

NaOTf 172.1 High 248 3 (1 mol NaOTf
dissolved in 1 kg
TEGDME)

Nontoxic [7b]

NaDFOB 159.8 No – ≈7 Nontoxic [8]

NaTDI 208.1 No – 4.47 Nontoxic [9]



NaPDI 258.1 No – 4.65 Nontoxic [9]

NaBOB 209.8 No 345 0.256 (0.025 M) Nontoxic [10]

NaBSB 306.0 No 353 0.239 (0.025 M) Nontoxic [10]

NaBDSB 278.0 No 304 0.071 (0.025 M) Nontoxic [10]

NaBPh4 342 No – 6.3 (0.5 M in DME) Nontoxic [11]

a) The ionic conductivity of 1M sodium salt was measured in pure PC solvent at 25 ∘C.
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ionic radius and good chemical stability, such as bis(fluorosulfonyl) imide (FSI−),
bis(trifluoromethylsulfonyl) imide (TFSI−) [6], tetrafluoroborate (BF4

−) [13], and
trifluoromethane sulfonate (OTf−) [7], have large ionic radius and can realize
high ionic conductivity of the electrolyte. The main defect to NaFSI and NaTFSI is
that Al corrosion occurs significantly in carbonate-based electrolytes [14]. Goktas
et al. investigated the electrolyte properties of NaPF6, NaClO4, NaOTf, NaFSI,
and NaTFSI salts in diglyme-based solvent [15]. The performances of Na|graphite
cells and Na|Na symmetric cells demonstrate that NaOTf and NaPF6 are superior
to NaClO4 and NaFSI (Figure 11.1), as the latter two salts bring more parasitic
reactions and increase the cell resistance. NaTFSI exhibits the worst cycling stability
and Coulombic efficiency (Figure 11.1), since the thickness of the interfacial layer
on the electrode increased a lot due to the excessive side reactions during cycling.
In this diglyme-based electrolyte, the performance of these salts can be ranked as:
NaOTf≥NaPF6 >NaClO4 >NaFSI≫NaTFSI.

The high electronegativity and inductive effects enable halogen atoms, e.g. F,
to be used in the formula of sodium salts despite their high toxicity. To acquire
higher conductivity and better safety, a series of sodium salts containing F atom
have been developed. Sodium difluoro(oxalato) borate (NaDFOB) as a novel salt
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Figure 11.1 (a) Plating/stripping performance of Na|Na symmetric cells at 9 μA cm−2 and
(b) the impedance after cycling in diglyme-based electrolytes with different salts. (c) Cycle
stability and (d) Coulombic efficiency of graphite|Na cells in diglyme-based electrolyte with
different salts. Source: Goktas et al. [15]. Reproduced with permission, 2019 American
Chemical Society.
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is synthesized and exhibits satisfactory conductivity in the electrolyte [16]. On
the other hand, NaDFOB possesses better compatibility with various solvents and
exhibits improved electrochemical performance compared with that of NaPF6
and NaClO4. Salts containing F and heterocyclic ring structures possess similar
advantages. For example, both sodium 4,5-dicyano-2-(trifluoromethyl)imidazolate
(NaTDI) and sodium 4,5-dicyano-2-(pentafluoroethyl)imidazolate (NaPDI) [17]
are thermally stable even under 300 ∘C and can construct a stable interphase
protection layer on Al foil, preventing the corrosion. These salts with F atoms and
heterocyclic ring structures also show a wide electrochemically stable window
(ESW) to over 4.5 V vs. Na+/Na to obtain salts with better stability and less toxicity,
organic-ligand doping method has been adopted to fabricate halogen-free sodium
salts (Figure 11.2) [10]. Several new salts, such as sodium bis(oxalate)borate
(NaBOB), sodium (salicylate-benzenediol)borate (NaBDSB), sodium bis[salicylato
(2-)]-borate (NaBSB), and sodium tetraphenylborate (NaBPh4), are synthesized and
exhibit high ionic conductivity [10]. From the cyclic voltammetry (CV) analysis,
a preferential reduction peak located at around 1.2 V is observed for the NaBOB
electrolyte in the first cathodic sweep [18] and the significantly reduced peak
current in the later cycles proves the effective passivation. In addition, from the
first CV curve, the increased current at the voltage of above 3 V is attributed to
the decomposition of some reductive products, while the oxidative decomposition
delays to approximately 4 V and is greatly suppressed during the latter two cycles.
For the NaPF6 electrolyte, the reduction peak occurs at around 1 V in the first scan,
then shifts to lower voltages in subsequent scans [18]. One defect of this kind of
sodium salts is their low conductivity because of low solubility.

Figure 11.2 The structures of NaBOB,
NaBSB and NaBDSB molecules. Source: Ge
et al. [10]. Reproduced with permission,
2014, Elsevier.
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Dual-salt electrolytes are very promising for their potential to form stable inter-
phase on both anode and cathode, which has been widely investigated in Li metal
batteries (LMBs). According to Jiao’s research, the capacity retention of Li | LiNi1/3
Co1/3Mn1/3O2 batteries could reach 90.5% after 300 cycles in the dual-salt electrolyte
containing 2 M LiTFSI and 2 M LiDFOB [19]. Xiang et al. found that the dual-salt
electrolyte containing LiTFSI and LiBOB significantly strengthens the stability of
solid electrode interface (SEI) layer on Li metal anode [20]. LiBOB improves the sta-
bility of SEI and suppresses the corrosion of Al foil, while LiTFSI increases the ionic
conductivity, which synergistically help to form a robust and conductive SEI. Based
on LiTFSI/LiBOB electrolyte, the capacity retention of the Li|LiNi0.8Co0.15Al0.05O2
cell reaches 80%, while the cell with only LiPF6 electrolyte shows the retention of
15%. The formation of polycarbonates in SEI is obtained with further adding 0.05 M
LiPF6 in the dual-salt electrolyte. Other SEI component and isolated Li are cohered
together and stuck on Li metal anode with polycarbonates [21]. The life span of Li
| LiNi0.4Co0.2Mn0.4O2 cells could reach 450 cycles at 1.75 mA cm−2 with this rein-
forced SEI. Successful application of dual-salt electrolytes under high and conven-
tional concentrations in LMBs has been confirmed. Some sodium salts with similar
structures have also been synthesized, but the feasibility of dual-salt electrolytes for
sodium metal batteries (SMBs) is still rarely discussed. It is foreseeable that the appli-
cation of dual-salt electrolyte in SIBs is also very promising.

11.4 Solvents

The solvents in SIBs are basically developed from the successful experiences in
lithium-ion batteries [22]. In practical applications, there will be some differences
in the selection criteria of solvents due to the different purposes, but basically obey
the following principles:

(1) The organic solvent should be inert to the electrode. It does not react with the
cathode and anode during the cycling of the battery [23].

(2) The solvent should have the ability to dissolve enough salt to ensure high con-
ductivity of the electrolyte.

(3) The solvent needs to remain liquid within a wide temperature range [24].
(4) The components of solvents need to be environmentally friendly [25].

11.4.1 Carbonate Ester-Based Electrolytes

There are mainly two types of cyclic carbonate solvents, which are often used in com-
mercial electrolyte of 1 M (mol L−1) NaClO4-EC/PC. The linear carbonates, such as
ethyl methyl carbonate (EMC), DEC, and DMC, are often mixed with cyclic carbon-
ate solvents to get high ionic conductivity and wide liquid range temperature [23].
Their physical and chemical characteristics are summarized in Table 11.2.

DEC, DMC, and EMC are three commonly used linear carbonates. The viscosity
and melting point of cyclic carbonates are higher than those of linear carbonates,



11.4 Solvents 347

Table 11.2 Physicochemical characteristics of the carbonate solvents for SIBs.

Solvents

Dielectric
constant at
25 ∘C

Viscosity at
25 ∘C (cP)

Heat of
vaporization
(kJ mol−1)

HOMO value
(eV)

LUMO value
(eV)

EC 89.78 1.90 (40 ∘C) 51.68 −0.2585 −0.0177
PC 64.92 2.53 45.73 −0.2547 −0.0149
DMC 3.107 0.59 36.53–38.56 −0.2488 −0.0091
EMC 2.958 0.65 34.63 −0.2457 −0.0062
DEC 2.805 0.75 41.96–44.76 −0.2426 −0.0036

thus the linear carbonates are usually combined with cyclic carbonates in order to
obtain better performance of electrolytes.

The melting point of DMC is 4.6 ∘C, with a boiling point of 90 ∘C, and a flash point
of 18 ∘C. It is slightly toxic and can form an azeotrope with water or alcohol. The
molecular structure of DMC contains some functional parts, so it is reactive and can
be applied as carbonylation and methylation reagents, gasoline additives, and raw
materials for polycarbonate synthesis.

DEC has a similar structure to DMC. It is a liquid at room temperature and has
a very low melting point of –74.3 ∘C. Its toxicity is stronger than that of DMC. Both
DMC and DEC have low viscosity (0.58 and 0.75 mPa⋅s) with a dielectric constant of
3.107 and 2.805, respectively.

EMC is another linear carbonate solvent, which has similar physical and chemical
characteristic to DMC and DEC. However, it has poor thermal stability and easily
undergoes a transesterification reaction under alkaline conditions to DMC and DEC.

11.4.2 Carboxylate Ester-Based Electrolytes

PC and EC are the two important organic solvents in the electrolyte, both of which
belong to the category of cyclic carbonates. PC is a colorless and transparent liquid
with aromatic odor at ambient temperature and pressure, and has a freezing point of
–49.27 ∘C. In addition, PC also exhibits high chemical and electrochemical stabili-
ties. However, PC has slight hygroscopicity, which will have an adverse effect on the
control of moisture in the electrolyte. EC is a colorless crystal at room temperature
and its structure is analogous to PC. The dielectric constant of EC is much higher
than that of PC, even higher than that of water. Furthermore, EC has high ther-
mal stability, and only decomposition occurs when the temperature reaches 200 ∘C.
However, it is easily decomposed under alkaline conditions.

EC is one of the most prominent solvents that attributes to its excellent proper-
ties. For instance, EC has the highest dielectric constant [26], which enables EC to
dissolve enough salts. Because of the role of EC, a sturdy protective layer can be
formed on the surfaces of various electrodes [6, 27], which has been verified in SIBs
[28]. PC is also used in SIBs, which remains liquid within wide temperature range
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and has lower dielectric constant (64.92) [6]. Furthermore, it has good compatibility
with hard carbon (HC), which is a common anode in SIBs. On the contrary, for the
traditional graphite anode in PC-based electrolytes, the structure is always damaged
due to the coprecipitation of PC solvent [27b, 29]. The cosolvent systems are thus
desirable, and the synergy enables practical enhancements in conductivity, viscosity,
electrochemical stability, and even the safety of SIBs [6].

As far as the present situation is concerned, various studies have been carried out
on the modification of electrolytes. In 2012, Ponrouch tested the performances of 1 M
NaTFSI, NaClO4, and NaPF6 with different solvents. In Figure 11.3a [6], it revealed
similar ionic conductivity and viscosity of various salts in PC. Whereas for the
NaClO4 salt in different solvents (Figure 11.3b), more obvious changes of viscosity
and ionic conductivity can be perceived. Compared with single solvent electrolytes,
the ionic conductivity in binary mixed solvent is significantly higher. Figure 11.3c
shows the thermal stability and electrochemical window of different electrolytes,
which are affected by both Na salts and solvents. It is found that most Na salts and
organic solvent are not stable against Na metal, which should be reduced to form a
SEI layer, and their cycle performances are closely related to the stability of SEI layer.
Figure 11.3d,e shows the cycle performance of HC | Na cells in NaClO4− based elec-
trolytes. The capacity remains 185 mAh g−1 after 70 cycles in EC/PC, which is better
than that in other solvents, indicating more stable SEI layer in EC/PC electrolyte.

In 2014, Komaba and coworkers further studied the effect of NaClO4 on HC|Na
cells in different solvents. As shown in Figure 11.4 [30], HC | Na batteries in PC
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or EC-DEC exhibited superior electrochemical performances compared with other
electrolytes. Furthermore, they investigated different salts with pure PC solvents.
The cycling performance of electrolytes using NaPF6 and NaTFSI is more superior
to NaClO4 [6, 30]. These results indicate that different salts need to be used with
different solvents.

The most important cyclic carboxylic ester solvent is γ-butyrolactone (BL), and it
can remain liquid in a wide temperature range. However, BL is easily decomposed in
water, and it has high toxicity with unsatisfactory cycle efficiency. Linear carboxylic
esters mainly include methyl formate (MF), methyl acetate (MA), methyl butyrate
(MB), ethyl propionate, etc. The freezing point of these esters is lower than that of
carbonates, and their viscosity is lower, which can significantly improve the low tem-
perature performance of the electrolyte. In 2018, Tarascon and coworkers reported
a complete survey that aimed to assess the Na3V2(PO4)2F3|HC performance in the
cyclic and linear carbonates (Figure 11.5) [31]. They discussed pathways for decom-
position reactions and proposed shuttle mechanism, namely the dissolved species
stemming from the reduction of linear carbonates on carbon electrode shuttle to the
positive side to be oxidized, hence causing a huge amount of Na ions lost in the full
cell. These findings provide fundamental clues to rationally design new electrolyte
formulation, which will lead to a stable rather than a soluble SEI. This research is
successively pursued with guidance from computational calculations and a novel
electrolyte formulation relied on the synergy between additives, enabling high inter-
facial stability even at high temperature (55 ∘C).

The compatibility of the cathode and the electrolyte is also worthy of consider-
ation. Vidal-Abarca et al. demonstrated that Na|Na2FePO4F battery showed the
highest capacity retention in NaPF6-EC/DEC (Figure 11.6) [32]. In addition, they
developed a better electrolyte of 1 M NaClO4-EMS (ethyl methane sulfonate) +2%
1-fluoroethylene carbonate (FEC) with excellent electrochemical performance [34].
This electrolyte is able to maintain a stable cycling when the voltage is up to 5.6 V.
Bhide et al. also investigated various salts in EC/DMC for Na | Na0.7CoO2 cells [33].
The better cycling ability in NaPF6-EC/DMC electrolyte is believed to be due to
stable SEI.
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Nowadays, the safety of SIBs has aroused widespread attention. In 2016, Cao and
coworkers came up with a safer SIB using trimethyl phosphate (TMP) [35]. The per-
formance of this kind of electrolyte was evaluated by combustion experiments, cyclic
voltammetry, ionic conductivity, and so on (Figure 11.7). These results indicate that
TMP-based electrolytes containing FEC are nonflammable and have a wide electro-
chemical window. The NaNi0.35Mn0.35Fe0.3O2 | Na cell in TMP+ 10 vol% FEC elec-
trolytes demonstrated to be nonflammable, with considerable capacity and cyclabil-
ity, which ensures the safety of SIBs for practical applications.

In 2020, Ma and coworkers concentrated on electrolyte optimization. The basic
physicochemical properties of electrolytes in PC or EC, including ionic conductivity,
wettability, viscosity, and thermochemical stability, were systematically studied by
using NaPF6 as the salt and EMC, DMC, and DEC as mixed solvents. The electrolyte
properties were tested in NaNi1/3Fe1/3Mn1/3O2 (NFM) | HC cells. It is found that the
electrolytes using PC performed more superior to EC-based electrolytes in terms of
capacity retention and safety. The PC/EMC electrolyte, combined with a variety of
additives, further facilitates the formation of a dense interfacial layer, thereby reduc-
ing the side reactions and inhibiting chemical dissolution of transition metal ions.
Therefore, the 0.8 M NaPF6-PC/EMC mixed with additives (such as FEC) can not
only make the reversibly cycle of NFM|HC cell more than 2500 times, but also show
excellent safety [36].
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11.4.3 Ether-Based Electrolytes

In LIBs, the ether electrolyte has a poor passivation effect on the anode and is also
unstable up to 4 V vs. Li/Li+, so it is considered to be poor solvent for electrolyte [23].
However, in recent years, due to their higher reduction potential, ether electrolyte
has attracted researchers’ attention again. Compared with ester-based electrolytes,
the SEI layer derived from ether-based electrolyte is thinner and the initial Coulom-
bic efficiency (ICE) is higher [37].

In many anodes with ether-based electrolytes, the storage performance of Na
has been improved [26a, 38]. Cohn et al. proved that highly crystalline few-layered
graphene can be used in ether-based electrolyte system, in which the diglyme
solvent shell promotes quick ion intercalation (Figure 11.8a,b) [38a]. Xu’s group
found a scheme to promote the cycling performance of HC anode (Figure 11.8c)
[38b]. Specifically, the HC anode was stable with a “foreign SEI,” which was
predesigned from the ester-based electrolyte (Figure 11.8d), which achieved
unprecedented performance [39]. Yang’s team started a research on the difference
of SEI layer on reduced graphene oxide (rGO) between ester and ether-based
electrolytes. The results show that the reversible capacity and cycle life of SIBs after
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cycling in a electrolyte of 1 M sodium trifluoromethanesulfonate (NaOTF)-diglyme
are better than those of the batteries cycling in 1 M NaOTF-EC/DEC electrolyte
(Figure 11.9a,b) [40]. The poor electrochemical properties in ester-based electrolyte
are mainly due to the excessive side reactions, which finally lead to the irregular
SEI film (Figure 11.9c). Moreover, they studied the progress of the interface layer
between the ether solvents and TiO2 anode [41], and found that when TiO2 is
coupled with ether solvents, superior capacity retention is achieved (Figure 11.10a).
In situ physical characterization shows that the sodiation process of TiO2 in ether
electrolytes is more complete than that in carbonate electrolytes (Figure 11.10b). In
addition, replacing the EC/DEC with ether electrolyte can obtain a lower potential
barrier and interface charge transfer resistance, thereby significantly improving the
rate performance of TiO2 (Figure 11.10c). Since the ether-based electrolyte forms a
denser SEI than the EC/DEC-based electrolyte, its exterior is composed of a denser
inorganic layer, which facilitates fast ion transport [40, 41]. At the same time, it was
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also found that faster kinetics further increases the pseudo-capacitance behavior
of Na+ intercalation (Figure 11.10c,d), which greatly promotes the electrochemical
stability of TiO2.

In 2019, Santhanagopalan and coworkers demonstrated the influence of elec-
trolyte formulations on the lithium titanate (LTO) anode. They used electrolytes
with NaPF6 salt dissolved in three different solvents (diglyme, PC, and EC/DMC)
to study the electrochemical performance of surface-modified LTO samples
(Figure 11.11) [42]. LTO-diglyme-based electrode has unprecedented rate ability
(up to 300 C), cycle stability (1000 cycles), and wide operating temperature range
(–10 to 55∘C), which is the best performance of LTO-based anodes in SIBs so
far. Through X-ray photoelectron spectroscopy (XPS), a detailed surface chemical
analysis of the original electrode and cycled electrode in each electrolyte was carried
out to understand the evolution and formation of the SEI. The results reveal that
a thin SEI is formed in the DiG-based electrolyte and has excellent rate and cycle
performance. On the contrary, ester-based electrolytes form a thick SEI, resulting
in poor cycling stability.

In 2020, Jiao reported a high-stability sodium metal anode based on ether
electrolyte. The cell delivered stable cycling over 400 cycles, and the Coulombic
efficiency was up to 99.93% (Figure 11.12) [43]. The results show that the hybrid
structure containing B-O species and NaF in the ultrathin SEI is the main reason
for its excellent electrochemical performance. In addition, Na | Na3V2(PO4)3 cells
successfully achieved stable long-cycle performance, promoting the practical
application of sodium metal batteries.
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In 2020, Hong and coworkers studied the deposition of Na+ in carbon anodes
in pure ether electrolyte and the kinetic characteristics of ion diffusion on the
electrode surface. Although the porous nanocarbon layer has a small spacing, the
specific surface area is high. It thus displays a high initial Coulombic efficiency
of 91.1% and an excellent sodium ion storage rate in the ether-based electrolyte
(Figure 11.13) [44]. This is because the energy barrier in ether-based electrolytes
is significantly reduced, which is less than one-third of that in ester electrolytes.
Through the DFT calculation, it can be found that the Gibbs free energy of the
solvation and desolvation of Na+ is relatively low, so the use of ether electrolyte can
stabilize the electrode/electrolyte interface.
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11.5 Functional Additives

Additives are considered to be the easiest, and most effective way to regulate
targeted properties of the electrolyte. The choice of the additives may vary from
system to system depended on their prospective applications. The additives herein
are sorted on the basis of their core functions, such as electrode passivation, safety
enhancer, mechanical property improver, etc. An upper limit of 10 vol% or wt% is
used in this section to define additives.

11.5.1 Basic Characteristics of Additives

As described above, the features for additives vary according to their intended func-
tions. For example, the HOMO/LUMO energies, chemical hardness (𝜂), bonding
energy, and electron affinity (EA) are valuable parameters to help track/screen
film-forming additives effectively. Theoretically, the chemical potential of positive
electrode (𝜇C) is higher than the HOMO energy of an ideal electrolyte, and the
chemical potential of negative electrode (𝜇A) should be lower than the LUMO
energy of an ideal electrolyte to minimize parasitic reactions between electrodes and
electrolytes (Figure 11.14a). Therefore, Na salts and solvents are supposed to be sta-
ble kinetically at the polarized electrode to obtain a maximum ESW of the electrolyte
[45]. Practically, according to Peled’s research, 𝜇A of most anode materials is higher
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Figure 11.14 Schematic illustration of the chemical energy for the (a) ideal electrolyte
and (b) practical electrolyte. Source: Eshetu et al. [45]. Reproduced with permission, 2018,
John Wiley and Sons.

than the LUMO energy of electrolyte, resulting in reductive decomposition of
electrolyte and the formation of SEI layer on anode [46]. The high-voltage cathodes
are usually strong oxidizers that can cause electrolyte decomposition and CEI
formation, which is similar to the reduction behavior of the anode [47].

The target to design electrolyte additives is establishing stable electrode/electrolyte
interphase on cathode and anode. The Eg of the additives is expected to be in the
range of the HOMO–LUMO gap of electrolyte (Figure 11.14b). The LUMO energy
of the additive should be lower than that of polymers/solvents and salts, allowing
the SEI-building additives to be reduced preferentially to tailor the property of the
SEI layer. For the CEI-forming additives, the HOMO energy should be higher than
that of the electrolyte. Nevertheless, the orbital energy illustrated above does not
guarantee a stable interphase.

Other additives are often designed according to the specific purpose. For instance,
to improve the safety of SIBs, flame-retardant additives composed of fluorine, phos-
phorus, or a combination of them that can trap free radicals generated in the process
of electrolyte combustion, are developed [48]. In addition, it is necessary to consider
the following basic criterions when screening suitable additives:

(1) The additive should be facile to synthesize and environmentally friendly.
(2) The cost of additives should be low.
(3) The electrolyte additives should have the desired effect, then it is supposed to

have minimal passive influence on the whole performance of electrolyte.
(4) It is significantly important for additives to possess the positive synergistic

effect.

11.5.2 Additives for Na-Ion Batteries

Electrolyte/electrode interphase (EEI) is regarded as a decisive factor for the overall
battery performance. Thus, tremendous efforts have been devoted to developing
additives that can construct an effective interphase. The EEI layers with several
nanometers thickness allow Na+ ions to migrate facilely but prevent the electrons
transporting. Herein, the EEI-forming additives and associated effects are discussed.
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11.5.2.1 SEI-Forming Additives for Anodes
Additives are employed to protect original maternal electrolytes from decomposition
via a sacrificial reduction. The reduction potential of the additives should be higher
than that of the electrolyte components, thus they can be firstly reduced to form the
SEI layer [49]. Several filming additives studied so far are shown in Table 11.3.

In addition to protecting the electrolyte composition from further reduction, the
SEI formed must meet a number of requirements, including: (i) during the process of

Table 11.3 Several SEI-forming additives and their effects on SIB anodes.

Additive Content Electrolyte Anode material

Improvement
of capacity
retention (%) Reference

FEC 2 vol% 1 M NaClO4-PC HC +46 [50]
FEC 0.5% 1 M NaPF6-PC HC +43 [51a]
FEC 2% 1 M NaClO4-EC/PC HC +10 [52]
FEC 2% 1 M LiPF6-EC/PC HC +1.2 [52]
RbPF6 0.05 M 0.8 M NaPF6-PC/

EC+ 2 wt% FEC
HC +15 [53]

CsPF6 0.05 M 0.8 M NaPF6-PC/
EC+ 2 wt% FEC

HC +17 [53]

EMImFSI 10% 1 M NaPF6-EC/PC HC +2.8 [52]
FEC 2 vol% 1 M NaClO4-PC N-doped hollow

carbon
nanospheres

+60 [51b]

FEC 5 wt% 1 M NaClO4-PC AlSb +67 [54]
FEC 5 wt% 1 M NaClO4-PC Ge +94 [55]
FEC 5% 1 M NaPF6-EC/DEC Sb/C +94 [56]
FEC 5 wt% 1 M NaClO4-EC/DEC SiC-Sb-C +50 [57b]
FEC 5 wt% 1 M NaPF6-EC/DMC Sn-S-C +78 [57a]
FEC 5% 1 M NaClO4-EC/DEC Sn4P3 +97 [58]
FEC 5 vol% 1 M NaClO4-PC/EC Mo3Sb7/AB +37 [57c]
FEC 2 vol% 1 M NaClO4-EC/PC FeSb-TiC-AB +52 [57e]
FEC 2 vol% 1 M NaClO4-PC/EC Cu6Sn5-TiC-C +60 [57d]
FEC 10% 1 M NaPF6-EC/DEC Amorphous

phosphorus/
CB

+11 [59c]

FEC 5% 1 M NaClO4-EC/PC Sb2Te3-TiC +63 [60]
VC 1 vol% 1 M NaPF6-EC/DEC Black

phosphorus/AB
+27 [59a]

VC 2 wt% 1 M NaClO4-PC MoO2 +67 [61]
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(de-)sodiation, an appropriate path is provided for the transfer of sodium ions; (ii) it
also works as a barrier for other species at the same time, such as solvent molecules;
and (iii) it is required to exhibit good chemical stability in all battery environments
[62]. According to the above requirements, FEC is the most widely studied and effec-
tive film-forming additive, which can improve the life span and property of SIBs.

Designing and developing novel anode materials is of great significance to replace
LIBs with SIBs. The anodes currently used in SIBs mainly include carbonaceous,
alloying, conversion ones, etc.

Graphite is a well-known anode material for LIBs, but it exhibits a poor insert
ability for sodium storage [63]. Then, HC receives great attention. However, the low
capacity and sodium insertion issues limit the application of HC [50]. FEC is applied
to form a robust SEI layer on HC to prevent parasitic reactions and rapid volume
attenuation, prolonging the life span [51]. Theoretical and experimental results
have jointly demonstrated that the insertion of Na+ ions into HC is controlled by
the SEI formation. RbPF6 and CsPF6 are able to form a interphase rich in P—
and C—F categories on HC, which renders better capacity retention and lower
impedance [53]. Ionic liquids (ILs) are also employed as additives or electrolytes
in SIBs. However, the application of ILs as additives or cosolvents is confined
by their high cost and high viscosity. The effect of 1-ethyl-3-methylimidazolium
bis(fluoromethanesulfonyl)imide (EMImFSI) as additive (2 wt%) or cosolvent (10
wt%) was explored in EC/PC electrolyte with various Na salts [52]. The experimental
results were compared with the electrolytes with FEC as additive (Figure 11.15).
The CV results indicate that FSI− anions, mainly coming from IL, introduce new
cathodic peaks related to the reduction of FSI− anions. The cycling performance is
greatly determined by the EEI induced by the degradation of anions. It is evidenced
that EMImFSI introduces a larger polarization in the discharge/charge curves,
and improved Coulombic efficiency and capacity retention are only observed in
NaPF6-based electrolyte. EMImFSI performs worse in NaClO4 electrolyte, and the
beneficial effect in the first cycle is eliminated after 25 cycles in NaFSI electrolytes.
As a contrast, 2 wt% FEC affords better cycling stability and Coulombic efficiency
with lower price.

For intermetallic alloys, the large volume fluctuation during (de-)sodiation causes
severe problems. The widely studied Ge [55], Sb [54], and Sn [64] anodes and their
composites call for robust SEI layer with high mechanical stability and ionic con-
ductivity. The SEI layer rich in NaF and Na2CO3 alleviates the continuous electrode
degradation and prevents further electrolyte degradation [55, 64]. However, it is still
unable to cope with the large volume changes [64, 65].

Composites are thus developed, in which the active material is distributed in
conductive substrate evenly, having a buffering effect to accommodate the volume
change of composites. The property requirements for the additives remain similar.
The employment of FEC can also render a thin SEI layer with low impedance,
which avoids particle agglomeration [57]. In addition, improved rate performance
can be acquired under the protection of the high ionic-conductive SEI layer induced
by FEC [57d, 64].
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The use of phosphorus-containing components would result in ionic Na3P, which
will help to alleviate volume change and maintain high capacity [59]. This is a very
promising idea to construct high-quality SEI. Introducing FEC will alter the main
components of SEI formed in phosphorus-containing electrolyte by preferential
reduction [59b, c].

Apart from FEC, some fluorinated [50] and non-fluorinated [57c] carbonates are
also investigated extensively as additives in SIBs. Vinyl carbonate (VC) also per-
forms well in certain systems [59a]. Time-of-flight secondary ion mass spectrometry
(TOF-SIMS) reveals that the VC contains high organic compounds content and com-
monly observed inorganic species, including NaF, Na2CO3, and Na2O in SEI layer.
The CHCHOCO2

− free radical originated from VC decomposition can undergo fur-
ther coordination with Na+ ions [59a]. The cycling stability of MoO2 anode in SIB
can be greatly improved by adding VC (Figure 11.16) [61]. After 1000 cycles, the
capacity of the MoO2 electrode is retained by 96.5% with 2 wt% VC, while without
VC, the capacity retention is only 20.1%. Due to the serious electrolyte decomposi-
tion, in the absent of VC, the polarization of MoO2 | Na cells is increased signifi-
cantly, which impairs the cycling performance. The SEI layer formed by sacrificial
reduction of VC also demonstrates the properties of inhibiting the decomposition of
electrolyte and improving the stability of MoO2.

11.5.2.2 CEI-Forming Additives for Cathodes
Over the past few years, researchers have put considerable effort into developing new
types of electrolytes for room temperature SIB cathodes [66]. Similar to the additives
for anodes, the effect of cathode additives is also quite related to the characteristics
of cathode materials. Some important results are shown in Table 11.4.

NaxMO2 (M = transition metal) is one of the most studied cathode materials due
to its high energy density [73]. Komaba et al. pointed out that FEC can also form
a passivation layer and inhibit the oxidation of electrolyte [50, 74]. Generally, FEC
is used as an additive to achieve smaller polarization and overall improvement in
electrochemical performance, including Coulombic efficiency, discharge capacity,
and capacity retention [59b, 67, 74].

Another category of cathode material is polyanionic compound [NaM(XOn)]
(M refers to transition metal atom and X = B, S, P, or Si) [73]. Many polyan-
ionic materials have been reported, especially for the iron- and vanadium-based
compounds. For carbon-coated NaxFey(P2O7)2 cathode, the CEI layer formed by
FEC is beneficial to the inhibition of transition metal dissolution, thus improving
the cycling stability [68]. Adding FEC into DEC-based electrolyte can effectively
enhance the electrochemical performance of Na | Na4Fe3(PO4)2(P2O7) cells [69].

With the addition of FEC, Na3V2(PO4)3 (NVP), and Na3V2(PO4)2F3 (NVPF) cath-
odes exhibit improved capacity retention, Coulombic efficiency, and power density
[74, 75]. VC also performs well in EC/PC electrolyte with Na2MnSiO4 cathode [70].
The CEI layer formed by VC possesses low impedance and can inhibit the disso-
lution of transition metal. In 10 M NaClO4 aqueous solution, 2 wt% VC can form a
robust CEI layer on cathode, thus preventing parasitic reactions and dissolution of
transition metal [71].
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Rapid Na+ transport can be acquired in sodium-based Prussian blues (PB) [76].
The optimized electrochemical performance of Na0.75Fe2.08(CN)6⋅3.4H2O cathode is
obtained with 2 wt% FEC [77]. This is attributed to the conductive and mechanically
stable CEI layer formed by FEC, which improves the Coulombic efficiency and cycle
stability [78].

It is also a promising way to expand the rapid development of sodium-ion technol-
ogy by adding appropriate additives to form a stable interface both on cathode and
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Table 11.4 Several CEI-forming additives and their effects on SIB cathodes.

Additive Content Electrolyte
Cathode
material

Improvement
of capacity
retention (%) Reference

FEC 10% 1 M NaClO4-PC NaNi1/2Mn1/2O2 +37 [50]
FEC 2 vol% 1 M NaClO4-PC NaNi0.5Mn0.5O2 +24 [67a]
FEC 2 wt% 1 M NaClO4-EC/PC Na0.44MnO2 +8 [67c]
FEC 2 wt% 1 M NaPF6-EC/DEC Na0.44MnO2 +3 [67c]
FEC 5 vol% 1 M NaClO4-EC/PC Na3.32Fe2.34 (P2O7)2 +7 [68b]
FEC 5 wt% 0.5 M NaClO4-EC/

PC/DEC
Na4Fe3 (PO4) (P2O7) +4 [69]

VC 5 vol% 1 M NaPF6-EC/PC Na2MnSiO4 +61 [70]
VC 2% 10 M NaClO4-H2O Na3V2O2x (PO4)2F3− 2x +25 [71]
VC 5% 1 M NaPF6-EC/PC Na3V2(PO4)2F3 −3 [72]
CMC 0.5 wt% 10 M NaClO4-H2O Na3V2O2x (PO4)2F3− 2x −4 [71]
Agarose 0.5 wt% 10 M NaClO4-H2O Na3V2O2x (PO4)2F3− 2x +3 [71]
NaDFOB 0.5% 1 M NaPF6-EC/PC Na3V2(PO4)2F3 +10 [72]
PS 3% 1 M NaPF6-EC/PC Na3V2(PO4)2F3 +2 [72]
SN 1% 1 M NaPF6-EC/PC Na3V2(PO4)2F3 −1 [72]

on anode. At 55 ∘C, the effects of four additives, including 1,3-propane sultone (PS),
succinonitrile (SN), NaDFOB, and VC, have been rationalized (Figure 11.17) [72].
The dosage is required to be strictly controlled. For example, an appropriate amount
of VC can produce a stable SEI on the anode, but due to its oxidative decomposition,
a large amount of sediment will be generated on the cathode, thus the effect of
excessive VC may be counterproductive. Similarly, when the amount of
NaODFB> 3%, it causes a sharp increase in battery impedance, which is due
to the growth of thick deposits on the cathode. The effect of PS is determined to be
an enrichment of sulfates in SEI layer. The combination of SN and VC contributes
to a robust CEI formed on cathode.

11.5.3 Additives for Na Metal

Sodium metal with lower potential and high capacity is considered to be a very
promising anode. However, sodium metal has encountered similar obstacles in prac-
tical applications as lithium metal. Although lithium and sodium share many similar
physical and chemical properties and both batteries work in a similar way, their elec-
trochemical behavior in metal cells is quite different [79]. For instance, it is more
difficult for sodium to nucleate and grow than the lithium and its reaction kinetics
is slower. Sodium-metal-based batteries demonstrate lower working potential due to
its higher overpotential than lithium-metal-based batteries [80]. However, pursuing
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the application of lithium-metal-based batteries will certainly enlighten the research
of sodium-metal-based batteries. In addition, sodium metal also faces some unique
barriers, including high reactivity between Na metal and electrolyte and low melting
point.

Na metal is widely used in Na–O2, Na–S, and Na-insertion-type cathode cells.
Dendrite formation and parasitic reactions are needed to be addressed. Applying
additives to form a SEI layer with high surface coverage, high mechanical stability,
and ionic conductivity is considered to be the most facial and economic method.

Inspired by the self-healing electrostatic shield mechanism working in lithium
metal, Wang et al. developed potassium bis(trifluoromethylsulfonyl)imide (KTFSI)
additive for 1 M NaOSO2CF3-triethylene glycol dimethyl ether (TEGDME) elec-
trolyte to passivate Na metal anode [81]. KTFSI demonstrates superior performance
due to the following two aspects: (i) stable SEI layer with highly conductive, electro-
chemically stable Na3N and oxynitrides compounds formed by the decomposition
of TFSI− anion, and (ii) K+ preferentially adsorbed on the Na deposition process,
generating electrostatic shielding effect and inhibiting the formation and growth of
dendrites.

Inspired by the effect of Li2Sn–LiNO3 in Li–S cells, sodium polysulfide (Na2S6)
and NaNO3 were used as additives in ether-based electrolyte. It is found that Na2S6
alone is beneficial to the electrochemical performance of Na metal anode, but
Na2S6–NaNO3 is harmful to sodium metal unexpectedly [82]. XPS analysis of Na
anode showed that when Na2S6 was used alone, the SEI was mainly composed
of inorganic components, including Na2O, Na2S2, and Na2S, which enhance the
mechanically strength of SEI layer and inhibit dendrite growth. Once NaNO3
added, the SEI layer was dominated by RCH2ONa and Na2S, which is insufficient
to inhibit dendrite growth.

Constructing a Na-alloy layer is another efficient method to passivate the Na
interface. Zheng et al. added 50 mM SnCl2 to the carbonate electrolyte to form
Na−Sn alloy layer and SEI layer is rich in NaCl spontaneously (Figure 11.18a,b)
[83]. Under the protection of this dual-layer interphase, rapid Na+ ion transfer and
suppressed parasitic reaction are achieved. As a result, the non-dendritic morphol-
ogy and reduced polarization voltage are observed. Xu and coworkers dissolved
0.01 M SbF3 in DMC to pretreat the Na metal foil to acquire sodium-alloy-fluoride
(SAF-Na) anode [84]. The formation of the Na–Sb alloy layer and the chemi-
cal/electrochemical complementary SEI provides high interface strength and ionic
conductivity. The anode is particularly compatible with different cathodes and
exhibits improved cycling performance. (Figure 11.18c–f) [84]. Application of SbF3
in high-concentration electrolyte (HCE) also boosts the cycling stability of Na|Na
symmetric cells and Na|Na3V2(PO4)3 cells significantly [85].

In addition to the additives above mentioned, FEC also performs well in
sodium metal. When FEC is added to 1 M NaFSI–DME, a highly stable and dense
SEI layer is formed by the sacrifice of FEC during long electrochemical cycles
(Figure 11.19) [86].
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11.5.4 Safety Inspired Additives

An in-depth evaluation for the safety-related concerns is required by the widespread
application of Na-based rechargeable batteries. Generally, incorporating additives
into the electrolyte as standalone or reactive environments is an effective method to
eliminate the safety hazards. Some functionalities are required for these additives,
such as thermal stability improvers, overcharge protectors, flame retardancy, etc.

For the overcharge protection additives, ESW is a key characteristic that should
be emphasized. Overcharge inhibitors, including redox shuttles and shutdown-type
additives, are designed and investigated extensively [87]. Redox shuttles refer to
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certain kind of electroactive molecules that can achieve reversible overcharge
protection as electrolyte additives. Redox shuttles transform into corresponding
radical cations after being oxidized at cathode surface under overcharge conditions.
The resulting radicals diffuse to the anode surface and then be reduced. Voltage
of the cells can be maintained at the reverse redox potential of the shuttles with
the radicals shuttle between cathode and anode continuously. Therefore, potential
damages of all the cell components will be restrained. Sodium anodes and other
components in the SIBs are different from their LIB counterparts as they are
more reactive. Thus, state-of-the-art redox shuttles employed in LIBs maybe not
function as well in SIBs. Trisaminocyclopropenium perchlorate (TAC⋅ClO4), a
functional organic salt, was investigated by Ji et al. as a redox shuttle for overcharge
protection in SIBs [88]. TAC⋅ClO4 shows unique characteristics in both redox states,
including fast diffusion and high chemical/electrochemical stability due to its
smallest aromatic ring structure. 0.1 M TAC⋅ClO4 additive enables NVP cathode to
be overcharged even up to 10 C or 400% SOC (Figure 11.20a).
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Shutdown-type additives polymerize to form an insulating layer on the electrode at
a characteristic potential, which can avoid further degradation reaction. The applica-
tion of shutdown-type additives is the most cost-efficient and facile method applied
so far. For example, the electrochemical polymerization of biphenyl (BP) at 4.3 V
(vs. Na/Na+) prevents Na0.44MnO2/Na battery from voltage runaway by depleting
the excess charge even under 800% overcharge capacity [90]. Through generating
a conductive or isolated polymer, the overcharge current flow can be bypassed or
interrupted. The effects of the optimal addition of BP beyond its intended effect were
further investigated and the addition of BP is negligible for the capacity attenuation.

Since Wang et al. reported the application of trimethyl phosphate (TMP) [91], vari-
ous flame retarding (FR) additives have been developed for LIBs. However, less effort
is devoted to exploring FRs additives for SIBs. The FRs usually remove the reactive
radicals formed during thermal decomposition of electrolytes [92]. The initiation
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and duration of the combustion reaction require cascading chain propagation reac-
tion [93]. Therefore, FRs should mitigate/prevent the catalytic reaction by chemical
action or physical blocking. The effect of four widely used FRs, including TMP,
dimethyl methylphosphonate (DMMP), tri(2,2,2-trifluoroethyl)phosphite (TFEP),
and methyl nonafluorobutylether (MFE), were evaluated by Feng et al. [94] Among
these FRs, MFE exhibits the best electrochemical stability toward Na metal. Stable
cycling performance is also acquired in carbon nanotube | PB battery. Nevertheless,
the ionic conductivity of some measured FRs is relatively low (5× 10−4 S cm−1),
which maybe not enough for practical application. The same group also studied
the flame-retardant property of ethoxy (pentafluoro)cyclo-triphosphazene (EFPN).
The flammability of the 1 M NaPF6-EC/DEC electrolyte can be quenched by
introducing 5% EFPN [95]. The low-cost, fluoride-free single-solvent TMP elec-
trolyte is completely nonflammable. Furthermore, the TMP electrolyte exhibits
high ionic conductivity and good electrochemical performance in SIBs with
Prussian white cathode and HC anode [18]. The EFPN-based electrolyte has been
confirmed to be chemically stable with Na metal anode and exhibits improved
cyclability for acetylene black | Na0.44MnO2 battery. Di Lecce et al. reported that
the TEGDME–NaCF3SO3 electrolyte was totally nonflammable. This may be
due to the relatively low vapor pressure of the glyme solvents, which further
reduces as the chain length raises. Thus it is beneficial to improve the electrolyte
safety (Figure 11.20b–d) [7b]. The impact of FEC on the thermal stability of 1 M
NaPF6-EC/DEC electrolyte was evaluated in the progress of Na plating/stripping
[96]. Unpredictably, after adding FEC, the heat flow was found to be higher.

11.6 Novel Concentration Electrolyte Systems

11.6.1 High-Concentration Electrolytes

HCE means that as the concentration of the salt increases, the interaction between
the cation and anion in the solvent is enhanced, and the content of free solvent
molecules is greatly reduced. Among nonaqueous solvents, when the salt concen-
tration increases to 3.5 M, the free solvent molecules basically disappear, forming a
new type of electrolyte with a special structure, which is called a high-concentration
electrolyte. As shown in Figure 11.21a, generally, in a dilute electrolyte, most salt
ions will form a solvated structure with solvent molecules, only a part of anions is
directly coordinated with cations to form solvent-separated ion pairs (SSIP), and the
rest is mostly free solvent. In this case, the components in SEI mainly come from
the decomposition of solvents. When the salt concentration is exceeded, salt anions
begin to participate in solvation, forming contact ion pairs (CIPs) and anion–cation
aggregates (AGG) due to insufficient solvent, as shown in Figure 11.21b. Thus, the
main component of SEI is inorganic. They are completely different from the tradi-
tional electrolyte (1 M), and demonstrate theadvantages: (i) high ion migration num-
ber; (ii) less corrosion of aluminum current collectors; (iii) effectively inhibited den-
drites; (iv) broader electrochemical window; and (v) improved the flame-retardant
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Figure 11.21 Schematic diagram of the structure in (a) dilute electrolyte and (b) high
concentration electrolyte. Source: Yamada and Yamada [89].

performance and safety. SIBs are composed of highly active cathode materials and
organic electrolytes and are prone to “thermal runaway” under heating conditions,
which may cause dangerous accidents. The strong solvation in the HCE reduces free
solvent molecules and inhibits flammable and volatile solvents, thereby improving
flame retardancy.

In 2015, Chen and coworkers reported an electrolyte of 4 M NaTfO–TEGDME
for Na | 9,10-anthraquinone (AQ) batteries [97]. The capacity is 214 mAh g−1, and
it maintains 190 mAh g−1 after 50 cycles at 0.2 C. In 2016, Zhang and coworkers
developed a highly concentrated electrolyte for Na cells [98]. In 4M-NaFSI/DME
electrolyte, the plating/stripping of Na is stable without dendrite growth, and the
Coulombic efficiency is as high as 99%. XRD and XPS characterizations show that
the main component of SEI is NaF. Chang and coworkers announced a highly con-
centrated electrolyte of 3.0 M NaFSI-EC/PC in Na | HC batteries [12b]. In 2017,
Yamada and coworkers reported a electrolyte composed of 50% NaFSI-SN (1 : 1 by
molar ratio) [99]. The ionic conductivity of this electrolyte is 0.31 m S cm−1. When
used in Na|HC cells, the battery exhibits a capacity of 200 mAh g−1 after 100 cycles,
which is higher than that in 1.0 M NaPF6-EC/DEC. In 2018, Wang et al. found a
new safe electrolyte of 3.3 M NaFSI-TMP (Figure 11.22) [100]. This electrolyte shows
a SET of 0 s g−1 and is stable under the boiling point (197 ∘C). Furthermore, the
electrolyte loses only 11% of its mass after heating to 150 ∘C. In the HCE of 3.3 M
NaFSI-TMP, the ICE of the HC|Na battery is 75%, which is very close to the ICE
(79%) of the 1.0 M NaPF6-EC/DEC electrolyte. The TMP-based electrolyte has also
been used in SIBs [101]. In 2018, aqueous/nonaqueous electrolyte was applied by
blending the equivalent weight of 7 M NaTfO with H2O and 8 M NaTfO in PC. It
stays stable from –1.25 to 1.55 V with high ionic conductivity at room temperature.
The existence of PC promotes the stability of the electrolyte.

11.6.2 Local High-Concentration Electrolytes

The local high-concentration electrolyte (LHCE) refers to the addition of a diluent
that is miscible with the solvent but not miscible with the salt in the HCE. After
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the diluent is added, it does not affect the special coordination structure of the salt
solvent in the original HCE, thus forming the LHCE. This not only guarantees the
characteristics of HCE, but also has its own unique characteristics. Its viscosity is
much lower than that of HCE, and it has excellent wettability. The diluent used for
the LHCE needs to meet the following characteristics: (i) low dielectric constant and
low complexing capacity, compatible with the solvent, and does not affect the spe-
cial coordination structure of the salt-solvent in the original HCE; (ii) low viscosity
and high wettability; (iii) low cost; (iv) flame retardant; and (v) conducive to the
formation of good SEI. Some diluents are listed in Figure 11.23 [102].
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In 2018, Xu and coworkers added solvents to “dilute” the HCE [103]. The dilu-
ents are electrochemically inert and have little influence on the solvation structure
of HCEs. Nevertheless, they promoted the interface reaction kinetics, thus enhanc-
ing the electrochemical performance of the battery. As shown in Figure 11.24, the
LHCE even showed better electrochemical performance than the original concen-
trated electrolyte [104].

In 2020, Yu et al. reported an electrolyte based on TMP and 1,1,2,2-tetrafluoroeth-
yl-2,2,3,3-tetrafluoropropyl ether (F-EPE) with FEC as an additive, and EC-DEC-FEC
electrolyte was used as the blank electrolyte (Figure 11.25) [105]. The results of
flammability tests show better safety of electrolyte with TMP and F-EPE. Mean-
while, the prepared electrolytes also increase the capacity of the NFM cathode
(129.9 mAh g−1) and improve the cycle stability of the NFM | HC pouch battery
(70.8% is retained after 500 cycles). They studied the dissolution behavior of NFM
cathode in various electrolytes, as well as the XPS spectra of NFM cathodes after
cycling in the prepared electrolyte to explore the principle of capacity attenuation.
The upshots prove that this safe electrolyte has great development prospects in SIBs.

HCE has the advantages of low combustibility, good thermal stability, and good
electrochemical performance. It is an ideal choice for the development of safe
advanced electrolytes. It is also urgent to use noncombustible flame retardants
to replace traditional organic solvents to develop fire-extinguishing electrolytes.
The introduction of the intercalation solvent as a diluent can overcome the disad-
vantages of high viscosity and poor wettability and promote the interface reaction
kinetics and interface stability of the electrode. However, its high cost still limits its
practical application.
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11.6.3 Low-Concentration Electrolytes

Adjusting the electrolyte concentration is the key to the functional design of energy
storage equipment. In recent years, HCE is used in various batteries [106]. On the
other hand, since low ion conductivity may cause concentration polarization, the
research on reducing the salt concentration to form an ultra-dilute electrolyte has not
been carried out. Since the Stokes radius and desolvation energy of Na+ are smaller
than that of Li+, it is possible to use ultra-dilute electrolyte to gain sufficient kinetic
capability [107]. What is more, reducing the salt content is beneficial for practical
application, with lower price.

In 2020, Hu and coworkers reported a low-concentration electrolyte (0.3 M)
in SIBs for the first time (Figure 11.26) [108]. Due to the chemical properties of
the diluted electrolyte, the low-concentration electrolyte not only significantly
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reduces the cost of salt, but also expands the operating temperature range of the
safety-enhanced SIB (–30 to 55 ∘C). Under low- and high-temperature conditions,
low viscosity and corrosion risk (less hydrofluoric acid attack) will help improve
the wettability of the separator and the CE of the battery. In addition, the formed
stable organic-rich SEI/CEI has superior kinetic characteristics, which enables SIBs
to work sustainably at extreme temperatures. The new dilute electrolyte is expected
to be used in other electrolyte systems. Effective additives can further improve
the capacity and interface regulation performance of the ultralow-concentration
electrolyte.

11.7 Concluding Remarks

Organic liquid electrolytes with Na salts dissolving in the organic solvents are cur-
rently the most promising electrolytes for commercial SIBs. For organic liquid elec-
trolytes, liquid range, ionic conductivity, electrochemical/chemical stability are the
most important parameters that affect the performance and operating temperature
range, which are determined by the organic solvent, Na salt and concentration.

In addition to organic solvent and Na salts, small amount functional additives
can improve the performance of organic liquid electrolytes. Functional additives
can work as SEI-forming additives for anodes, CEI-forming additives for cathodes
and safety inspired additives, depending on their properties. SEI-forming addi-
tives should be reduced at higher potential than the main component of organic
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liquid electrolytes that can protect organic liquid electrolytes from decomposing.
On the other side, CEI-forming additives should be oxidized at lower potential
than the main component of organic liquid electrolytes. Safety inspired additives
include overcharge protection additives to introduce shuttle effect at high voltages,
shutdown-type additives to form an insulating layer on the electrode at a charac-
teristic potential to avoid further degradation reaction, and flame retarding (FRs)
additives to remove the reactive radicals for combustion reaction.

Furthermore, high concentration and low concentration liquid electrolytes with
special properties are also developed. Although the electrochemical performance
is enhanced with high concentration of Na salts, the cost and viscosity are much
higher than those of regular electrolytes. To solve these problems, localized
high-concentration electrolytes are developed with addition of a diluent that is
miscible with the solvent but not miscible with the Na salt. Low concentration elec-
trolytes with lower price are beneficial for practical application. Smaller desolvation
energy of Na+ make it possible to use ultra-dilute electrolyte to gain sufficient
kinetic capability and acceptable electrochemical performance. Furthermore, low
concentration electrolytes with low viscosity broaden the operating temperature
range (e.g., at low temperatures of at least −20∘).
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12

Ionic Liquid Electrolytes for Sodium-Ion Batteries

12.1 Introduction

Ionic liquids (ILs) are liquids with only anions and cations at or near room
temperature. As an ionic compound, the factor that causes the low melting point
of ILs is the asymmetry of some substituents in their structure prevented ions
from being regularly accumulated into crystals. ILs usually consist of organic
cations and organic/inorganic anions. ILs are generally classified according to their
cations or anions. The positive charge position of the cations is N, P-based, and
the main categories are imidazole, pyrrolidine, pyridine, morpholine, piperidine,
quaternary ammonium, quaternary phosphonium, guanidine, etc. Among them,
imidazole-type ILs generally have a low melting point. The anions include halogen
ion, tetrafluoroborate ion, and hexafluorophosphate ion [1].

Organic electrolytes in combination with Na salts have been commonly used in
Na secondary batteries and have achieved good performance. However, the main
hidden dangers of secondary batteries are related to the volatility and flammability of
organic electrolytes. ILs not only have the safety advantages, but also show excellent
cycling and multiplication properties. IL electrolyte can form a more stable solid
electrode interface (SEI) film, which makes it easier for Na ion diffusion, as well as
a stable layer on the Al collector, to prevent the Al collector from being corroded
by the electrolyte [2]. In addition, ILs can operate at high temperatures, which can
promote the diffusion rate of Na in the electrode and electrolyte.

ILs offer many advantages over organic electrolytes commonly used in sodium
metal batteries. For example: (i) the liquid has a wide application temperature range
and can exist stably under both high and low temperatures; (ii) low vapor pressure,
and chemically stable; (iii) high recycling rate, green and environmental; (iv) high
conductivity; and (v) high adaptability, as well as adjustable acidity and alkalin-
ity. Figure 12.1 shows the specific energy-power diagrams of various energy storage
devices (ESDs). It can be clearly seen that the Na secondary battery with IL additive
electrolyte has high specific energy (equivalent to the specific energy of LIB) and
power (exceeding the actual specific energy of the supercapacitor) at the optimum
temperature, which is difficult to achieve for general energy equipment [3].

Sodium-Ion Batteries: Energy Storage Materials and Technologies, First Edition. Yan Yu.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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12.2 The Cationic Species in Ionic Liquids

Common cations in ILs include quaternary ammonium salt ions, quaternary
phosphonium salt ions, imidazolium salt ions, etc. (Table 12.1), and anions include
halogen ions, tetrafluoroborate ions, and hexafluorophosphate ions. Among the ILs
currently studied, the cations are mainly imidazole cations.

Benchakar et al. [4] explored the use of a small amount of 1-ethyl-3-methylimida-
zolium bis-(fluoromethylsulfonyl) imide (EMImFSI) IL in electrolyte. The exper-
imental results show that the EMImFSI additive has far-reaching impact on all
aspects of electrolytes with NaClO4, NaPF6, and NaFSI. The EMImFSI additive
helps to promote the ionic conductivity of the electrolyte but increases the viscosity.
For electrolytes without EMImFSI ILs, more salt dissociation occurs, along with a
higher extension of sodium plating/exfoliation. The introduction of EMImFSI leads
to the appearance of thicker SEI, which can affect the Na plating. Electrochemical
cycling of mixed hard carbon electrodes shows that FSI-anions can appear new
peaks in cyclic voltammetry or new steps in constant current discharge process.
The addition of EMImFSI to the NaPF6 system helps improving the Coulombic
efficiency and capacity retention (50%) (Figure 12.2a,b).

Electrochemical properties of different sodium salts added to IL electrolytes of
1-butyl-1-methylpyrrolidinium bis (trifluoromethanesulfonyl) imide (BMPTFSI)
were reported in SIBs with spherical P2-Na0.6Co0.1Mn0.9O2 (NCO) as cathode.
Experimental results showed that BMPTFSI with sodium bis(fluorosulfonyl)imide
(NaFSI) was able to exhibit the best electrochemical performance with signifi-
cantly better cycling stability (90% half-cell capacity retention) compared to the
conventional sodium metal cell electrolyte (1M NaClO4). The cyclic voltam-
mogram (CV) results showed that the BMPTFSI-based IL electrolyte is stable
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Table 12.1 List of abbreviations and molecular structures
of typical IL cations.

Abbreviation Molecular structure

[Emim]+
N N

[Cnmim]+
N

CnH2n+1
N

CnC1pyrr+ R1 +
N

[Pyr13]+ +
N

[Pyr14]+ +
N

Nnnnn
+

R1

R4R3

R2
+

N

[P111i4]+

P+

[P1i444]+

P+

[DEME]+
N+

O

up to 4.8 V vs. Na/Na+, especially using NaFSI and NaTFSI as conducting
salts (Figure 12.2c,d) [5].

12.3 The Anionic Species in Ionic Liquids

According to the different anions, ILs can be divided into two camps: halide salts
and non-halide salts (Table 12.2):

(1) The halogenated salt ILs were studied earlier, and solid halogenated salts can
be mixed with AlCl3 to obtain ILs. Halide ILs have many advantages but are
extremely sensitive to water that need to be handled under inert atmosphere.
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Figure 12.2 Effect of additives content on (a) the activation energy of the conductivity,
and (b) the Coulombic efficiency of cells with EMImFSI/EC/PC or FEC/EC/PC ternary
mixtures. Source: Benchakar et al. [4]. Reproduced with permission, 2020, Elsevier.
(c) Cycling performance and (d) discharge profile of NCO in ionic liquid-based electrolytes at
50 mA g−1 in the voltage range of 1.5–3.8 V vs. Na/Na+. Source: Do et al. [5]. Reproduced
with permission, 2019, American Chemical Society.

(2) Non-halogenated salt ILs have a fixed composition, and most of them are stable
to water and air, mainly including: CF3COO−, C3F7COO−, CF3SO3

−, C4F9SO3
−,

(C4F9SO2)N−, (C2F5SO2)N−, CB11H12
−, MeSO4

−, C8H17SO4
−, etc.

Hwang et al. [6] prepared Na3V2(PO4)3 cathode, which displayed superior
electrochemical properties in Na[bis(fluorosulfonyl)-amide]-[1-ethyl-3-methylimi-
dazolium] [bis (fluorosulfonyl) amide] IL electrolyte with good heat resistance,
high voltage stability, and other properties. In 1C (116 mA g−1) cycling test, the
capacity retention was 99% at 90 ∘C. It also reached 89.2% after 5000 cycles at a high
rate of 20 C under 184 ∘C (Figure 12.3a,b).

Zhang et al. [7] successfully synthesized carbon and aluminum oxide co-coated
Na3V2(PO4)2F3 (NVPF) cathode material (Figure 12.3c,d). The cells with NVPF/C
cathode and [EMIM]TF2N ILs electrolyte exhibited high reversible specific capacity
(117.5 mA h g−1 at 1 C), good rate performance (94 mA h g−1 at 10 C), and excellent
cycling stability (90% capacity retention after 1000 cycles at 1 C). Experiments have
also shown that doping of C with elements such as N, S, and F induces the formation
of an effective conducting network of electrons and Na ions, leading to excellent
electrochemical properties of NVPF/C-ILs.

Basile et al. [8] reported the practical use of pyrrolidine ILs containing dicyan-
diamide anions as electrolyte additives in sodium metal batteries, which is
inexpensive. A comparison was made with a reference organic electrolyte
consisting of propylene carbonate-fluorocarbonate. The experimental results
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Table 12.2 List of abbreviations and molecular structures
of typical IL anions.

Abbreviation Molecular structure
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Figure 12.3 Rate performance of Na/Na3V2(PO4)3 cells in Na[FSA]-[C2C1im] [FSA]
electrolytes with different Na[FSA] molar fractions (0.2–0.5 M) at (a) 148 ∘C and (b) 184 ∘C
(charge current density: 0.1 C, and cutoff voltage: 2.4–3.8 V). Source: Hwang et al. [6].
Reproduced with permission, 2018, Wiley-VCH. (c) Cycling stability and (d) corresponding
TEM images of carbon-coated Na3V2(PO4)2F3 under an electrolyte containing ionic liquids.
Source: Zhang et al. [7]/Royal Society of Chemistry.
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C4mpyr[dca] at room temperature with a scan rate of 20 mV s−1 under a moisture content of
90 ppm (d) and 400 ppm (e). Inset: second scan with wider potential window. Source: Basile
et al. [8]. Reproduced with permission, 2016, Elsevier.

indicate that the presence of trace amounts of water in the electrolyte with ILs
affects the Na|Na symmetric cell significantly. When the water content of an
N-butyl-N-methyl-pyrrolidinium dicyanamide IL electrolyte including Na[dca] salt
is maintained at 90 ppm, the enhanced cycling performance for the sodium electrode
is achieved. Repetitive stripping/plating cycling studies show that a Na|Na symmet-
rical cell can cycle effectively for >100 times at a current density of 0.01 mA cm−2

without short circuits. By maintaining a low but not zero water content, sodium
metal electrodes will not undergo formation of a resistive passivating layer as that
generated in the electrolyte comprising 400 ppm water content (Figure 12.4).

12.4 Electrolyte Properties

12.4.1 Physicochemical Properties

The melting point of ILs is an important physical property that determines the appli-
cation temperature range of ILs. The composition structure of ILs, such as elements
and functional groups, has a great influence on their melting points. Factors affect-
ing the melting point of ILs are: (i) the structure of the cation; (ii) the coordina-
tion of the anion; (iii) the symmetry of the anion; (iv) the H-bond interaction; (v)
the planarity of the cation; and (vi) the symmetry effect of the molecular structure.
Research indicates that the smaller the volume of the organic cation, the more con-
centrated the charge, the better the molecular symmetry, and the higher melting
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point of the IL are demonstrated. The larger the proportion and space occupied by
anions, the lower the melting point of the IL is acquired, e.g. showing the order of
Cl− > [PF6]− > [NO2]− > [NO3]− > [AlCl4]− > [BF4]− > [CF3SO3]− > [CF3CO2]−. For
quaternary ammonium salt ILs, the effect of cations on the melting point is greater
than that of anions [9].

Density is one of the physical features of ILs that can be easily adjusted. There are
billions of anions and cations for ILs. The density of the IL mainly depends on the
types of anions and cations. Therefore, the anion and cation species of the IL need
to be mastered to regulate the required density.

High viscosity is a very typical physical characteristic of ILs, which is usually
higher than that of the conventional organic solvents. At the same time, the
viscosity of ILs is affected by the temperature. As the temperature rises, the inter-
action between anions and cations in ILs gradually decreases, resulting in reduced
viscosity. Studies have shown that as the organic content increases, the viscosity of
the IL mixture gradually decreases, and the decrease is mainly due to the stronger
hydrogen bonds between the anions and cations in ILs [10]. Seddon et al. [11] have
suggested the following formula to express the relationship between the viscosity of
IL + organic system and its composition:

𝜂 = 𝜃 exp(−x∕b)

In this formula, 𝜂 and 𝜃 represent the viscosity of the mixture and the IL, respec-
tively, x is the mole fraction of organic matter in the mixture, and b is the parameter
to be determined in the experiment.

12.4.2 Electrochemical Properties

“Electrochemical window” mainly refers to the range of potential changes from the
reduction limit to the oxidation limit of the electrolyte. Theoretical studies show that
the main limited factors are the highest occupied molecular orbital and the lowest
unoccupied molecular orbital of the molecules in the electrolyte, but they are often
kinetically dominated in practical situations, as clearly demonstrated by the impor-
tance of the SEI [12]. In the case of Na secondary cells, an electrochemical window
from the Na+/Na redox potential to approximately 5 V is ideal for high energy density
operation, and many ILs containing BF−, TFSA−, and FSA− meet this requirement
(or provide a window close to it). Therefore, ILs have a wide range of applications
in SIBs.

Figure 12.5 shows the electrochemical windows for some common ILs. Studies
combining molecular dynamics (MD) simulations and density functional theory
(DFT) calculations indicate that the stability of ionic and counter-ion combinations
in ILs should be discussed in a specific theoretical model. Therefore, when consid-
ering the electrochemical stability of ILs, it is valuable to fully consider the chemical
stability of multiple ionic combinations [13]. TFSA is proved to have a higher
reduction potential than C3C1pyrr+. Thermodynamic theoretical calculations show
that the alkyl chain length of the 1-alkyl-3-methylimidazole cation is not directly
related to the electrochemical window, and ILs containing BF4

− and PF6
− anions
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[13]. Reproduced with permission, 2011, American Chemical Society. (b) Electrochemical
window of a Na secondary cell with different IL additives in the electrolyte. Source:
Matsumoto et al. [1]. Reproduced with permission, 2019, Royal Society of Chemistry.

have better electrochemical stability than those containing TfO or TFSA anions
[1, 14].

Cyclic voltammetry and linear scanning voltammetry are also commonly used
methods to characterize the electrochemical stability of ILs. Two-electrode cells
(mainly coin cells) and three-electrode cells are commonly used to test perfor-
mances in Li+ and Na+ ILs. Regardless of the model of the anions, the addition of
Li or Na salts to the IL will generally extend its reduction limit. Although aromatic
cations, including alkylimidazolium and alkylpyridinium, are electrochemically
unstable compared to non-aromatic or linear alkylammonium cations and are
difficult to reduce in pure IL, the application of FSA as a counter anion can improve
electrochemical stability [15]. For FSA-based ILs, the differences of electrochemical
stability based on the cationic structure are minimal. The reduction of FSA−

and TFSA− generates radical anions, and the radical anion reactivity of FSA− is
abnormally low and cannot form a stable surface film. When contacted and reacted
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with different cations, such as Na+ and Li+, it still failed to form a stable SEI film,
which verified the above conclusion [16].

Cells with IL in the electrolyte have a low probability of suffering corrosive effects
on the cathode at high potentials. Unlike the mechanism of instantaneous formation
of fluorinated SEI film on the cathode by PF6-based electrolytes, electrolytes contain-
ing only TFSA− and FSA− ILs take longer time to form SEI film and do not protect
the cathode well [17]. However, in IL electrolyte, the formed SEI film is able to min-
imize the corrosion of Al current collector by the electrolyte after long cycles. The
same behavior was also observed in the Na battery system. In the FSA− and TFSA−

IL electrolytes, the aluminum collector for the cathode is not corroded [18]. At high
potentials, ILs form a stable film on Al, which prevents Al from being corroded and
enhances the battery performance.

12.4.3 Thermal Properties

Thermogravimetric (TG) and differential scanning calorimeter are commonly used
analytical methods to study the thermal stability properties of IL electrolytes [19].
In general, IL is more thermally stable than organic solvents. When using TG for
testing, all aspects of the test must be strictly controlled to ensure that the mea-
sured thermal decomposition temperature is obtained under the same conditions.
In general, the operating temperature range of organic solvents is limited, but ILs
can extend the maximum operating temperature of the battery and enhance the high
temperature performance of the battery.

The thermal decomposition temperature of IL in the SIB system was investigated.
The TFSA-based IL reduced the decomposition temperature to 330–360 ∘C (about
400 ∘C for pure salts) [20]. It can be found that the addition of NaPF6 to the
IL reduces the decomposition temperature (weight loss starts at about 100 ∘C).
The IL system consisting of NaBF4-[C2C1im] [BF4] has non-combustibility even
with direct flame contact and reaches temperatures up to 360 ∘C, regardless of
the concentration of NaBF4 (0.10–0.75 mol dm−3) [20a]. It is thermally stable at
high temperatures. Further studies on the thermal stability of FSA-based salts
are needed because of their low solubility in organic solvents. Even if the melting
point of IL is higher than the theoretical decomposition temperature [21], slow
melting with slow decomposition rate is sometimes observed. TG studies of IL
systems have shown that the thermal decomposition temperature of electrolytes
containing FSA salts increases continuously with increasing volume size of alkali
metal cations [22].

Figure 12.6 summarizes the theoretical temperature range of IL electrolytes and
the actual operating temperature range for various practical applications. The suit-
able temperature range of IL electrolytes in commercial SIBs is also summarized and
compared. Except for some studies on FSA-based IL which show that it can oper-
ate at low temperatures, most studies on Na secondary cells have been performed
at room temperature. In fact, some studies at room temperature have shown that
electrochemical testing above the IL melting point may improve the performance of
electrode materials. There are also studies in the literatures that have attempted to
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Figure 12.6 The actual temperature range of the IL applied to sodium secondary batteries.
Source: Matsumoto et al. [1]. Reproduced with permission, 2019, Royal Society of Chemistry.

use IL for neutralization temperature operation (up to 150 ∘C) in waste heat and high
temperature environments so as to improve the mobility of Na ions and the electrode
reaction. For example, when the temperature was changed from 25 to 85 ∘C, the ionic
conductivity was increased from 1.9 to 17.3 mS cm−1. The following sections will dis-
cuss in detail the performance of the IL at the appropriate temperature [6, 23].

12.5 Stability of Ionic Liquids

12.5.1 Thermal and Electrochemical Stability

The design of battery systems and related applications using mixtures of IL, H2O,
and organic solvents have been extensively investigated. The use of IL to achieve
the temperature regulation characteristics of battery systems has several advantages.
Firstly, ILs have high tunability. Both their cationic and anionic properties can be
easily controlled as needed. Secondly, ILs are highly polar and insoluble in many
organic solvents, making them easier to separate from non-aqueous systems. The
addition of ILs to the electrolyte can enhance the temperature limit and voltage range
of the electrochemistry in the cell.

Figure 12.7 displays the effect of temperature on the charge/discharge properties
of some SIB cathode materials. Na3V2(PO4)3 and NaCrO2 were paired with 20 mol%
Na[FSA]-[C2C1im][FSA] and Na[FSA]-[C3C1pyrr][FSA] IL electrolytes, respec-
tively, and cycled at a wide temperature range of −30 to 90 ∘C [6, 25]. Na3V2(PO4)3
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cells are stable over the wide temperature range (Figure 12.7a,b). As the test
temperature decreases, it leads to an increasing resistance and polarization of the
cell, and then the reversible capacity is decreased. This is because that the ionic
conductivity is decreased and charge transfer resistance is increased, which hinder
the diffusion of Na ions in the electrolyte. Nevertheless, the IL electrolyte can still
support the full operating temperature range of the Na secondary batteries.

Previous study showed that mallet-NaFePO4 is an electrochemically inert mate-
rial. It is constructed by FeO6-FeO6 and PO4-FeO6 (horn-shared) units, which
hinder the effective diffusion of Na+ [26]. The application of IL electrolytes allows
to increase the operating temperature, thus enhancing the diffusion of Na+ in
this structural framework, which effectively makes the mallet-NaFePO4 electro-
chemically active. The sodiation/desodiation of mallet-NaFePO4 was achieved
at an elevated operating temperature [24, 27]. The charging and discharging of
mallet-NaFePO4 in the IL electrolyte showed that the reversible capacity increased
sharply from only 23 mA h g−1 at 25 ∘C (Figure 12.7c) to 107 mA h g−1 at 90 ∘C
(Figure 12.7d) [24].

12.5.2 Electrochemical Properties

Related studies confirmed that high-temperature operation using ILs can sig-
nificantly improve the electrochemical performance. Figure 12.8 shows the
electrochemical performance of the Na[FSA]-[C2C1im][FSA] electrolyte under
different electrode mass loading and operating temperatures [28]. The syn-
ergistic effect of Na3V2(PO4)3 and IL electrolyte at 25 ∘C can lead to better
performance of the cell. However, when the mass loading of the electrodes is
high, the rate performance at room temperature deteriorates sharply due to
the increased geometric current density. For example, electrode loadings of 3.0
and 6.0 mg cm−2 show capacity retention of 90% and 63% at 5 C, respectively
(Figure 12.8a). However, capacity retention is almost the same when applying
the same geometric current density (68% at 10 C for 3.0 mg cm−2 and 63% at 5
C for 6 mg cm−2). The rate performance is maintained even when the mass load
of Na3V2(PO4)3 is 6 mg cm−2 at 90 ∘C (Figure 12.8a). Therefore, the rate perfor-
mance mainly depends on the geometric current density of the active material
of the pole piece. As shown in Figure 12.8b, at 500, 1000, 1600, and 2000 C, the
capacity retention is 69%, 58%, 36%, and 19%, respectively. At room temperature
of about 25 C, the organic solvent electrolyte never reaches this level of rate
performance. The EIS measurements show that the interfacial resistance (charac-
teristic frequency 60–700 Hz) represented by the semicircle is significantly lower
(Figure 12.8c) [6].

Most studies reported that IL electrolytes have excellent wide temperature
performance, maintaining good cycling stability in both high and low temperature
environments [28a, 29]. It is well known that IL electrolyte can create a specific
SEI film on the surface of Na metal. Figure 12.9 shows the cycling performance of
the selected electrode material. Cycle testing of Na/NaFePO4 cells reveals better
cycling performance using Na[TFSA]-[C4C1pyrr] [TFSA] IL electrolyte than that
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of Na[TFSA]-[C4C1pyrr] [TFSA] electrolyte [29c]. The cycling stability of the Na
[FSA]-[C2C1im] [FSA] electrolyte in Na/Na2FeP2O7 full cells was tested at 90 ∘C
(Figure 12.9a), which shows a capacity retention of 93% and an average Coulombic
efficiency of 99.9% after 1500 cycles. Another experiment using the same battery
system also shows excellent cycling capabilities. After 300 cycles at 1 C (117 mA g−1)
under 25 and 90 ∘C, the capacity retention was 99.9%. The excellent cycling perfor-
mance of this battery system is attributed to the stability of this cathode material on
the one hand, and also depends on the stability of this IL electrolyte above 90 ∘C on
the surface of Na metal and electrode sheet (Figure 12.9b) [30].

The study of Na3V2(PO4)3 in Na [PF6]-[C4C1im] [TFSA] IL electrolyte showed
that the salt concentration of the electrolyte was optimized, which could simulta-
neously improve the capacity and cycling performance. As shown in Figure 12.9b,
the specific discharge capacity of the sodium metal cell with 0.25 mol dm−3

Na [PF6]-[C4C1im] [TFSA] ILs was 107.2 mA h g−1 and the capacity retention
was 97% after 40 cycles. It is worth noting that sufficient Na+ can facilitate the
(de-)alkalinization process, but excess sodium ions reduce the ionic conductivity
of the electrolyte, which in turn leads to poor electrochemical performance of the
battery (Figure 12.9c–e) [29b, 31, 32].

12.5.3 Electrolyte/Electrode Interfaces

The SEI film formed by the reductive decomposition of the commercial carbonate
electrolyte on the surface of anodes has poor stability and cannot effectively mit-
igate the phenomenon of swelling of the electrode active material, which in turn
leads to a rapid decrease in capacity [33]. The success of conventional HC anodes
depends on the introduction of complex electrolyte formulations and SEI-forming
additives. Therefore, the exploration of electrolytes that are compatible in all aspects
of performance is essential for the development of anode.

The electrochemical performance and safety of the battery heavily depend on
the properties of the SEI film (Figure 12.10a) [34], which is sensitive to ambient
temperature, air humidity, and the viscosity of the binder. A detailed study of
the physical–mechanical properties and chemical reaction characteristics of the
SEI layer help us to understand the degradation mechanism of the cell in more
detail. However, progress on this aspect is slow due to the complex structure of
the SEI layer, and limited characterization tools. Furthermore, the solubility of SEI
membranes in conventional electrolytes used in Na secondary cells exacerbates the
self-discharge properties.

Recently, the electrochemical properties of IL electrolytes interacting with metal
Na have been further investigated. Typically, IL electrolytes in SIBs produce up to
a large interfacial impedance, which may be caused by the surface film on the Na
metal [35]. Studies of ILs systems using Na/Na symmetric cells have shown that
cell resistance is inversely proportional to ambient temperature but increases with
the increase of Na salt content in the electrolyte. Eshetu et al. have extensively
studied the structure and properties of the SEI layer formed by the decomposition
of electrolytes on the HC surface, and it has been reported that the anion of the
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electrolyte salt dominates the SEI film characteristics. This group also studied the
effect of reductive decomposition of ILs on the thermal stability of SEI film. For
conventional carbonate solvents, the initial temperature of the first exothermic
peak (related to the SEI membrane cleavage) is mainly in the following order:
Na[ClO4]<Na[PF6]<Na[TFSA]≈Na[TFSA]<Na[FSA] (Figure 12.10b) [28a, 34a].
In the conventional carbonate solvent EC/DEC, there is a more severe corrosion
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of the aluminum collector. However, the presence of Na[FSA] salt in different
solvents slows down the corrosion of Al collectors, and the order of stability is
EC/DEC<EC/DEC+ 5% NaPF6 < [C4C1pyrr] [FSA]. The experimental results
show that the ILs electrolyte can effectively maintain the structural stability of the
SEI layer as well as the Al collector.

The SEI layer formed in IL electrolyte is significantly different from that formed
in organic electrolytes. The performance of SEI layer formed on the surface of HC
modulated by 1 mol dm−3 Na [FSA]-[C3C1pyrr] [FSA] IL electrolyte and conven-
tional organic electrolyte at room temperature were experimentally investigated.
The results showed that the charge transfer resistance of the SEI films formed
in the HC/Na symmetric cells containing IL electrolyte was lower than that in
the conventional organic electrolyte. SEM and XPS measurements confirmed the
formation of dense SEI films enriched with Na2CO3 and NaCO2R inorganics in the
organic electrolyte. These inorganics are considered to be resistive components in
the SEI layer, which affect the cycling performance of the cell. Similar inorganics
were also observed in the three-dimensional carbon framework using 1 mol L−1

NaClO4+EC/DEC (1 : 1, v/v), while polyolefins ((CH2)n) and SQCQO from FSA
anions were found in the SEI layer formed in the IL (Figure 12.10c) [34a, 35b].

Dai and co-workers [34a] reported a chloroaluminate IL electrolyte consisting of
two important new additives, ethylaluminum dichloride and 1-ethyl-3-methylimi-
dazolium bis(fluorosulfonyl)imide. The fabricated cell achieves a high level of
energy and power density of approximately 420 Wh kg−1 and 1766 W kg−1, respec-
tively, with a Coulombic efficiency of 99.9% and a voltage of approximately 4 V.
The experimental results show that the sodium metal battery has high energy, high
power density, long cycle life, and high safety (Figure 12.10e,f).

12.6 Concluding Remarks

ILs offer their own distinct advantages over conventional organic carbonate elec-
trolytes. Their low volatility and wide temperature properties have a very high com-
mercial value. To further explore the need for a suitable electrochemical window, fast
ion conduction, and wide temperature range, further research is desirable to develop
ideal ILs. Therefore, the ionic and dissolved structures, sodium salt morphology and
concentration, cell structure, and operating procedures must be further optimized
in order to obtain the best performance of SIBs.

Novel ILs with superior functionality of anions are important targets for future
electrolyte research. For instance, IL gel polymer electrolytes prepared by combin-
ing IL with inorganic ceramics are very promising, which not only have suitable
mechanical strength and excellent conductivity but also can be used to develop high
safety and high specific energy all-solid Na secondary batteries. In addition, eutectic
solutions (DES) and other complex salt-based electrolytes may be inexpensive alter-
natives, although there is still a gap in performance with ILs. ILs and their analogs
will be used more and more widely in the SIB field.
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13

Solid-State and Gel Electrolytes for Sodium-Ion Batteries

13.1 Introduction

Liquid electrolyte used in traditional secondary battery systems has good ion
transport capacity and excellent electrochemical performance. However, liquid
electrolyte is not perfect with several disadvantages. First, the thermal stability and
electrochemical stability of liquid electrolyte are not good enough, especially at
elevated temperatures or against Na metal anode or high-potential cathode. Second,
liquid electrolyte suffers from concentration polarization, due to low Na+ transport
number. Third, liquid electrolyte poses safety risks due to its flammability. Lastly,
batteries with liquid electrolyte are easy to leak and gas, which also leads to safety
problems.

Because of these disadvantages in liquid electrolytes, the use of solid-state elec-
trolytes (SSEs) to replace liquid electrolytes and separators to fabricate all solid-state
batteries (ASSBs) has attracted more and more attention from researchers. In the-
ory, SSEs are safer and more stable, including thermal stability and electrochem-
ical stability. Also, SSEs can simplify the battery assembly process (Figure 13.1),
since they can act as both ion conductor and separator. Therefore, the evolution
of solid-state batteries may make breakthroughs in electrochemical storage systems
such as mobile/portable electronic products and grid storage. However, there are
several drawbacks of SSEs comparing to liquid electrolytes: the most important one
is poor interfacial contact between solid particles (i.e. huge interfacial resistance).
Even the interfacial contact at the beginning is acceptable, the volume changed dur-
ing cycling would cause contact loss and resistance increase. Therefore, good cycling
performance for ASSBs requires certain pressure to improve and maintain the physi-
cal contact. According to different material, SSEs for sodium-ion batteries (SIBs) can
be divided into inorganic, organic, and composite solid electrolytes [1].

13.2 Electrolyte Characteristics

13.2.1 Energy Density

Besides safety, higher energy density is another important advantage for ASSBs. Qiao
et al. conducted the energy density and technical feasibility of lithium and sodium

Sodium-Ion Batteries: Energy Storage Materials and Technologies, First Edition. Yan Yu.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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batteries based on liquid electrolyte (LEs) and SSEs, and the results are summarized
and shown in Figure 13.2 [2].

(1) The potential difference between the sodium anode and the lithium anode
is only 500 mV, so the energy density of sodium-based battery is not much
lower than that of lithium-based batteries, especially for those high-capacity,
high-potential cathodes.

(2) SSE will slightly increase the energy density (about 10%). And depending on
the density of different solid electrolytes (1.2 g cm−3 for polymer electrolytes,
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2.4 g cm−3 for glass electrolytes, and 5.15 g cm−3 for ceramic electrolytes), ASSBs
with polymer electrolytes show the highest mass energy density.

(3) Replacing hard carbon anode with Na anode only increases a little bit energy
density, which is different from replacing graphite anode with Li anode. For
example, Li|SPE|LiFePO4 battery has an energy density of 350 Wh kg−1, while
graphite|LE|LiFePO4 battery has only 250 Wh kg−1, showing a decrease of over
30% over the former. On the other hand, the energy density of Na|SPE|NaFePO4
and HC|LE|NaFePO4 batteries is similar (around 200 Wh kg−1).

It should be noted that here only electrode films, current collectors, and elec-
trolytes/separators are considered to calculate energy density, so it is still higher than
that of commercial batteries. Considering that ASSB single cells can stack for several
layers and seal in one pack, while batteries with liquid electrolyte cannot, the energy
density of ASSBs can be even higher than that of liquid-electrolyte-based batteries.
In addition, ASSBs make anode-free batteries possible, which would further increase
the energy density.

13.2.2 Ionic Conductivity

The requirements for electrolytes are high ionic conductivity and low electron con-
ductivity. The solid electrolyte is composed of a main chain structure of mobile ions
and immobile framework. In general, an increase in the valence of adjacent mobile
ions causes a stronger Coulomb interaction, which raises the activation energy bar-
rier. When ions with the same charge are moving, the interaction with neighboring
ions is more sensitive to the influence of ion mobility, especially when two ions are
close. Because the Coulomb repulsive force has a tendency of mutual principle dur-
ing the movement, there is a reduction in the number of ion migration. Therefore,
the open crystal framework is essential for ion conduction. In addition, the relative
size of vacancies in the host crystal also affects ion migration. If the intermediate
vacancy for the mobile ion is too small, it may be hindered by a large electrostatic
trap, and if it is too large, the framework may be not stable. Moreover, the ionic
conductivity is also related to the temperature. That is, the natural logarithm of con-
ductivity is proportional to the reciprocal of absolute temperature, and the slope
represents the diffusion activation energy of the solid electrolyte.

For polymer solid electrolyte, it embodies certain ionic conductive properties
under the action of external electric field. The matrix materials of traditional
polymer electrolytes include polyethylene oxide (PEO), polyacrylonitrile (PAN),
polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP), poly(methyl methacrylate
(PMMA), etc. Polymers with electronegative groups can form coordination with
ions, accompanied by local and long-range thermal motion of the molecular chain.
The directional transport occurs under the action of an external electric field.
Selecting a polymer matrix with a higher dielectric constant (𝜀) can reduce the force
between the anions and cations of the salt, improve the dissociation of the salt, and
theoretically result in a higher ionic conductivity. In SIBs, the transfer of Na+ in
PEO occurs mainly in the amorphous region. With the creep of the PEO segment,
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Na+ and O on the EO monomer are continuously complexed and decomposed, thus
achieving the migration of Na+. However, PEO has high ionic conductivity only in
the amorphous state. Due to the presence of crystalline EO segments, the creep of
molecules is restricted, which leads to difficulties in ion migration and low ionic
conductivity. Therefore, the subsequent improvement of PEO properties is mainly
reflected in the reduction of its crystallinity. Commonly used methods include
co-mixing, cross-linking, addition of inorganic nanoparticles, and compounding
with ceramic electrolytes.

The concentration of mobile ions and microstructure also has important effects
on ionic conductivity [3]. When the concentration exceeds the critical point, the
host lattice is deformed, and vacancies are reduced, resulting in a decrease of the
ionic conductivity. Moreover, the resistance generated by the microstructure grain
boundaries must be mitigated. It is well known that the conductivity of the grain
boundaries is lower than the conductivity of the bulk. Thus, it is necessary to adjust
the grain size, structure, and the synthesis method to reduce the grain boundary
resistance.

Structure and composition of SSE not only have a significant impact on properties
such as ionic conductivity, but also seriously affect battery performance. There is not
yet a clear understanding of SSEs in SIBs, but various electrolyte systems have been
investigated, which are mainly derived from lithium-ion batteries (LIBs).

13.2.3 Chemical Stability

The chemical stability of the electrolyte itself and the interfaces is also a vital aspect
affecting the cycle life and safety of the battery. Chemical stability is the property of
a material to keep its properties intact during preparation and storage. For materials
with poor chemical stability, it is detrimental to battery performance and can easily
lead to safety issues. Therefore, the chemical stability of the material and interface
dictates the production conditions and configuration.

Liquid electrolytes have been widely used until now due to their high interface
contact with solid electrodes. However, liquid electrolytes have safety concerns,
especially after a series of high-profile fire hazards caused by thermal runaway. SSEs
thus came into the public eye. The use of SSEs will have a number of the advantages
in addition to fundamental addressing the safety of batteries [4]. For example, it
can circumvent the well-known polysulfide shuttle effect in lithium-sulfur batteries
[5]. So far, some significant progress has been made in the field of SSEs including
polymer, oxide, and sulfide systems. If some of the existing problems of these SSEs
can be solved, it would be possible to achieve battery systems with high energy
density [6].

In solid-state battery systems, interface issues present pressing challenges that
need to be addressed. Achieving the ideal fixed solid–solid contact during operation
(e.g. the poor garnet SSEs-Na interface [7]) is very difficult, and severe volume
changes are sometimes occurred during this process. Koerver et al. constructed
a high-energy solid-state battery, which showed that at high potentials, the sul-
fide electrolyte decomposes and forms an adverse interfacial phase, causing an
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irreversible capacity loss in the first cycle. The results also displayed that the
chemical–mechanical shrinkage of the active material during desodiation results in
poor solid–solid contact, hence leading to high interfacial resistance and significant
capacity loss (see SEM image in Figure 13.3). Decomposition of SSEs also usually
occurs at low voltages, and a stable electrode/electrolyte interface is desired to form
to avoid chemical side reactions. The SEI problem will become even more challeng-
ing for future high-energy SMBs using aggressive high-voltage cathodes and sodium
metal anodes. Unfortunately, in order to perform safer operations at more extreme
potentials, higher chemical stability (larger electrochemical stability window)
usually accompanies lower ionic conductivity. Another serious challenge for solid
SMBs is the harmful Na dendrites that even produced in dense SSEs samples [9]. In
addition, air sensitivity, mechanical stability, electronic conductivity, and thermal
stability should be considered [10]. For example, in many cases, the presence of
H2O, O2, and CO2 in the air may lead to irreversible degradation during manufac-
turing or even operation. Two points should be mentioned here: (i) as shown in the
detailed morphological analysis of storage [11], looking for electrodes with a high
ionic contribution (e.g. NASION structure) can minimize the number of critical
electrode/electrolyte contacts; (ii) the use of synergistic solid/liquid composite
electrolytes [11b, 12] can provide an elegant solution to the above dilemma [8].

In summary, the stability of the solid electrolyte and the electrolyte/electrode
interface has a significant impact on the design and manufacture of the actual
battery. The environmentally sensitive nature of the SSEs determines the conditions
of synthesis and transport [13]. Therefore, from phenomenon to a comprehensive
understanding of the fundamental mechanisms in solid electrolytes is essential.
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13.2.4 Mechanical Stability

Mechanical stability refers to the ability of the material to remain unchanged under
certain stress. Some of these stresses arise from the unavoidable volume changes
of the electrodes. Close contact between the electrode and the SSEs allows for bet-
ter mechanical stability of the cell. However, dendrite growth in SIBs often causes
cracking or chalking of SSEs during cycling. These findings suggest that mechanical
stability issues cannot be ignored in SIBs [14].

Highly branched grafted polymers and hyperbranched polymers have poor
mechanical properties. Blending with polymers of high mechanical strength
can improve electrolyte properties. For inorganic solid electrolytes, the bonding
energy between the cation and anion affects the elastic modulus. The elastic
modulus of 75Na2S–25P2S5 is lower than that of 75Li2S-25P2S5 [15]. In addition,
sulfide glasses can be pressurized and sintered at RT, while oxide glasses require
high-temperature sintering due to their high bond energy. As a result, all-solid-state
batteries with higher energy density can be obtained by reducing the modulus of
elasticity, increasing the denseness of the SSEs, and adapting the volume changes
in electrode.

13.2.5 Thermal Stability

Thermal stability also has a significant impact on the practical application of ASSBs,
which should be not easy to decompose or react at high temperatures. However,
recently there have been reports of thermal runaway, heat generation, and gas release
in ASSBs. Thus, for the commercialization, the thermal stability of SSEs in ASSB is
needed to further improve.

The required characteristics for the SSEs as mentioned above are summarized in
Figure 13.4 [17].

13.3 Polymer Electrolytes

13.3.1 Solid Polymer Electrolytes (SPEs)

The discovery of ion conducting polymers can be traced back to 40 years ago, when
Wright and Armand reported that alkali metal salts (i.e. Li, Na, K, Rb, and Cs) could
combine with PEO to form composite materials, which demonstrate ion conduc-
tion, and can be used in electrochemical devices. Polymer electrolytes (PEs) have
both solid ionic conductivity and mechanical flexibility, and their good interface
contact with solid electrodes makes them an ideal substitute for liquid electrolytes
in electrochemical cells. Solid polymer electrolytes (SPEs) have relatively low cost
and lightweight, which are beneficial to increase energy density. In addition, they
own good safety and workability and are advantageous for forming, patterning, and
integration with electrodes. Also, they have a high degree of flexibility in battery
design and are easy to manufacture ultrathin membrane. Finally, SPEs display
good resistance to suppress the electrode volume change during the charging and
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discharging processes. However, the conductivity of SPEs at room temperature is
only 10−5–10−7 S cm−1, which cannot meet the requirements of battery operation.
Therefore, SPE-based batteries usually work at elevated temperatures of 60–90 ∘C.

PEO is the most widely used polymer for SPE preparation. In addition to
PEO-based electrolytes, several other polymer electrolytes have been studied such
as PVP, polyvinyl chloride (PVC), PVA, PAN, and polycarbonate (Table 13.1).

13.3.1.1 PEO-Based Electrolyte
PEO is an industrial crystalline polymer, whose molecular weight can vary within
a wide range, e.g. the higher degree of polymerized PEO having relative molecular
mass of 1× 105–1× 106. PEOs are white flowable powders with a molecular struc-
ture of (CH2CH2O)n, but these resins have a low concentration of active end groups.
Due to the presence of C—O—C bonds, they are usually pliable and can form asso-
ciates with electron acceptors or certain inorganic electrolytes. In addition, PEOs
are water-soluble polymers due to the formation of hydrogen bonds. The abovemen-
tioned structural characteristics make PEOs versatile.

PEOs can form complexes with many low-molecular organic compounds, poly-
mers, and some inorganic electrolytes. Among them, inorganic compounds mainly
include amines fluoride, sodium fluoride, bromine, iodine, potassium, mercury
halides, ammonium thiocyanate, potassium thiocyanate, etc. Because of good water
solubility, low toxicity, easy processing and molding characteristics, PEO can be
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Table 13.1 Polymer molecular formula and structure for SPEs.

Polymer matrix Molecular formula Structure

PEO (CH2CH2O)n
H

O
OHn

PVP (C6H9NO)n
N O

n

PAN (CH2CH(CN))n CN

n

PMMA (CH2C(CH3)(CO2CH3))n
O O

O
n

PVDF (CF2CH2)n H F

H F
n

PVDF-HFP (CF2CH2)n-(CF2CF(CF3))m F F F

F FCF3

x y

PVA (CH2CHOH)n OH

n

PVC (CH2CHCl)n H

H H

Cl

n

used as water-soluble membrane, textile slurries, thickeners, flocculants, lubricants,
dispersants, aqueous-phase reducer, cosmetic additives, anti-static agents, etc.

PEO-based SPEs have also been researched and applied in Na secondary batter-
ies. In 1995, Chandra and coworker [18] used solution casting technology to prepare
PEO/NaPF6 membrane with different Na+/EO ratios. The highest ionic conductiv-
ity of PEO/NaPF6 electrolytes is 5× 10−6 S cm−1 with Na+/EO ratio of 0.065 at room
temperature. Other groups also studied the performance of electrolytes with differ-
ent salts added to PEO. The types of salts include NaClO3 [19], NaLaF4 [20], NaClO4
[19], NaFSI [21], NaFNFSI [22], and NaTFSI [21a].

Chandrasekaran et al. [19] investigated the conductive polymer electrolyte of
PEO/NaClO4 for Na/SPE/MnO2 batteries with PEG as plasticizers in 2001. The
PEO/NaClO4 SPE has a high activation energy of 0.539 eV for sodium ion migration
at room temperature, and its ion conductivity is only about 10−8 S cm−1. Adding PEG
(10%) to PEO/NaClO4 (1 : 2) increases the ion conductivity to 3.40× 10−6 S cm−1 and
decreases the activation energy of sodium ion migration to 0.417 eV. The energy den-
sity of the Na/SPE/MnO2 battery is close to 350 Wh kg−1. Moreover, adding sodium
salt of NaLaF4 to PEO-based SPE also demonstrates similar benefits (Figure 13.5a).
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Boschin et al. [21a] studied the effects of species and molar ratios of different
anions (e.g. NaFSI and NaTFSI) on SPE performance. The NaTFSI-(PEO)n (n = 9)
exhibits a higher ionic conductivity (4.5× 10−5 S cm−1) at 20 ∘C. It is because
that the internal flexibility and large size of TFSI− inhibit crystallization, while
bis(fluorosulfonyl) imide (FSI−) crystallizes more easily at room temperature. In
addition, there is a stronger interaction between FSI− and Na+, which reduces the
ionic conductivity of NaFSI-based SPE (Figure 13.5b–d).

In particular, Armand and coworkers [23] proposed that the fluorinated anion
can act as a plasticizer for PEO-based electrolytes, thereby reducing the crystallinity
of the polymer and achieving higher ionic conductivity at room temperature. This
effect can provide mechanical elasticity and plasticize the polymer electrolyte.

Hu and coworkers [24] researched the workability of PEO-NaPF6 SPEs in SSBs,
which exhibit comparatively high ionic conductivity of 6.3× 10−4 S cm−1 at 80 ∘C
(Figure 13.6a) and a large Na+ transfer number (tNa+) of 0.58 (Figure 13.6b,c). Also,
PEO-NaPF6 SPEs have good thermal stability in SSBs up to around 200 ∘C, which
enables it stable enough in SSBs. As displayed in Figure 13.7, the PEO-NaPF6 SPEs
have excellent capacity retention at 80 ∘C in Na|Na3V2(PO4)3@C battery (85.8% after
200 cycles at 2 C) and Na|NaNi2/9Cu1/9Fe1/3Mn1/3O2 battery (77% after 100 cycles
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at 0.5 C). All these characteristics make PEO-NaPF6 SPEs promising substitutes for
SSBs applications.

Adding cellulose to the mixed polymer electrolyte is an effective method
to improve the mechanical properties of all-solid-state SIBs. Gerbaldi and
coworkers [25] prepared a PEO-based SPE with carboxymethyl cellulose Na
(PEO : NaClO4 : carboxymethyl cellulose [CMC] = 82 : 9 : 9). Meanwhile, CMC
could act as an electrode binder and improve the interface between the electrolyte
and electrode. The PEO-CMC electrolyte showed lower charge transfer impedance
than that of the PEO electrolyte, which meant better ion diffusion and compat-
ibility between the PEO-CMC electrolyte and the electrode. The Na|SPE|TiO2
and Na|SPE|NaFePO4 half-cells assembled using PEO-CMC electrolytes had good
reversibility, stable voltage platform, and cycling stability (Figure 13.8).

13.3.1.2 PVA-Based Electrolyte
PVA is an organic compound with the chemical formula of [C2H4O]n. The appear-
ance is a white flaky, flocculent, or powdered solid, odorless. It is soluble in water
(above 95 ∘C), especially in dimethyl sulfide (DMSO), but insoluble in gasoline,
kerosene, vegetable oil, and benzene. PVA is another Na ion-conducting polymer.
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Owing to the strong solvent affinity, good film-forming properties, and wide
temperature window, PVA-based gel electrolytes attract great attention at present.

Bhargav et al. [26] prepared PVA/NaBr electrolytes by solution casting tech-
nique and dried the film under vacuum. They found that the ionic conductivity
of PVA polymers can be improved by introducing NaBr, and the as-prepared
PVA/NaBr (weight ratio = 70 : 30) SPE has the maximum ionic conductivity of
1.362× 10−5 S cm−1 at 40 ∘C, which is three orders of magnitude larger than pure
PVA. At the same time, the activation energy reduced from 0.478 to 0.326 eV. Thus,
the PVA/NaBr electrolyte has potential applications in all solid-state SIBs.

Kumar and coworkers [27] synthesized polymer electrolyte of PVA/sodium citrate
(9 : 1) membranes doped with different concentrations of nano-Pr2O3 by solution
casting technique (Figures 13.9 and 13.10). The membrane with 3.0% nano-Pr2O3
content was found to be more homogeneous (Figure 13.9) and possessed more
amorphous zones, which lead to more interactions between the functional groups
of the polymer films and the nano-Pr2O3 particles, thus making the films more
conductive. The pure PVA with sodium citrate shows a low ionic conductivity
(5.59× 10−10 S cm−1) and a high activation energy (0.42 eV). With adding minor
nano-Pr2O3, the Na+ ion conduction is improved and optimized with 3% Pr2O3
(Figure 13.10a). The ionic conductivity of the composite electrolyte with 3% Pr2O3
is measured to be 7× 10−4 S cm−1, combined with an activation energy of 0.21 eV

Nano-Pr2O3 3% Nano-Pr2O3 4%

Nano-Pr2O3 2%Nano-Pr2O3 1%

Figure 13.9 SEM images of composite polymer electrolyte (PVA: sodium citrate = 9 : 1+
1–4% nano-Pr2O3). Source: Babu et al. [27]. Reproduced with permission, Copyright 2018,
Hindawi.
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(Figure 13.10b). With increasing temperature, the conductivity becomes higher
and higher. This is due to the enhanced jumping of inter-chain and intra-chain
ionic motions, which further reduces the microscopic viscosity of the membrane.
In addition to ionic conductivity, the transference number of the composite elec-
trolytes with Pr2O3 is close to 1, indicating the composite electrolyte as a single-ion
conductor (Figure 13.10c). These membranes were successfully employed as
polyelectrolytes for electrochemical batteries and their discharge characteristics
were evaluated (Figure 13.10d).

13.3.1.3 PAN-Based Electrolyte
Osman et al. [28] prepared PAN-based polymer electrolytes with NaCF3SO3 as Na
salt and DMF as solvents. The optimized ionic conductivity is about 0.31 mS cm−1

when 24 wt.% NaCF3SO3 is added to PAN, combining with an activation energy of
0.28 eV. Ionic conductivity of PAN+ 24 wt.% NaCF3SO3 is much higher than that
of other polymer electrolytes. However, the electrochemical stability is not reported
yet, which is also important for SSEs.

13.3.1.4 PVP-Based Electrolyte
Electrolyte based on polyvinylpyrrolidone (PVP) and sodium salts of NaF, NaClO4,
and NaNO3 is another ion-conducting polymer electrolyte.

Kiran Kumar et al. [29] investigated the effect of NaF on PEO/PVP blend elec-
trolyte. The addition of NaF increases the ionic conductivity and decreases the
activation energy of PEO/PVP polymer electrolyte. The increase in the conductivity
with adding more NaF is attributed to a decrease in crystallinity and an increase
in amorphosity. Vahini and Muthuvinayagam [30] studied the effect of NaNO3
on PVP-based SSEs and found that the 6 wt.% NaNO3-doped system has the
maximum ionic conductivity value (1.21× 10−5 S cm−1). The ionic conductivity of
PVP+NaNO3 electrolyte is positive correlated to the Na salt concentration, that is,
it increases with increase of sodium salt concentration. When the weight ratio of
NaNO3 exceeds 6 wt.%, the decrease in ionic conductivity is due to aggregation of
ions in polymer matrix.

13.3.1.5 PVDF-Based Electrolyte
Polyvinylidene fluoride (PVDF)-based polymer electrolyte was also investigated
as a sodium conductor, with NaCF3SO3 as the Na salt [31]. An ionic conductivity
of 2.1 × 10−6 S cm−1 and activation energy of 0.33 eV were achieved at 25 ∘C for
PVDF-NaCF3SO3 (Figure 13.11a). With adding 2 wt.% SiO2 filler, the ionic con-
ductivity was enhanced to 0.06 mS cm−1 and the activation energy was reduced to
0.28 eV (Figure 13.11a). The cycling test with symmetric cell using SiO2/PVDF com-
posite electrolyte and Na electrode showed high stability of SiO2/PVDF composite
electrolyte against Na metal (Figure 13.11b) [31]. The battery performance was also
investigated using SiO2/PVDF composite electrolyte, Na anode, and Na3V2(PO4)3
(NVP) cathode. This SSB provides a specific capacity of over 100 mA h g−1 and a
specific energy density of 126 Wh kg−1 at 0.5 C. The SSB maintains 70% of its initial
specific capacity after 100 cycles (Figure 13.11c,d). In addition, the rate performance
is good, with 50 mAh g−1 capacity at 5 C (Figure 13.11e,f). The results indicate that
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PVDF-based polymer electrolytes are promising with acceptable ionic conductivity
and good electrochemical stability.

13.3.2 Na Polymer Single-Ion Conductors

Single-ion conductive polymer electrolyte is a newly developed one to increase the
SPE ion transfer number, which usually consists of a (block copolymer) polymer.
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It is characterized by the covalent linking of anions to a largely immobile poly-
mer backbone, and the only movable ion is the cation. In this ionomer, there is no
concentration gradient and high-rate charging and discharging can be applied. By
immobilizing counter anions on the polymer chain, concentration polarization can
be inhibited, thereby facilitating the migration of cations (sodium ions). In addition,
the growth of dendrites can be restrained in single-ion conductor.

Bronstein et al. [32] developed a mono-ionic conductor composite polymer
electrolyte with excellent electrochemical properties composed of PEG and SiO2
nanoparticle, conductivity of which is 10−4 S cm−1 and cation transference number
is 0.9 at room temperature (Figure 13.12). High transference number was achieved
with an organic–inorganic component formed on the surface of SiO2 (Figure 13.12a).
In addition, PEG became amorphous with adding SiO2 (Figure 13.12b), which
increases the ionic conductivity to about 10−4 S cm−1 (Figure 13.12c). However, the
activation energy for this single-ion conductor was measured to be 0.7 eV, limiting
the application in lower temperatures (Figure 13.12c). Further research revealed
that the ionic conductivity also depends on the thermal history (Figure 13.12d).
During the heating process (red squares), the conductivity increases to 60 ∘C, then
drops, and stabilizes at 80 ∘C. Upon cooling (blue diamonds), the conductivity
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decreases monotonically to room temperature and then increases back to the
original value, when holding at room temperature for four days (Figure 13.12d).
One possible reason for the conductivity dropping above 60 ∘C could be a lost
contact between the SPE film and the electrode, because of differential expansion
coefficient between the SPE film and gold film electrode.

Forsyth and coworkers [33, 34] prepared a neutral polymer mono-ionic conductor
electrolyte consisting of trifluoromethanesulfonimide anionic groups and quater-
nary ammonium cations (Figure 13.13). The conductivity is 10−6 S cm−1 at 90 ∘C. In
polymer chains, the anion is immobilized and the cation is the only movable ionic
species in electrolyte, thus minimizing the effect of concentration gradients, since
the ion transfer number can approach 1. The use of quaternary ammonium cations
in ionic polymers leads to a reduction in the combination of sodium cations and sul-
fonic acid groups. Bulky ammonium cations have weaker ion–ion interactions and
can act as plasticizers due to the mobility of the alkyl chains. However, these systems
create additional problems due to the binding of anions. The interaction between the
immobilized anion and the cation decreases the mobility of the cation, which usually
results in low conductivity.

13.3.3 Adding Ceramic Additives to Polymer Electrolytes

Conventional fillers (inactive fillers), such as titanium, alumina, and silica dioxide,
have been used as ceramic additives to prepare composite solid polymer electrolytes
(CSPEs) for SIBs.

In 1998, Scrosati and coworkers [23, 35] investigated the effect of nano SiO2 on
PEO/NaTFSI mixtures. The CSPE based on a ratio of EO/Na = 20 and 5 wt.% SiO2
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achieves the highest ionic conductivity (10−5 S cm−1) and sodium ion transfer num-
ber (0.51). The performance of CSPE can be further improved by functionalization
of SiO2 nanoparticles, which covalently bonded to oligomeric polyethylene glycol
chains [36].

Hwang and coworkers [37] made a CSPE with nano TiO2 (3.4 nm) and
PEO/NaClO4. The conductivity of CSPE (with 5 wt.% TiO2) is 2.6× 10−4 S cm−1 at
60 ∘C, which is twice as high as that of the pure PEO SPE (1.4× 10−4 S cm−1). The
increase in ionic conductivity can be attributed to the decrease in the crystallinity
of the PEO phase due to the addition of TiO2, which increases the content of
amorphous regions.

Liu et al. [38] designed a new method to prepare CSPE by a selective reac-
tion between NaFSI, trace amount of H2O, and inorganic filler (Al2O3), which
forms favorable interfaces for rechargeable sodium batteries (Figure 13.14a). It was
reported that due to the unstable S—F bond of FSI−, trace amount of H2O hydrolyzes
the anion to form hydrogen fluoride, and the Al2O3 filler reacts spontaneously
with HF to produce a stable AlF3⋅xH2O product, thus forming a stable SEI layer
on the sodium electrode (Figure 13.14b). At the same time, Al2O3 nanoparticles
can reduce the crystallinity of PEO, which increases the segmented movement of
PEO and improves the ionic conductivity to 1.0× 10−3 S cm−1 at 80 ∘C. Therefore,
the Na||Na3V2(PO4)3 battery with CSPE exhibits the capacity of 110 mA h g−1 and a
high initial Coulombic efficiency of 93.8% at 80 ∘C (Figure 13.14c).

In addition to these inactive inorganic fillers, active inorganic particles were
also introduced as SPE fillers. These inorganic fillers have some ionic conductivity
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themselves compared with the conventional inactive inorganic fillers. Hu and
coworkers [39, 40] developed two different Na superionic ion conductors (NASI-
CON) as inorganic fillers (Na3.4Zn1.8Mg0.2Si2PO12 and Na3Zr2Si2PO12) for CSPEs
(Figure 13.15a). The ionic conductivity of NASION-based CSPE was improved,
which is because: (i) the introduction of the filler reduces the crystallization of
polymer and improves the transport of sodium ions in the amorphous region; (ii) the
percolation effect can form a continuous and interconnected sodium ion transport
path on the surface of the nanoparticles; and (iii) the migration of sodium ions in the
NASION body contributes to improve the conductivity of the CSPE. A possible ion
transport mechanism is illustrated in Figure 13.15a. As a result, a high ionic conduc-
tivity of 2.4× 10−3 S cm−1 is obtained at 80 ∘C with 40 wt.% Na3.4Zn1.8Mg0.2Si2PO12,
which is much higher than that of the pure SPE (9.0× 10−4 S cm−1). The initial
capacity of Na|CSPE|Na3V2(PO4)3 battery is 106 mA h g−1 with negligible capacity
loss over 120 cycles and excellent rate performance (Figure 13.15b,c). The excellent
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performance is related to the good interface stability between the electrolyte and
the electrode, as well as the high ionic conductivity of the CSPE.

Ciucci and coworkers [41] found that the CSPE composed of Na3Zr2Si2PO12,
PVDF and NaClO4 could not only inhibit the growth of sodium dendrites, but
also effectively prevent the dissolution and migration of manganese ions from the
Na0.67MnO2 cathode, giving the battery good cycling stability and rate performance.

13.3.4 Gel Polymer Electrolytes (GPEs)

In order to distinguish from the aforementioned electrolyte, gel polymer electrolyte
(GPE) is defined as a polymer–salt complex containing liquid plasticizer and/or sol-
vent. The matrix is similar to the polymer electrolyte, including polyethylene oxide,
perfluorinated sulfonic membranes, PAN, PMMA, and PVDF.

In terms of physical state and chemical properties, GPE can be considered as
an intermediate state between liquid electrolyte and solid electrolyte. Compared
with liquid electrolytes, GPEs have an improved safety due to the avoidance of
electrolyte leakage and have an ionic conductivity of about 10−3 S cm−1, which is
intermediate between dry polymer electrolytes (10−4 S cm−1) and liquid electrolytes
(10−2 S cm−1) [42].

Although the safety of GPE is better than that of liquid-based electrolytes, it is
worse than dry polymer electrolytes. As a result, GPE is limited in addressing the
flammability and leakage issues of electrolytes. However, due to their polymer
nature, gels have good flexibility and processability compared with inorganic
ceramic or glass electrolytes. These characteristics and advantages make GPEs have
great prospects as electrolytes in practical battery applications in the future.

13.3.4.1 PMMA-Based GPE
PMMA is one of the most extensively studied polymer matrices for battery applica-
tions due to its good affinity, amorphous nature with organic electrolytes, and high
room-temperature ionic conductivity [43].

Goodenough and coworkers [44] prepared a SIB consisting of a cross-linked
PMMA composite GPE, Sb anode, and Na3V2(PO4)3 cathode. The cross-linked
PMMA GPE was prepared by in-situ polymerization with the liquid electrolytes of
1.0 M NaClO4 in PC/FEC (9 : 1, v/v) (Figure 13.16). The PMMA-based GPE has a
wide electrochemical window (4.8 V) because of the cross-linked PMMA having a
high oxidation potential. The strong interaction between the liquid electrolyte and
PMMA chains makes a high ionic conductivity of 6.2× 10−3 S cm−1 at 25 ∘C. The
activation energy of the GPE is 10.6 kJ mol−1, which is much lower than that of
PMMA-based electrolyte (12–27 kJ mol−1) and PEO-based electrolyte (44 kJ mol−1).
The lower activation energy indicates that the ion mobility in the GPE is mainly due
to the jumping of sodium ions rather than the movement of polymer chain segments.
The Sb|GPE|Na3V2(PO4)3 battery has a high discharge capacity (106.8 mA h g−1 at
0.1 C) and good rate performance (61.1 mA h g−1 at 10 C). The Sb|GPE|Na3V2(PO4)3
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GPE. Source: Gao et al. [44]. Reproduced with permission, 2016, John Wiley & Sons, Inc.

battery also has outstanding high-capacity retention compared with conventional
liquid electrolyte cells.

13.3.4.2 PVDF-Based GPE
PVDF is another most extensively studied polymers for the preparation of GPEs
because it has a strong polar functional group (—C—F) with a high dielectric con-
stant (𝜀 = 8.4), which facilitates the dissolution of sodium salts, giving a high con-
centration of charge carriers.

Park et al. [45] studied PVDF-based GPE with melamine as plasticizer and
NaCF3SO3 as salt. The conductivity of the GPE is 5.1× 10−4 S cm−1 at room tem-
perature. The as-fabricated Na|GPE|S battery can successfully operate at room
temperature.

PVDF-HFP-based electrolyte is also a desirable polymer backbone because
it is semicrystalline, which has good mechanical properties and special porous
structure [46].

Wu and coworkers [47] fabricated a highly porous membrane of PVDF-HFP-
based GPE by a simple phase inversion method using water as a nonsolvent
(Figure 13.17a–c). The PVDF-HFP membrane was soaked in liquid electrolyte
(1 M NaClO4 in EC/DMC/DEC = 1 : 1 : 1, wt.) to obtain GPE. Its thermal stability
is almost identical to that of a commercial separator (Celgard 2730), which is
stable at 130 ∘C. The ionic conductivity of PVDF-HFP-based GPE is 0.60 mS cm−1
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at room temperature (Figure 13.17d), which is higher than that of Celgard 2730
(0.16 mS cm−1, Figure 13.17e). PVDF-HFP-based GPE also has a higher sodium ion
transfer number (tNa+ = 0.3) than that of Celgard 2730 (tNa+ = 0.17), as well as a
wider electrochemical window (4.6 V, Figure 13.17f). In addition, PVDF-HFP-based
GPE not only can improve safety, but also exhibits excellent mechanical properties
(tensile strength of 7.6 MPa).

Goodenough and coworkers [48] prepared a composite GPE consisting of
polydopamine (PDA), glass fiber (GF), and PVDF-HFP with liquid electrolyte
(1 M NaClO4 in PC) (Figure 13.18). The composite GPE has good mechanical
properties with a tensile strength (20.9 MPa) and good thermal stability (200 ∘C).
The composite GPE also has a wide electrochemical window (4.8 V). The ionic
conductivity of the PVDF-HFP/GF GPE is 4.6 mS cm−1 at 25 ∘C. When the PDA was
added, the ionic conductivity of GPE was improved to 5.4 mS cm−1. The increase
in ionic conductivity can be attributed to the coating of polydopamine, which
accelerates the transmission of sodium ions in GPE. As shown in Figure 13.18, the
cycle stability and Coulombic efficiency of the Na2MnFe(CN)6||Na battery assem-
bled with PVDF-HFP/GF/PDA GPE are significantly improved, due to its higher
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ionic conductivity and better stability. The specific capacity at 0.2 C is similar with
different electrolytes (Figure 13.18a), while the rate performance and cycling perfor-
mance were improved with PVDF-HFP/GF/PDA GPE. With PVDF-HFP/GF/PDA
GPE, the capacity can be retained at 114 mA h g−1 at a current of 2 C (Figure 13.18b),
which is higher than that of batteries with glass–fiber separators (67 mA h g−1) [48].
After 100 cycles at 1 C, the capacity retention is about 89.4% for GF/PVDF-HFP/PDA
GPE, while it is only 57.8% for glass fiber separators (Figure 13.18c). In addition, the
Columbic efficiency is close to 100% with GF/PVDF-HFP/PDA GPE, much higher
than that with glass–fiber separators (Figure 13.18d).

13.3.4.3 Nafion-Based GPE
Nafion is well known as a good proton conductor, which has been widely applied
in fuel cells. Exchanging proton with Li+ or Na+ can make it Li+ or Na+ conduc-
tor. Kreuer et al. [49] developed perfluorinated sulfonic GPE membrane by mem-
brane ion exchange in an aqueous NaOH solution with an exchange rate of close to
100%. After removing the water and drying, the GPE was obtained by polymer mem-
branes expanding with DMSO. The ionic conductivity can reach over 1 mS cm−1 with
adjusting [DMSO]/[Li+] ratio to be 20.

Li and coworkers [50] used EC/PC (1 : 1, v : v) expanded Nafion to obtain a trans-
parent homogeneous film. It shows an ion conductivity of 2.5× 10−4 S cm−1 at RT
and an activation energy of 0.19 eV. The battery assembled with Nafion-based GPE
and Na0.44MnO2 cathode shows better cycle performance, comparing with conven-
tional liquid electrolytes.

13.3.5 Adding Ceramic Filler to GPEs

The mechanical properties of GPEs are worse compared with dry polymer elec-
trolytes. To overcome this problem, the addition of ceramic fillers to GPE is a widely
explored method to improve the mechanical properties of GPE. The addition of
inorganic fillers can not only improve the mechanical properties of GPE, but also
improve the electrochemical properties of GPE.

Aravindan et al. [51] studied the effect of nano Sb2O3 as the ceramic filler in
GPE with NaCF3SO3 as Na+ salt and blending PVDF and PEMA as polymer.
A maximum conductivity of 0.560 mS cm−1 was achieved at room temperature
with adding 10 wt.% Sb2O3. XRD reveals the amorphous nature of the composite
electrolyte, which is the main reason for high conductivity.

The Goodenough group [52] reported PVDF-HFP and PVP blended GPE with a
weight ratio of 65 : 35 using 30 wt.% Sb2O3 nano-powders as ceramic fillers. The
GPE with a conductivity of 6× 10−3 S cm−1 was obtained by the immersion of poly-
mer film in liquid electrolyte (1 M NaClO4 in EC/DEC = 1 : 1). In addition, the GPE
could restrain the growth of sodium dendrites, as demonstrated by the stable Na
stripping/deposition (Figure 13.19a,b). The prepared GPE was successfully applied
to sodium metal battery with the Prussian blue cathode material. The discharge
capacity of the battery can reach 115 and 65 mA h g−1 at current densities of 24 and
600 mAg−1, respectively.
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13.3.6 Cross-linked GPEs

Another strategy to improve the poor mechanical properties of GPEs is to cross-link
the polymers, which has been extensively explored in LIB applications [53].

Zhao and coworkers [54] reported a cross-linked GPE, which was synthesized by
in situ thermal polymerization of di(2-methacryloyltrioxyethyl)phenylphosphonate
(MATEPP), methyl methacrylate (MMA), and trifluoroethyl methacrylate (TFMA)
(Figure 13.20a). The prepared GPEs have wide electrochemical window (4.9 V,
Figure 13.20b) and high ionic conductivity (6.29× 10−3 S cm−1). A high specific
capacity (110.7 mA h g−1) at 1 C rate was obtained for the SIB based on cross-linked
GPEs and Na3V2(PO4)3 cathode. Furthermore, excellent long cycling stability was
observed at 5 C rate, retaining 81.8% and 69.2% of the capacity after 4500 and 10 000
cycles, respectively (Figure 13.20c). The battery with GPE also exhibited good cycle
stability when cycled at high temperature of 60 ∘C. Compared with conventional
liquid electrolytes, good cycle performance was also observed in SnS2|GPE|Na
battery and SnS2|GPE|NVP battery. It is shown that cross-linked GPE containing
phosphates holds great prospect for the production of safety battery systems.

13.3.7 Ionic Liquid-Based GPEs

In general, GPE is characterized with high ionic conductivity, but the use of liquid
organic solvents as plasticizers (EC, PC, DMC, DEC, etc.) reduces its safety compared
with “dry polymer electrolytes”. These liquid electrolytes are confined by a polymer
matrix. But due to the presence of volatile solvents, there are problems of electro-
chemical instability and flammability (especially at high temperatures), which limit
the broad application of the GPE. The use of nonflammable and nonvolatile ionic
liquids (ILs) instead of liquid organic electrolyte is a valuable option.

Kumar and Hashmi [55] prepared IL-based gel polymer electrolytes from
PVDF-HFP, 1-ethyl-3-methyltrifluoromethanesulfonic acid (EMIMTf), and sodium
cyanate (NaTf) with high ionic conductivity (5× 10−3 S cm−1). Boschin and
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1 mV s−1. (c) Cycle performance of Na3V2(PO4)3/Na batteries using the GPE and liquid electrolyte. Source: Zheng et al. [54]. Reproduced with permission,
2018, Royal Society of Chemistry.
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Johansson [56] reported IL-based GPE with components of Na salt (NaTFSI or
NaFSI), PEO, and Pyr13TFSI with the mole ratios of EO : Na = 1 : 6, 9, 20. The mass
fractions of IL were 5, 10, and 20 wt.%. This work demonstrated that the conductivity
generally increases with the increase of ionic liquid content, which is attributed to
the increase in sodium ion conduction pathways and the improvement of polymer
chain dynamics through the plasticizing effect. However, the conductivity was
lower than 10−5 S cm−1 at room temperature, which limits its practical application.

13.4 Inorganic Solid-State Electrolytes

13.4.1 Oxide-Based Solid-State Electrolytes

13.4.1.1 Beta-Alumina
Faraday explored the remarkable ionic transport properties of solid PbF2 and Ag2S
for the first time in 1838 [57]. Nonetheless, an oxide-based SSE of beta-alumina,
which has an outstanding Na+ conductivity, got people’s attention until 1960s [58].
At first, what caught the researchers’ attention is its good refractory. Later, it was
revealed that beta-alumina has promising ionic conductivity and electronic resistiv-
ity in 1967 [58, 59]. This discovery brought a great chance to use beta-alumina to
replace liquid electrolyte in energy storage batteries.

Beta-alumina (beta-Al2O3), which typically operates at 300–350 ∘C, is principally
serviced in ZEBRA batteries. What’s more, it is an important component of solid
electrolytes in the application of Na–S batteries (Figure 13.21) [60]. The ionic
conductivity of beta-Al2O3 at room temperature is also high, making it possible to
assemble ASSBs with beta-Al2O3 and operate at room temperature [61]. In addition,
beta-Al2O3 has been proven to be stable against Na metal anodes and obtain low
interfacial resistance between beta-Al2O3 and Na [62]. However, voids form in the
Na metal/beta-Al2O3 interface during stripping and accumulate on cycling, making
the interface unstable and interfacial resistance increase [63]. This can be restrained
at high stack pressure and the interfacial stability improves [63].

In fact, beta-Al2O3 refers to a compound consisting of M2O⋅xAl2O3 (M = Na+,
K+, Rb+, Ag+, etc., x = 5–11). For Na2O ⋅ xAl2O3, it is a layered compound with
an overlapping structure of a spinel block Al11O16 and a conductive plane Na–O
layer. Beta-Al2O3 has two different structures: β-Al2O3 (P63/mmc; a = 0.559 nm,
c = 2.261 nm) and β′′-Al2O3 (R3m; a = 0.560 nm, c = 3.395 nm). Their chemical
composition and the order of accumulation of oxygen ions between the ion
conductive layers are different. The β phase is Na2O⋅(8–11)Al2O3, and β′′ phase
is Na2O⋅(5–7)Al2O3. Figure 13.22 shows the structures of the β phase and β′′
phase alumina [1c]. In the β-Al2O3 crystal structure, the spinel-based Al11O16 and
the Na–O layer are overlapped. The O2− accumulation at the base of the spinel
is the most compact, while the Na–O accumulation is loose. In the Na–O layer,
Na+ occupies three positions called Bever–Ross (BR), anti-Bever–Ross (aBR) and
mid-oxygen (mO). Compared with the β-Al2O3 phase, β′′-Al2O3 phase has higher
ionic conductivity of 2× 10−3 S cm−1 at RT and 0.2–0.4 S cm−1 at 300 ∘C. However,
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it is hard to obtain high-purity β′′-Al2O3. Chemical stability of β-Al2O3 was also
investigated, and the results indicate β-Al2O3 would absorb water to get hydrated,
and the amount is about one H2O molecular per cation in the conducting layer [64].

High-temperature heat treatment of α-Al2O3 and Na2CO3 is generally used to
synthesize β′′-Al2O3, with Li2CO3 and/or MgO as stabilizers [65]. Specifically,
the synthesis is carried out by wet ball milling, drying, and heat treatment of the
precursors at ≈1200 ∘C for several hours, followed by re-milling and sintering at
1600 ∘C for 30 minutes [66]. However, this method has some drawbacks: (i) grain
growth, (ii) water-sensitive NaAlO2 formed at grain boundaries, and (iii) high
β-Al2O3 percentage with decreased ionic conductivity. Furthermore, several other
methods such as coprecipitation method [67], sol–gel method [68], solution com-
bustion [69], microwave heating [70], spray freeze/freeze-drying method [71], and
mechanochemical method [72] have been used to synthesize uniform β′′-Al2O3.
However, high-purity chemical precursors or complicated production processes
are required to prepare high-purity β′′-Al2O3, which is not economically friendly.
The preparation of β′′-Al2O3 using cheap and rich hydroxyalumina groups (e.g.
boehmite and bayerite) as raw materials has been proposed [73]. It is reported
that the method can observably lower the sintering temperature and result in less
sodium loss.

Besides preparation method, cation doping such as Mg2+ and Li+ can stabilize
the β′′-Al2O3 and increase ionic conductivity [74]. The addition of Mg2+ or Li+ can
increase the octahedral coordinating aluminum and tetrahedral coordinated alu-
minum [AAl(IV)/AAl(VI)], making β′′-Al2O3 more stable and increase the β′′/β ratio.
Up to 95% content of the β′′-Al2O3 phase can be obtained by doping 2.0 wt.% MgO.
At the same time, the β′′-Al2O3 prepared by the doping method exhibits the highest
bending strength (283 MPa) [75]. Furthermore, Song and coworkers revealed that
TiO2 could promote the diffusion of Al3+ and O2−, thus improving the compactness
of β′′-Al2O3 [76]. Chen et al. stabilized the crystal orientation of β′′-Al2O3 by TiO2
doping and thus increased the ionic conductivity of the material [77].

13.4.1.2 NASICON
NASICON-type solid electrolyte materials were first reported by Goodenough and
Hong in 1976, with the advantages of high ionic conductivity, low coefficient of
expansion, and suitability for working at high temperatures [78]. The common one
is Na1+xZr2SixP3−xO12 (0≤ x ≤ 3), derived from NaZr2(PO4)3 by replacing P with Si.
Na3Zr2Si2PO12 is inexpensive and high conductive [79], which has been used as an
electrolyte in low-temperature Na–S [80], Na–O2 [81], and hard carbon-NaFePO4
batteries [80b] with excellent performance.

The NASICON material system has two different structures as shown schemat-
ically in Figure 13.23, both have open 3D Na+ transport channels [83]. One is
rhombus symmetrical structure with R3c space group. The PO4 tetrahedron and
the ZrO6 octahedron are connected at the same vertex to form a 3D skeleton. Na+ is
located in the voids of the skeleton and can be conduct tropically along the 3D chan-
nels formed by these voids. There are two crystallographically disparate sodium ion
positions: Na1 and Na2. The Na1 position is between two ZrO6 octahedra and forms



430 13 Solid-State and Gel Electrolytes for Sodium-Ion Batteries

M2
a

b c
a

(a) (b)

b

c

M2

M1

α

M2

β

M1

ZrO6

SiO4/PO4

Figure 13.23 Schematic diagram of NASICON cells with different structures:
(a) rhombohedral structure, and (b) monoclinic structure. Source: Samiee et al. [82].
Reproduced with permission, 2017, Elsevier.

an O3ZrO3NaO3ZrO3 structure along the c-axis, with each two O3ZrO3NaO3ZrO3
connected by a tetrahedron PO4. A structural belt parallel to the c-axis is formed,
while the position of Na2 is between the two structural belts (Figure 13.23a) [82].
When using Si to partially replace P, the crystal lattice will be slightly deformed
and its symmetry will be reduced because the tetrahedron of SiO4 is larger than
PO4. In this case, the structure would change from rhombohedral to monoclinic
(Figure 13.23b), and the position of Na2 splits into two positions (Na1+xSixP3−xO12,
1.8< x < 2.2). Partially replacing P by Si also introduces more Na to achieve charge
equilibrium. Further increasing Si in Na1+xSixP3−xO12 (x > 2.2) can change the
structure back to rhombohedral.

NASICON has an interconnected polyhedral covalent framework containing a
mass of interstitial sites, in which cations migrate [78a]. The strong covalent bond-
ing framework and structural pores give the structure an increased lattice thermal
conductivity and a high Debye temperature. Therefore, it is extensively believed to
have high thermal and chemical stability. Generally, the formula of NASICON is
NaB2(AO4)3, where A can be P5+ or Si4+ with smaller size and B can be divalent,
trivalent, tetravalent, or pentavalent metal ions with bigger size. In addition, Na+

concentration can be adjusted to balance the charge. The valence states and ionic
radii of dopant elements are vital factors when selecting B dopants. The appropri-
ate doping has an important influence on the Coulombic interaction between the
skeleton atoms and the mobile ion. As shown in Figure 13.24a, the crystal structure
and Na concentration can determine the ionic conductivity of NASICON ceram-
ics. Furthermore, the ionic conductivity is also related to composition, density, and
preparation method [84].

The number of Na vacancies effects the ionic conductivity [85]. For Na3+xSc2Six
P3−xO12, the optimized Na vacancy is about 0.6 with the maximum ionic conductivity
of 6.9× 10−4 S cm−1, when x equals to 0.4 (Na3.4Sc2(SiO4)0.4(PO4)2.6) (Figure 13.24b)
[85]. The Na vacancy can also be developed with doping Zr site by transition
metals or P site with Si. For example, the as-reported Na3.3La0.3Zr1.7Si2PO12 with
about 0.7 Na vacancies exhibits a high conductivity of 1.34× 10−3 S cm−1 among
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Na3+xZr2−xLaxSi2PO12 (0≤ x ≤ 0.5) [87]. Besides proper Na vacancies, the metal
cation size is also important, which affects the lattice parameters and diffusion
bottleneck. Guin and Tietz [88] deduced that ionic conductivity can reach the
highest when the average size of the metal cation is about 0.72 Å, and the Na con-
tent is close to 3.3 mol (0.7 Na vacancies). In addition, the two different structures,
monoclinic and rhombohedral, also affect the ionic conductivity. When convert-
ing from monoclinic to rhombohedral (around 147 ∘C), the activation energy of
Na3Zr2Si2PO12 decreases from 0.36 to 0.21 eV, indicating that rhombohedral phase
is more conductive [89]. In addition to adjusting Si/P ratio, replacing Zr4+ with
heterovalent ions (e.g. Y3+) can stabilize the more symmetrical rhombohedral phase
of NASICON-type materials [90]. Up to date, the as-reported Na3.4Zr2Si2.4P0.6O12



432 13 Solid-State and Gel Electrolytes for Sodium-Ion Batteries

exhibits the conductivity of 5× 10−3 S cm−1 at RT, which is even comparable
to liquid electrolytes [91]. The high ionic conductivity of Na3.4Zr2Si2.4P0.6O12 is
due to its rhombohedral structure, proper cation size, and also the suitable Na
vacancies (0.6).

Crystallization conditions have a critical effect on the microstructure of NASI-
CON. Na1.3Ti1.7Al0.3(PO4)3 ceramics with different grain sizes can be synthesized
under different calcination conditions [92]. It is found that small grains can enhance
the conductivity of ceramic grain boundaries [92]. Temperature and calcination
time also have an effect on the microstructure of sodium aluminum germanium
phosphate (NAGP) electrolytes, which in turn affects conductivity [93]. The heat
treatment conditions of NASICON electrolytes are usually determined by the
composition [94].

Solid-state reaction, hydrothermal, sol–gel, spray freeze, and freeze-drying
methods are generally used to synthesize NASICON [78b, 95]. It is preferable to
use solid-state reactions, in which a certain amount of the precursors is ball-milled,
dried, pre-calcined (≈900 ∘C), and then sintered at higher temperatures to obtain
a well-crystallized product. Sol–gel or hydrothermal methods are also adopted,
which can achieve more homogeneous products compared with other synthetic
methods.

In 2018, Goodenough and coworkers [96] used Na3Zr2Si2PO12 as the electrolyte
to construct Na2MnFe(CN)6|Na3Zr2Si2PO12|Na batteries, which not only prevented
the branching phenomenon of the anode material during the cycle, but also elimi-
nated the dissolution of the cathode material, effectively improving the performance
of the battery. Although NASICON SSE would decompose to NaOx at high poten-
tial and low potential vs. Na/Na+, the formed interface layers are electron insulator,
which can prevent further decomposing of NASICON SSE. However, Schmid et al.
[80b] showed that when temperature increases to 300 ∘C, Na1+xZr2P3−xSixO12 (x = 2
and 2.2) readily reacts with metallic sodium, thus making poor battery performance
under high temperature conditions.

Even with high ionic conductivity and high electrochemical stability, ASSBs
with NASICON-type SSE still cannot work well at room temperature, because of
the poor contact between NASICON and cathode. Goodenough and coworkers
added polymer electrolytes in the cathode to improve the contact and operate
the ASSBs at 60 ∘C, while helps to make the ASSBs to work [96]. In order to
improve the compatibility between the NASICON SSE and cathode, Noguchi et al.
prepared all-solid-state batteries with NVP as the cathode and Na3−xV2−xZrx(PO4)3
as electrolyte (Figure 13.24c), both of which are NASICON-type materials [86]. To
further reduce the interfacial resistance, the researchers prepared a single-phase
(Na3−xV2−xZrx(PO4)3) all-solid-state sodium battery [97]. When x = 0.6, it is demon-
strated a high conductivity of 1.2× 10−5 S cm−1. This cell offers a new direction
for the all-solid-state battery field. Furthermore, Goodenough and coworkers
incorporated a polymer film at the interface. It is demonstrated that the batteries
with Na3Zr2PO4(SiO4)2 as the electrolyte have a capacity of 102 mA h g−1 after
70 cycles at 0.2 C [98]. Recently, the addition of ionic liquids to solid electrolytes has
also emerged as an effective way of solving the interface problem [99].
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13.4.2 Sulfide-Based Solid-State Electrolytes

Oxide-based solid electrolytes have been widely studied, but the problems of
high interfacial resistance and low ion conductivity at RT limit their applications.
Sulfide-based solid electrolytes are good alternatives owing to the following reasons.
Firstly, sulfide-based SSEs have higher ionic conductivity than that of oxide-based
solid-state electrolytes because oxygen is more electronegative than sulfur [100].
Secondly, sulfide-based SSEs have lower production cost [101]. Thirdly, heat treat-
ment at high temperatures is generally required to reduce the interfacial impedance
for oxide-based electrolyte, while sulfide-based electrolytes only require a cold
pressing to obtain a better contact interface [102].

Figure 13.25a shows the crystal structure models of different sulfides, which can
be divided into two different structures, tetragonal (P421c) and cubic (I43m) [103].
The structures and ionic conductivities are affected by different dopants and syn-
thesis approaches. In Figure 13.25b, it can be seen that the different dopants affect
the Na site energy of the sulfides [104]. When the dopant element is Sn4+, the pre-
pared Na3+xSnxP1−xS4 has the highest Na site energy, which makes it less stable. For
Na3As0.38P0.62S4, DFT calculations indicate that the high ionic conductivity of sul-
fide is mainly due to the long length of the Na—S bond, causing a lower energy
barrier for sodium ion migration (Figure 13.25c) [105]. When S is totally replaced
by Se (Na3PSe4), the structure transfers from tetragonal to cubic, leading to higher
ionic conductivity of 1.16 m S cm−1 and a lower activation energy of 0.21 eV at room
temperature (Figure 13.25d) [106].

13.4.2.1 Na3PS4

Na3PS4 was first reported by Jansen and Henseler [107]. The space group of Na3PS4
at room temperature is tetragonal (P421c), and it transfers to cubic (I43m) at around
260 ∘C. The conductivity of tetragonal Na3PS4 is 4.17× 10−6 S cm−1 at 50 ∘C, with an
activation energy of about 0.42 eV. After converting to cubic phase, the activation
energy is slightly reduced to 0.4 eV. However, it is difficult to prepare cubic phase at
room temperature since it is not stable. Tatsumisago and coworkers successfully pre-
pared cubic Na3PS4 in 2012, which is metastable glass–ceramic and delivers much
higher ionic conductivity of over 10−4 S cm−1 and lower activation energy of about
0.27 eV at room temperature [108].

The modification of cubic Na3PS4 was focused on enhancing their ionic conduc-
tivity. Researchers have optimized the preparation processes such as grinding and
heat treatment conditions [109]. The Na2S and P2S5 precursors were mechanically
ground in a 3 : 1 molar ratio for 1.5 hours and heat-treated at 270 ∘C for two hours
to obtain cubic Na3PS4. Yubuchi et al. [110] used N-methylformamide (NMF) as a
solvent in which Na2S and P2S5 were dissolved. After the removal of the solvent, the
cubic phase Na3PS4 was obtained. Although its room-temperature conductivity was
only 2.6× 10−6 S cm−1, lower than that of the product obtained by solid-state reac-
tion, this approach can be effective in addressing interfacial problems in solid-state
SIBs by greatly increasing the contact area at the electrolyte–electrode interface.

In recent years, Meng and coworkers have improved the synthesis conditions of
Na3PS4 [111]. The synthesis parameters including total ball milling time, rotation
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speed, ball diameter, and secondary heat treatment were regulated. Figure 13.26a
exhibits that the highest ionic conductivity of Na3PS4 can be produced using
ball milling. When evaluated it as SSE, the TiS2 battery can provide a capacity
of 185 mA h g−1 and a better rate performance [111]. Adelhelm and cowork-
ers developed a battery using MoS2 nanosheets mixed with sulfide and carbon
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as the working electrode, Na3PS4 as the SE, and Na−Sn alloy as the counter
electrode. Figure 13.26b indicated that the specific capacity of the battery was
maintained at 163 mA h g−1 after 100 cycles at 0.05 C, with a capacity retention rate
of 66% [112].

Besides optimizing synthesis, ion doping is another efficient way to improve the
ionic conductivity, including cation and anion doping, for both cubic and tetragonal
Na3PS4.

Studies have shown that partial substitution of P by other elements in Na3PS4
could improve the ionic conductivity. The effect of doping mainly depends on the
radius and valence of the doped ions, with adjusting the lattice and introducing dif-
ferent types of defects. Equivalence ion substitution of P5+ by As5+ and Sb5+ would
not introduce extra defect such as interstitial Na or Na vacancy but can expand
the lattice. Yu et al. doped Na3PS4 with As to obtain Na3P0.62As0.38S4. Due to the
weak expansion of As and its strong interaction with S, the ionic conductivity and
the stability in moisture environment of the electrolyte are significantly improved
(Figure 13.27a) [106]. It can be seen from the XRD pattern that Na3P0.62As0.38S4 still
keeps the identical structure after being exposed to 15% humidity for 100 hours.
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Cation doping with lower valence would reduce positive charge, thus interstitial
Na is needed to balance the charge. Hayashi and coworkers proposed to replace
some of the P with Si [115]. They investigated the effect of replacing P with dif-
ferent amounts of Si on Na3PS4. Based on XRD analysis, it can be concluded that
no significant structural changes occurred. But when x in Na3+xSixP1−xS4 exceeded
10, a new phase with a different cubic structure appeared. Further, it was revealed
that the ionic conductivity reached the maximum at x = 6 and decreased signifi-
cantly when x exceeded 10, which is related to the structure change of Na3PS4 [115].
Later, Ong and coworkers [113] used molecular dynamics simulation to explain why
partial replacing of P by Si can enhance the ionic conductivity. The results indicate
that the channel volume and correlation in Na+ motions may play important roles in
enhancing Na+ conductivity in this structure. With Si4+ doping, the channel volume
increases from 863 to 879 Å3 (Na3.125Si0.125P0.875S4). Meanwhile, excess Na+ partially
occupied interstitial sites can induce Na disorder in c-Na3PS4, which enhances the
Na+ motions and ionic conductivity. In addition, they also studied the effect of Ge
and Sn doping on the ionic conductivity. As shown in Figure 13.27b, it was found
that Na3.0625Sn0.0625P0.9375S4 with cubic structure shows higher ionic conductivity
and lower activation energy.

On the other hand, supervalence cation doping (e.g. replacing Na+ with Ca2+

or P5+ with W6+) would introduce Na vacancies in Na3PS4, which is also benefit
to the ionic conductivity [114]. For example, Jung et al. have doped 0.135 Ca in
t-Na3PS4, which generated 0.135 Na vacancy at the same time (Na2.73Ca0.135PS4),
showing the enhanced ionic conductivity of 0.94 mS cm−1. In addition, after Ca2+

doping, tetragonal Na3PS4 would convert to cubic Na2.73Ca0.135PS4. Density func-
tional theory–based MD (DFTMD) simulations reveal the vacancy-driven Na-ion
diffusion in cubic Na3PS4. Thus, the Na vacancy in Na2.73Ca0.135PS4 would enhance
the Na ion diffusion and ionic conductivity. However, Ca2+ with higher positive
charge compared with Na+ would push away neighboring Na+ due to strong
Coulombic repulsion. Thus, Na vacancies are readily formed near Ca2+ and easily
trapped, resulting in a high migration barrier (Figure 13.27c). The comprehensive
effect makes the conductivity reach the maximum with the optimized doping
amount (0.135 Ca and 0.94 mS cm−1). In order to reduce the adverse effects of cation
doping at the Na site, Zeier et al. substituted P5+ by W6+, which also introduce
Na vacancies to Na3PS4 (Na3−xWxP1−xS4). Maximum of 0.1 W6+ can be doped in
t-Na3PS4 (Na2.9W0.1P0.9S4), showing the enhanced ionic conductivity of 13 mS cm−1

and lower activation energy of 0.22 eV (Figure 13.27d).
Similar to lithium-ion conductors, anion substitution also has a significant impli-

cation for the diffusion of Na+ in sodium solid electrolytes. For example, replacing
S2− by Se2−, which has a larger ion radius and stronger polarization, can expand the
unit cell parameters and ion diffusion channels, weaken the binding effect of the
skeleton on Na+ ions, reduce the migration activation energy of Na+ ions, and thus
increase the conductivity [116].

Ong et al. found that anion substitution had a more significant impact on
conductivity [117]. Substitution of sulfur with elemental Se also improved the ionic
conductivity of sodium sulfides (Figure 13.28a) [116]. Later, Zhang et al. confirmed
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the reasons for the increased ionic conductivity after Se substitution in Na3PS4
(Figure 13.28b) [105]. First, the substitution of Se will cause the expansion of the
crystal lattice, which may allow for smoother sodium ion transport. Second, Na+
transfer is rapid due to the weak binding energy between Se2− and Na+.

Alternatively, halide doping has been suggested to increase ionic conductivity
[118]. Chu et al. used computational and experimental methods to investigate
the effect of Cl− substitution on S2− site of Na3PS4. The ionic conductivity at
different temperatures as well as the activation energy after Cl− doping is shown
in Figure 13.28c [118a]. With Cl− doping at S2− site, ionic conductivity was
improved to 1.14 mS cm−1 (t-Na3−xPS4−xClx, x = 0.0625). Chu et al. also reported a
Na/t-Na2.9375PS3.9375Cl0.0625/TiS2 battery, which provides a capacity of 80 mA h g−1

for 10 cycles at 0.1 C. Later, Hu and coworkers studied the function of two defects
formed with Cl− doping (Cl.S and V ′

Na) [119]. Experiment results combined with
DFT simulations indicate that although Na+ ions diffuse through Na vacancies,
excess Na vacancy (>2%) reduces the diffuse channel and ionic conductivity.
Doping Cl− at S2− site plays more important role in enhancing ionic conductivity.
First, the diffusion channel increases with Cl− doping, thus decreasing activation
energy. Second, Na+ mobility improves with lower interaction between Cl− and
Na+. Higher ionic conductivity of 1.96 mS cm−1 is achieved with optimized Cl.S and
V ′

Na defects (Na3−𝛿PS3.8Cl0.2).

13.4.2.2 Na3SbS4

Generally, phosphorous-containing sulfide-based solid electrolyte reacts easily with
H2O and generates H2S gas. Therefore, chemical stability at ambient air is a key issue
for practical applications. The stability of the sulfide electrolyte can be understood on
the basis of the HSAB theory [120]. Accordingly, hard acids react preferentially with
hard bases while soft acids are more likely to react with soft bases. Thus, Na3PS4 is
not stable in air because phosphorus is hard acid, which prefers to react with oxygen
(the hard base) rather than sulfur (the soft base). To overcome this limitation, phos-
phorus needs to be replaced by some soft acid, such as Sb5+. Similar to Na3PS4, there
are also two different structures for Na3SbS4, i.e. tetragonal phase being stable at
room temperature and cubic phase being stable above 120 ∘C [121]. When exposed to
air, Na3SbS4 absorbs moisture to form hydrated Na3SbS4⋅9H2O. However, this reac-
tion is reversible, and Na3SbS4 can be re-obtained by vacuum drying at 150 ∘C to
remove water [120]. This feature makes it possible to prepare Na3SbS4 from aqueous
solution, which is scalable and low price. Na2S, Sb2S3, and S were dissolved in water
to form a Na3SbS4 solution first. Na3SbS4⋅9H2O was then obtained by drying. Finally,
Na3SbS4 was prepared by heating to remove H2O. Compared with Na3SbS4⋅9H2O,
Na3SbS4 has a higher conductivity of 1.03× 10−3 S cm−1 due to its 3D tunnel net-
work (Figure 13.29a) [120]. As shown in Figure 13.29b, the structure consists of
two-dimensional planal channels and one-dimensional channels perpendicular to
the plane. Here, the prepared Na3SbS4 is tetragonal, the one with higher activa-
tion energy and lower ionic conductivity. To improve the ionic conductivity, cubic
Na3SbS4 was prepared by ball milling of t-Na3SbS4 at 250 rpm, which shows a high
ionic conductivity of 2.8 mS cm−1 [120]. Recently, Hayashi et al. further improved the
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ionic conductivity of Na3SbS4 with W6+ doping. With introducing Na vacancies and
the stabilized cubic structure, the ionic conductivity of Na2.88Sb0.88W0.12S4 reaches
32 mS cm−1, which is higher than that of Li10GeP2S12 and even comparable to liquid
electrolytes [111].

Shortly after, Jung et al. proposed a novel processing method for Na3SbS4.
In contrast to the conventional method of preparing composite electrodes, they
manufactured a composite electrode, in which the Na3SbS4 was coated on the active
material. To prepare solution-processable Na3SbS4, tests were carried out under
a variety of solution and thermal treatment conditions. The conductivity of the
electrolyte-coated electrode was typically lower than that of the hybrid electrode
(1.1× 10−5–2.6× 10−5 S cm−1), but the overall performance of the battery prepared
by the electrolyte-coated electrode was better than that of the mixed electrode.

13.4.2.3 Na10SnP2S12

Inspired by Li10GeP2S12, researchers have discovered a new sulfide electrolyte
Na10SnP2S12 with high ionic conductivity for SIBs. DFT predicts that Na10GeP2S12
would exhibit high ionic conductivity (1.2× 10−2 S cm−1) [123]. On this basis,
Richards et al. successfully synthesized a novel solid electrolyte, Na10SnP2S12
(NSPS), similar to Li10GeP2S12 (LGPS), with the assistance of calculations. Through
DFT calculations, the researchers reveal that the new SIB solid electrolyte has
a conductivity of 9.4× 10−4 S cm−1, which is close to the experimental value
(Figure 13.30) [124]. However, the prepared NSPS is not pure, with a few impurities.
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Later, pure Na11Sn2PS12 was successfully prepared with higher ionic conductivity
over 3 mS cm−1 [125].

13.4.3 Complex Hydrides

Orimo and coworkers firstly reported complex hydrides as Na+-ion solid elec-
trolytes in 2012 [126]. It was found that the ionic conductivities of Na3AlH6 and
NaAlH4 were only 6.4× 10−7 and 2.1× 10−10 S cm−1 at room temperature, but
their ionic transfer numbers nearly reach to 1. This study laid the foundation for
the use of complex hydrides in solid-state sodium batteries. Later, they prepared
Na2(BH4)(NH2) with an ionic conductivity of 3× 10−6 S cm−1 at 300 K by combining
NaBH4 and NaNH2 in a molar ratio of 1 : 1 [127]. According to the study, the reason
why Na2(BH4)(NH2) has higher conductivity can be attributed to the Na+ vacancy
of the specific anti-perovskite-type structure.

Compared with small anions, complexed hydrides with large anions usually
displayed higher ionic conductivities at above the ordered–disordered structure
phase transition temperature (Figure 13.31a) [130]. Due to the special structure of
cation-void-rich, Na2B12H12 can exhibit a conductivity greater than 0.1 S cm−1 at
573 K. However, this phase transition temperature is so high that it poses a challenge
for commercial application. For these reasons, a major modification approach for
complex hydrides is to reduce the phase transition temperature. Currently, there are
sorts of approaches to solve this problem. For example, the purpose of introducing C
is to modify the anions of Na2B12H12 and Na2B10H10, which can significantly reduce
their phase-transition temperatures (Figure 13.31b) [1c]. For example, C doping
in Na2B12H12 (NaCB11H12) can reduce the phase transition temperature from 529
to 380 K and C doping in Na2B10H10 (NaCB9H10) can reduce the phase transition
temperature from 380 to 290 K. The phase transition temperature also changes
when replacing H− with halides (X−, X — Cl, Br, and I) [128]. It has been shown
that the modification in partly mutual effect of static cation–anion, rotational
dynamics, and orientation preferences can significantly change the phase transition
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temperature. When halogen atoms completely replace the H atoms, the anisotropic
electron density and the size/mass of the anion will increase (Figure 13.31c),
resulting in a significant increase in the phase-transition temperature (475 ∘C for
Na2B12Cl12, 525 ∘C for Na2B12Br12, 525 and 570 ∘C for Na2B12I12) [128].

Recently, some reports indicate that it is helpful to reduce the phase-transition
temperature by mixing different anions [129]. For example, Na2(B12H12)0.5(B10H10)0.5
is synthesized by mixing two disparate anions, which shows a high ionic conduc-
tivity of 9× 10−4 S cm−1 at room temperature with the high temperature structure
(Figure 13.31d) [129b]. Phase transition happens when ΔG = ΔH−TΔS = 0, so
the phase-transition temperature is affected by both enthalpy change and entropy
change during the phase transition (T = ΔH/ΔS). With mixing two different ions,
the increasing of ΔS helps to reduce the phase-transition temperature. What is
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more, increase surface energy by reducing particle size can help to stabilize the high
temperature structure. Tang et al. prepared high temperature phase with high ionic
conductivity near room temperature by ball milling to reduce the particle size [131].

Except for ionic conductivity, the chemical stability of hydride is good. Although
Na2B10H10 readily absorbs water, the bound water can be removed by vacuum
drying and the structure can be restored [130b]. The electrochemical stability of
Na2(B12H12)0.5(B10H10)0.5 is also evaluated and the electrochemical stability window
is determined to between 0 and 3 V (Figure 13.31e) [129a]. Further research shows
that ASSBs using Na2(B12H12)0.5(B10H10)0.5 as SSE and 3 V cathode NaCrO2 are able
to cycle between 2 and 3.25 V vs. Na/Na+, and 85% capacity can be retained after
250 cycles at C/5 [132]. To further broaden the electrochemical stability window,
surface modification on the cathode should be necessary.

13.5 Concluding Remarks

Compared with liquid electrolytes, all solid-state batteries using solid elec-
trolytes show higher energy density and high safety, which are promising for the
next-generation energy storage devices. Polymer electrolytes with polymer matrix
and Na salts are flexible and easy processing but limited in ionic conductivity,
thus can only operate at elevated temperatures. Na+ ion migration in polymer
electrolytes is related to the creep of the polymer segment. Take PEO as an example,
EO monomer is continuously complexed and decomposed to achieve the migration
of Na+, which normally happens at the amorphous region. Ionic conductivity can be
enhanced with ceramic fillers to make organic/inorganic composite electrolytes and
increase the amorphous region, or minor liquid additives to make gel electrolytes
and allow Na+ diffusing through the liquid part. In addition to ionic conductivity,
thermal stability and electrochemical stability of polymer electrolytes are other
limitations for real application.

Inorganic solid electrolytes are another important SSE with higher ionic conduc-
tivity, higher ion transfer number, and better thermal stability. Typical inorganic
Na+ SSEs include beta alumina, NASICON, sulfides, and complex hydrides. As a
traditional sodium ion conductor material, Na-β/β′′-Al2O3 with conductivity up
to 2× 10−3 S cm−1 at RT is widely used in Na/S batteries. The ionic conductivity
of Na-β/β′′-Al2O3 is highly related to the β/β′′ ratio and density, which are deter-
mined by the composition and synthesis procedure either. Dopant such as Mg2+

or high sintering temperature helps to increase β′′-Al2O3 ratio and density, thus
to achieve high ionic conductivity. The formula of NASICON fast ion conductor
is Na1+xZr2SixP3−xO12 (0≤ x ≤3). With adjusting the structure to rhombohedral
and Na+ concentration to about 3.4 by heteroatom doping, the room-temperature
conductivity can reach up to 5× 10−3 S cm−1. Oxides such as Na-β/β′′-Al2O3 and
NASICON are electrochemical stable against Na metal and high potential cathodes,
but the compatibility with rigid cathode is bad, leading to high interface resistance
and slow Na+ migration through the interface.
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Sulfide-based electrolytes with bigger S2− anions always show higher ionic
conductivities. There are mainly three different sulfide electrolytes, including
tetragonal and cubic Na3AS4 (A = P, As, Sb, etc.) and Na11Sn2PS12. Among them,
cubic Na3SbS4 shows the highest ionic conductivity and lowest activation energy.
With W doping to stabilize the cubic phase and introducing Na+ vacancies, the
ionic conductivity can reach over 40 mS cm−1 at room temperature. Although the
compatibility against cathodes is better, the electrochemical stability of sulfides is
worse, especially against Na metal anode. Sulfides would decompose to Na3P or
Na-Sb (Sn) alloy with high electron conductivity at the Na metal anode side, which
allows the decomposition to occur continuously.

In summary, although much work has been done for SSEs, multiple issues still
exist to hinder the application in all solid-state batteries. For the existing sodium
ion solid electrolyte material systems, ionic conductivity, interfacial resistance, and
electrochemical stability are important factors limiting their application. Therefore,
there are still many challenges in the basic science and key technology of solid-state
batteries, which need our continuous efforts to explore.
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14

Binders for Sodium-Ion Batteries

14.1 Introduction

Binder is one of the important parts of sodium-ion batteries (SIBs) (Figure 14.1),
which has played vital roles on improving the electrochemical performances of SIBs.
Its main functions are listed as follows [1, 2]:

(1) To enhance the contact between the active materials, the conductive agents, and
the current collector to form a stable electrode structure;

(2) To stabilize the surface of the electrodes, inhibit the volume change caused by
sodium ion insertion/extraction in/from active materials, maintain the mechan-
ical integrity of the electrodes, and improve the cycle stability of the batteries;

(3) To promote the homogeneous dispersion of active materials and conductive
agents, and simplify the coating process.

Based on the above functions, binder is vital for a successful electrode, although
the amount of binder in the electrode is usually only 1–10% of the total weight of
electrode [3]. Moreover, the amount of binder in the electrode is also important.
On the one hand, the proportion of binder should not be too low; otherwise, the
bonding strength between the binder and the active material will be weak, and then
the active materials are easily to peel off, leading to the capacity decay and cycle life
reduction of the battery. On the other hand, the proportion of binder in the electrode
should not be too high either. If adding too much binder into electrode, the chemical
inertia of the electrode will be increased because the binder is not active material.
Additionally, it also results in the reduction of the electrode conductivity, increase
of the internal resistance, and polarization of the electrode, and the side effects
of the electrochemical performances of the batteries. Therefore, the binder with
strong bonding strength can reduce the amount of the binder, which can improve
the electrochemical performances of SIBs [4]. In this chapter, we will introduce
several popular binders in detail and some other new binders will be also mentioned
briefly.

Sodium-Ion Batteries: Energy Storage Materials and Technologies, First Edition. Yan Yu.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Current collector

Active material

Conductive agent

Figure 14.1 Schematic diagram of the electrode.

14.2 Main Functions and Performance Requirements
of Binders

The adhesive theory about binder is very important for the research and
development of binder, which can be summarized as follows:

(1) The adsorption theory. The adhesion is caused by the interaction between the
binder and the adherent at the interface. This adsorption is the result of the
interaction between molecules and atoms.

(2) The chemical binding theory. The strong bonding force is due to the chemical
reaction between the binder and the adhered material. However, this theory is
only applicable to reactive binders [5].

(3) The mechanical force theory. The liquid binder first diffuses and fills the uneven
parts on the surface of the adhered material and then solidifies to produce a
bonding effect, so that the binder and the adhered material are combined. How-
ever, this theory cannot explain the adhesive to the smooth surface of the mate-
rial.

(4) The electrostatic adsorption theory. The adhered material and the adherent sub-
stance contact each other, producing an electric double layer, through electro-
static attraction. However, this theory only applies to polar matter [6].

(5) The diffusion theory. Long-chain molecules move between the binder and the
adhered material under the action of molecular thermal motion. If the binder
can dissolve or swell the adhered material, the binder and the adhered material
will diffuse to each other and interweave. This theory only applies to the adhered
material compatible with the binder.

(6) The polarity theory. Adhered material needs polar binder, and nonpolar adhered
material needs nonpolar binder.

(7) The weak interface theory. There is a weak boundary layer on the surface of
the object, which decreases the bond strength, so it is necessary to remove the
weak interface layer to enhance the force between the binder and the adhered
material.

(8) The coordination bond theory. The binder and the adhered material provide elec-
tron pairs and empty orbitals at the interface of the binder and the adhered
material to form coordination bonds.
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It is important to notice that the adhesive theory depends on the properties of
binders and adherends. Moreover, several bonding theories may exist simultane-
ously between the binder and the adherend. The active substance and the conductive
additive such as carbon black are usually powder or particle. The electrode is usually
prepared by dispersing the active substance and conducting powder evenly into
the solution with dissolved binder, then coating them on the current collector,
and drying subsequently. The binder attaches the active substance and conducting
agent to the current collector. Since the surface of the active substance is usually
uneven or porous, and the surface of the conducting agent and the current collector
is not very smooth, the bonding effects among the electrode binder and the active
substance, conducting agent and current collector, can be explained by the mech-
anism shown in Figure 14.2 [7]. Firstly, the binder wets the surface of the electrode
material and diffuses and fills into bumps or holes on the surface of the electrode
material (Figure 14.2a). After that, during the drying process of the electrode, the
binder and the electrode material are bound together by physical or chemical forces
(Figure 14.2b). Interactions between the binder and the electrode material include
electrostatic adsorption, coordination, and chemical reaction (for reactive binders)
through covalent bonds, hydrogen bonds, and mechanical forces, etc. (Figure 14.2c).

The main binder force is generally considered to involve four types. (i) Chemical
bond force, which exists between atoms or ions, containing metal bond, ionic bond,
and covalent bond. (ii) Intermolecular force, which includes van der Waals forces
(dispersion, induction, orientation) and hydrogen bond forces. (iii) Interface elec-
trostatic gravity, which is generated by formation of double electrical layer. When
the electron donor (metal materials) and the electron acceptor (nonmetallic mate-
rials) contact, the electron will transfer, then the interface contact potential is gen-
erated, and the double electrical layer formed finally. (iv) Mechanical force, which
can increase the bonding effect, rather than the factors that produce adhesion, from
the physical and chemical point of view. To sum up, in all bonding systems, inter-
molecular force is considered to be universal, while the other three forces usually
exist under specific conditions.

A good binder should reach the following requirements [8]. (i) It should have
polar groups, such as –OH, –COOH, –OCOR, –SO3H, –CN, etc. and can provide

Mechanical interlocking Interfacial forces

Intermolecular
forces

Chemical bonds

Diffusion/penetrating

Binder

Active material

(a) (b) (c) 

Figure 14.2 Schematic diagram of bonding mechanism: (a) diffusion and permeation
process of bonding agent during the process of electrode preparation; (b) mechanical
bonding process during drying; and (c) the formation process of interface layer adhesion.
Source: Chen et al. [7]. Reproduced with permission, 2018, American Chemical Society.
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strong adhesive force, high elastic modulus, and high tensile strength toward active
materials, conductive agents, and current collectors. (ii) It should have little influ-
ence on the conduction of electrons and ions during the electrochemical reaction
processes. (iii) It should be stable in the electrolyte. In addition, it should be easily
wetted by electrolyte to ensure the fast transmission of sodium ions. (iv) It should
have a stable electrochemical window. In the positive electrode, the binder should
have a wide and stable electrochemical window, to avoid the electrochemical oxida-
tion reaction during charge processes. While in the negative electrode, the binder
should have good electrochemical reduction stability at low potential. (v) It also
should be easily dissolved in a certain solvent. The active materials and conductive
agents should be also dispersed uniformly in this obtained binder solution. Then
after drying process, they can be firmly bonded to the current collector. (vi) The last
but not the least, low price, non-toxicity, environmentally friendly production, and
high safety are also very important for the choosing of binder. In a word, the electro-
chemical performances of SIBs, such as long cycling life, good rate capability, and
high safety, can be improved by selecting the appropriate type and adding the opti-
mal amount of binder.

Based on the solvent used to dissolve binder, the binder can be divided into
oil-based binder and aqueous binder. The binders commonly used in SIBs are
polyvinylidene fluoride (PVDF), sodium alginate (SA), styrene butadiene rubber
(SBR), carboxymethyl cellulose (CMC), and polyacrylic acid (PAA), whose
structures are shown in Figure 14.3, respectively. Among them, PVDF is oil-based
binder, while PAA, CMC, SBR, and SA are aqueous binders.

H HOOC

COONa

COONa

COONa

O

O

O

O

O O
H

H H

H H

H
H

H

H H

HH
H

OH HO
OH OH

O
H

HO HO

RO

OR

O
O

OR
CH2

CH2 CH2 CH2CH CH CH

CH

F

H F

PVDF(a) (c)(b)

(d)

(e)

PAA

SBR

SA

CMC

n n

m
n

n

n

CC

R   H or CH2COONa

Figure 14.3 The molecular structures of the common binders used in SIBs: (a) PVDF,
(b) PAA, (c) CMC, (d) SBR, and (e) SA.
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14.3 Polyvinylidene Fluoride (PVDF)

14.3.1 Chemical Properties of PVDF

PVDF is translucent or white powder, which has closely arranged molecular
chains and strong hydrogen bonds. It is incombustible, with oxygen index of 46%,
crystallinity of 65%–78%, density of 1.77–1.80 g cm−3, and thermal deformation
temperature of 112–145 ∘C. PVDF is usually used in –40 to 150 ∘C. Table 14.1 has
listed the main properties of various PVDF from American Solvay. PVDF mainly
refers to vinylidene fluoride (VDF) homopolymer or copolymer of VDF and a
small amount of fluorine-containing viny monomer, ethylene homopolymer, or
copolymer of VDF, and other small amount of fluorine-containing viny monomers.
Therefore, PVDF combines the features of fluorine resin and general resin. It not
only has the merits of chemical corrosion resistance, high temperature resistance,
radiation resistance, oxidation resistance, and weather resistance, but also performs
good piezoelectric, dielectric, and thermoelectric properties. It is the second largest
fluorinated plastic product in terms of output, with the annual production of more
than 53 000 tons.

PVDF is a kind of nonpolar chain polymer binder, which is the most commonly
used electrode binder in lithium-ion batteries (LIBs)/SIBs industry, due to its out-
standing characteristics of strong antioxidant and anti-reduction ability, high ther-
mal stability, and good dispersibility in N-methyl pyrrolidone (NMP). NMP has high
volatilization temperature, which is widely used in the LIBs/SIBs industry to dis-
solve binder during the electrode preparation.

In terms of the influence of binder on electrode performances, the molecular
weight of PVDF and its content and distribution in the electrode all affect the per-
formances of the batteries. In general, the higher the molecular weight of PVDF, the
better the performance of the binder. Therefore, the ratio of PVDF used in electrode
is reduced, which can increase the energy density of SIBs. However, if the molecular
weight is too high, the solubility of PVDF in NMP will decrease and the dispersion
of PVDF in the electrode will be not easily uniform. Moreover, PVDF with high
molecular weight has high crystallinity and great resistance to the migration of

Table 14.1 The main properties of various PVDF from American Solvay.

Indicators Unit Solef6010 Solef6020 Solef5130 Solef2121

The molecular weight 700 000 1 100 100 600 000
Melting point ∘C 172 170 162 135
The melting enthalpy J g−1 60 55 44 26
Modulus Mpa 1700–2500 1650 1300 500
The yield strength Mpa 50–60 53–57 40–45 15–25
Elongation at yield % 5–10 5–10 5–10 15–18
Breaking elongation % 20–300 20–50 350–600 300–650
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electrons and protons in the electrode, thus resulting in high impedance of the
electrode and high overpotential during charge–discharge processes. In summary,
the content of PVDF in the electrode significantly affects the electrical conductivity
and mechanical properties of the electrode and thus plays important roles on the
capacity, rate property, and long-term cycling performance of the batteries.

Recently, researchers began to use VDF homopolymer modification, VDF copoly-
merization with the second monomer and the third monomer modification, and
VDF homopolymer blending with another copolymer to improve and design some
PVDF copolymers as electrode binder for SIBs. In addition, the partial fluorine
ethylene–hexafluoropropylene copolymer [P(VDF–HFP)], vinylidene fluoride–
hexafluoropropylene–tetrafluoroethylene terpolymer [(PVDF–TFE–HFP)], partial
fluorine ethylene–vinyl chloride copolymer, and VDF homopolymer–VDF copoly-
mers have already shown more excellent mechanical properties, but the related
research is rather little. Therefore, PVDF will be still the most widely used binder of
the VDF-based binder for a quite longer time.

14.3.2 Application of PVDF in Na-Ion Batteries

PVDF has been the most widely used binder for LIBs and SIBs in the past two
decades, due to its good electrochemical stability and strong binding ability [9–11].
However, PVDF is easily swollen by nonaqueous liquid electrolytes, to gelate,
dissolve, and form viscous fluid or gel polymer electrolytes, which will lead to
peeling of electrode particles and then result in volume attenuation and cycling life
decay [10, 12]. In addition, the peeled off binder strongly inhibits the migration
of Na+, so the rate capability of the electrode will significantly decrease [10, 13].
Much of the research on binders has focused on enhancing the binding affinity
among active materials, carbon additives, and current collectors, which is helpful to
maintain a complete electronic network with a certain level of electrode uniformity,
thus helping to improve the electrochemical performance of the electrodes [14].

As shown in Figure 14.4, SIBs consist of an anode and a cathode immersed in
an electrolyte and separated by a separator [11]. Both electrodes contain an active
material, a conducting agent, a current collector, and a binder. The active material
determines the energy of the electrode. Because of the enhanced electron transport,
the conductive agent can improve the power ratio of the electrode. Binders are used
to bind the active material and conducting agent to the collector. Thus, electrons
can flow in and out of an external circuit through an active material-conducting
agent-collector chain. Although binders account for only 2–5 wt.% in electrode, the
binder material is one of the most critical electrode assemblies for improving battery
performances. Without a binder, the active material will lose contact with the col-
lector fluid, resulting in a loss of capacity [11].

Zhu et al. synthesized a nitrogen–phosphorus co-doped carbon@CNT with a large
number of micropores and mesopores. When PVDF is used as binder to make an
anode and applied to an SIB, the as-prepared electrode shows high reversible capac-
ity, excellent rate performance, and long-term cyclability [15]. Wu and coworkers
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Figure 14.4 Schematic diagram of working principle of SIBs. Source: Chou et al. [11]/Royal
Society of Chemistry.

used PVDF for phosphorus-based anode and showed excellent electrochemical
performance. Due to the strong adhesion of PVDF, the prepared P@C-GO/MOF-5
electrode can maintain 93% of its initial capacity after 100 cycles at 2 A g−1 [16].
However, PVDF is easy to wet in the nonaqueous liquid electrolyte, which will
reduce the adhesion between the current collector and the active material, resulting
in the increase of contact resistance, a large swelling rate in the electrolyte, and
poor shape retention. On the other hand, the chemical synthesis process of PVDF is
complicated and NMP is volatile and toxic. Hence, some other aqueous binders have
appeared.

14.4 Polyacrylic Acid (PAA)

PVDF is widely used in SIBs due to its acceptable bonding ability and electrochem-
ical stability. However, it is usually dissolved in NMP, which is volatile, flammable,
and toxic [17]. In addition, for SIBs, it has been confirmed that PVDF will defluori-
nate during the process of sodiation and desodiation, damaging the integrity of elec-
trode [18]. Moreover, considering the cost and difficulty of recycling, PVDF needs
to be replaced by a better one. Hence, new aqueous binders with low cost, nontoxic,
environmental friendliness, and strong bonding ability have gained extensive atten-
tion [14, 19].

PAA is an aqueous amorphous polymer, which can form stable polyacrylates with
lots of metal ions, such as Na+, Ca2+, and Mg2+. The molecular structure of PAA
and polyacrylates contains a long carbon chain and numerous carboxyl functional
groups (Figure 14.3b). In thermal performance test, PAA presents better thermal
stability, smaller volume expansion, and larger thermal diffusions than those of SBR,
PVDF, and CMC. Within the normal voltage window of battery, PAA is chemically
inert and insoluble in the electrolyte. In addition, the oxygen-containing groups in
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the structure are conducive to form hydrogen bond with the surface of electrode
materials, especially for silicon and carbon, which endows the active particle with
strong binding force to the current collector. Thus, PAA is suitable for research and
application as the binder for SIBs.

By comparing the basic properties of PAA, PVDF, and CMC, Li and coworkers
came to a conclusion that PAA has strong adhesion, and it can make the active
particles disperse uniformly [20]. However, the mechanism of the improved elec-
trochemical performance of the PAA remains ambiguous and needs to be explored
further. To study the influence of PAA on the performance of metal oxide anodes for
SIBs, Sun et al. prepared electrodes with different binders (PAA–CMC and PVDF)
and reached a similar conclusion [21]. Due to the strong adhesion of PAA, electrode
using PAA–CMC as binder can effectively endure the volume expansion of oxide
particles and maintain the integrity of the electrode (Figure 14.5). Therefore, the
electrode with CMC–PAA binder shows more excellent cyclability and Coulombic
efficiency. Patra et al. also obtained excellent mechanical and electrochemical prop-
erties by using PAA in SnO2@CMK-8 anode for SIBs. The Na-CMC/Na-PAA binder
can be effectively wetted and dispersed on the surface of active materials, bind-
ing SnO2@CMK-8 particles tightly. This hybrid binder not only withstands volume
change of electrode and maintains structural integrity during cycling but also forms
a solid protective film on the surface of electrode, which is beneficial to prevent the
direct contact between active particles and electrolyte. Electrochemical tests show
that the Rct of the electrode decreased and DNa

+ increased, showing excellent capac-
ity, rate capacity, and cyclability. In addition, the use of Na-CMC/Na-PAA binder
also improves the safety of SIBs by reducing the total heat generated during fast
sodiation and desodiation [22]. Lee et al. used PAA as binder for natural graphite
anode to study its effect on carbon materials. The peel test results show that PAA
significantly improves the adhesion strength of the graphite electrode on the cop-
per substrate. In addition, gravimetric and volumetric energy densities of graphite
anode made from PAA are more than 340 mA h g−1 and 560 mA h cm−3, respectively.

PVDF

After cycling

PVDF&SEI
PAA&CMC

&SEI

After cycling

PAA&CMC

Close adhesionSeparation(a) (b)

Collapse
Expansion

Metal oxideMetal oxide

Figure 14.5 The schematic diagram shows probable behaviors of electrodes prepared
with (a) PVDF and (b) PAA–CMC before and after cycling. Source: Mink et al. [21].
Reproduced with permission, 2014, Royal Society of Chemistry.



14.4 Polyacrylic Acid (PAA) 457

Hence, the graphite electrode with PAA exhibits excellent cyclability (90% capacity
retention after 500 cycles) [23].

Fan et al. synthesized N-doped hollow carbon nanotubes through carbonizing PPA
nanotubes as the anode for SIBs and compared the effect of PVDF and NA-PAA
binders on the sodium storage performance. The results showed that compared with
the traditional PVDF, the aqueous NA-PAA binder can enhance the initial Coulom-
bic efficiency, cyclability, and rate capability (Figure 14.6). The anode with NA-PAA
binder exhibits a high ICE of 61.2% and long-term cyclability (175.5 mA h g−1 after
300 cycles at 0.2 A g−1). As an electrochemical active binder, the capacity of elec-
trode is closely related to its molecular weight of NA-PAA. Moderate NA-PAA can
improve electrode capacity more effectively by forming smooth and stable SEI layer
and reducing internal resistance. Thus, aqueous NA-PAA binder is an attractive
alternative for carbonaceous anode in SIBs [24].

In addition to carbon materials, the performance of PAA in alloying anodes is also
superior to PVDF. For example, Komaba and coworkers reported that Sn powder
electrode exhibited improved specific capacity and Coulombic efficiency in SIBs by
using PAA binder instead of PVDF (Figure 14.7), which should be due to the reduced
internal resistance and more stable interface layer on the surface of electrode [25].

For high-capacity anode of black phosphorus (theoretically 2596 mA h g−1), its
application is hindered by the large volume expansion (400%), leading to the rapid
attenuation of capacity. Zhang et al. reported that this issue can be addressed
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Figure 14.6 Cycle performance of N-CNTs electrodes using (a) PVDF and (b) NA-PAA as
binders at 0.2 A g−1. Rate capability of N-CNTs electrodes using (c) PVDF and (d) NA-PAA as
binders at different current densities. Source: Fan et al. [24]. Reproduced with permission,
20154, Elsevier.
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Figure 14.7 Reversible capacity variation of (a) Sn-PAA and (b) Sn-PVDF. Source: Komaba
et al. [25]. Reproduced with permission, 2012, Elsevier.

by using aqueous binder. The incorporation of amylose molecules with a helical
structure gives linear polyacrylic acid polymer binders extraordinary tensile and
elastic properties at 400% strain. When used as binder for the negative electrode of
black phosphorus for SIBs, the bonding force between the electrode and the current
collector is much stronger (2.95 N) than that of PVDF binder (1.90 N). Hence,
the electrode using PAA-Am as binder shows superior cyclability at 0.2 A g−1 and
excellent rate capability from 0.2 to 6 A g−1, which is better than the electrode with
PVDF binder. This cost-effective binder has great practical potential for SIBs [26].

14.5 Carboxymethyl Cellulose (CMC)

Different from the organic solvent used for oiliness binders, aqueous binders have
the advantage of being water soluble. Due to the low cost and environmental friend-
liness, aqueous binders play an important role in the research and manufacture of
SIBs. Among them, CMC is the most commonly used water-soluble binder material.

CMC is a kind of polyanionic polysaccharide with linear long chain, which is
usually applied as adhesive, emulsifier, or stabilizer in medicine and chemical
industry. It is derived from the substitution of carboxymethyl group (–CH2COONa)
for hydrogen atom on hydroxyl group (–OH) in cellulose structure. The molecular
structure is shown in Figure 14.3c.

The number of carboxymethyl groups in the molecular chain determines the
degree of substitution of CMC and partly determines the molecular weight of CMC.
The aqueous solution of CMC shows certain viscoelastic properties because of its
good hydrophilicity. Viscosity, degree of substitution, and molecular weight are the
three important factors of CMC properties, which affect the adhesion, thickening
property, and water retention of CMC solution. The performance parameters of
several commercial CMC samples are listed in Table 14.2.
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In the process of electrode preparation, the most important step is to make the
electrode slurry and then fix the mixture on the collector. In order to obtain good
electrical contact between electrode material and current collector, it is necessary
to keep the uniform distribution of binder and achieve superior mechanical
property after drying. When using the CMC binder, high elastic polymerized
SBR is usually added into the slurry to improve the flexibility and robustness of
the electrode. In addition, recent work showed that acrylic rubber and graphene
oxide can also be mixed with CMC to achieve better binding effect [27, 28]. For
now, there are still different opinions on CMC adhesion mechanism, mainly
including covalent bond theory and hydrogen bond theory. Hochgatterer and
Mazouzi et al. have observed the existence of covalent bond connection of C(O)OR
in Si electrode containing CMC binder through infrared spectrum test, which is
considered to be formed by the interaction between carboxymethyl group on CMC
surface and hydroxyl group adsorbed on the oxide layer on Si surface [29, 30].
However, Bridel et al. showed that the chemical bond of adhesion was hydrogen
bond rather than strong covalent bond by employing nuclear magnetic resonance
spectrometer [31]. Similar results were presented by Munao et al., who also demon-
strated that there is no covalent bond in the CMC containing electrode obtained by
electrodeposition [32].

CMC is more often used in anode rather than cathode, especially for alloy and
conversion anodes. Actually, it is well known that the most popular PVDF binder
has an unfavorable effect on the performance of alloy anodes in LIBs. These anode
materials have large volume change during charge and discharge processes, which
leads to poor electrical contact between the material and the conductive matrix, seri-
ous crushing of material particles, and excessive formation of SEI film on the surface
of materials, thus exacerbating the pulverization. Introduction of water-soluble
binders has been proved to promote their electrochemical performance. Qian

Table 14.2 The properties of several commercial CMC samples.

Project
Daicel
CMC2200

Daicel
CMC1390

CP Kelco
CEKOL 30000

Nippon Paper
SUNROSE
MAC250HC

Purity % 99.5 ≥99.5
Viscosity of aqueous
solution (20 g L−1,
25 ∘C)

1500–3000 2500–5000 2500–3500 3000–5000

PH (10 g L−1, 25 ∘C) 6.0–8.5 6–8.5 6.5–8.0 6.0–8.5
Weight loss by drying % ≤10 ≤10 ≤10 ≤10
Chloride (as NaCl) % ≤1.0 ≤1.0 ≤0.5
Degree of substitution 0.8 1.0–1.5 0.75–0.85
Product properties White or

yellowish
powder
particles

White or
yellowish
powder
particles

White to
creamy powder,
tasteless and
neutral

White
powder
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et al. used CMC binder in Sb/C nanocomposites, which exhibits 610 mA h g−1 at
2000 mA g−1 and maintains 94% initial capacity after 100 cycles, showing good rate
performance and cycle stability [33]. Sun et al. used water-soluble binders (SA, PAA,
CMC, etc.) for high-capacity P/C materials and achieved significant improvement
in reversible capacity, cycle stability, and rate performance. It has a high capacity of
1374 mA h g−1 at 400 mA g−1 and maintains 1071 mA h g−1 after 200 cycles and has
479 mA h g−1 at a high current density of 3200 mA g−1 [34].

Compared with PVDF using the solvent of volatile and toxic NMP, CMC is water
soluble, which indicates that the process is easier and safer. According to the migra-
tion control drying kinetics, the main reason for binders migrating to the upper sur-
face of the electrode is the flow of solvent during the drying process. Due to the lower
evaporation rate and the longer drying time of NMP-based slurry, the uniformity
of PVDF in dry electrode is much worse than that of water-based SBR/CMC [35].
Therefore, its performance in terms of adhesion, resistance, and charge/discharge
efficiency is worse than that of water-based binders.

Furthermore, researchers have carried out many comparative studies on the
properties of CMC and PVDF binders in SIBs. Dahbi et al. investigated the
initial irreversible capacity and cycle reversibility of hard carbon anode mate-
rials using CMC and PVDF binders [18]. The experimental results showed that
CMC-containing anode inhibits the decomposition of electrolyte during the initial
cycle, which has superior initial Coulombic efficiency, as compared with PVDF.
Soft X-ray photoelectron spectroscopy revealed the difference between the two
electrodes. It was found that hard carbon was only covered by CMC binder, which
is considered to be beneficial to the stability of electrochemical performance,
presenting better capacity retention and higher reversibility [36]. On the other
hand, they also studied the synergistic effect of binders and electrolyte additives on
the electrochemical properties of hard carbon materials. As one of the commonly
used electrolyte additives, fluorinated vinyl carbonate (FEC) can significantly
improve the cycling performance of PVDF-based materials, but it has adverse
effects on the materials using CMC. Scanning electron microscopy (SEM) images
showed that the PVDF-based electrode with FEC additive had a rough surface with
small particles deriving from the decomposition of electrolyte, which is beneficial
to the cycling stability of the material. For the material using CMC, although FEC
was added to the electrolyte, no deposition was observed on the electrode surface,
indicating that the deposition caused by electrolyte decomposition is inhibited in
CMC-based electrode. This means that the disparity of battery chemistry requires
to optimize binders for the different electrodes and electrolytes. Furthermore,
Zhang et al. investigated the effects of different binders (PVDF, CMC, PAA) on
porous CoFe2O4 nanocubes anode for SIBs [37]. Electrochemical impedance
spectroscopy (EIS) in Figure 14.8 showed that the sodium ion diffusion coefficient
of CMC-containing electrode was the highest, where RCT and Ea were the lowest,
which was conducive to the reaction of electrode/electrolyte interface. Compared
with the traditional PVDF-based electrode, the water-soluble CMC and PAA binder
have higher electrochemical activity, thus improving the ICE and cycle stability of
the electrode. The electrode with CMC binder maintained a high specific capacity
of 394 mA h g−1 after 50 cycles, and the capacity retention was 91.4%.
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Figure 14.8 Nyquist plots of electrodes with (a) PVDF, (b) CMC, (c) PAA binders, and
(d) cycling performance. Source: Zhang et al. [37]. Reproduced with permission, 2019,
Elsevier.

In addition to the anode, some results have been showed that CMC binder also
has positive effect on some cathode materials. Na3V2(PO4)2F3 with sodium super
ionic conductor (NASICON) structure is known as the most promising cathode
material for SIBs because of its fast ion conduction, high working voltage, and
stable structure. However, there are still many challenging problems in its rate
performance and cycle performance. Recently, Zhao et al. have overcome the above
shortcomings by introducing CMC binder. The conductive network composed of
CMC-Super P chain is conducive to the diffusion of sodium ions in the interface and
materials [38]. Moreover, the strong binding force of CMC and the stable solid per-
meable interface reduce the resistance and maintain the integrity of the electrode.
Therefore, the reversible capacity of the material reaches 75 mA h g−1 at a high
current of 70 C, and a capacity retention of 79% after 3500 cycles at 30 C is obtained.
The full battery constructed with hard carbon materials as negative electrode also
exhibits an energy density of 216 Wh kg−1. These advantages highlight the potential
application of CMC binder in SIBs.

14.6 Styrene Butadiene Rubber (SBR)

SBR is a copolymer mainly composed of styrene and butadiene, as shown in
Figure 14.3d. With the change of component ratio, the characteristics of SBR will
greatly change. The mechanical properties of SBR are similar to natural rubber,
but its heat resistance and aging resistance are much better. SBR is also processed
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Table 14.3 The properties of several commercial SBR samples.

Project

NIPPON
A&L
SN-307R

Zeon
BM-430B

Zeon
BM-400B

JSR Corporation
CB-100

BASF
Binder 21-11 ap

Solid content,
wt%

48 40.0± 0.8 40 49–50 49–51

Viscosity mPa.s 5–100 12 30–150 80–400
pH 5.0 8.0± 0.8 6 4.8–6.2 6.0–7.0
Glass transition
temperature

0 ∘C −5 ∘C

in water, which belongs to environmentally friendly aqueous binder. Owing to the
good elasticity of SBR, the volume changes of active materials in the process of
charging and discharging can be buffered. Therefore, SBR has been widely used
in negative electrode for SIBs, which is usually mixed with CMC for better elec-
trochemical performance [39, 40]. Recently, Komaba et al. compared the effect of
four kinds of SBR binders, who found there is an obvious relationship between the
electrochemical performance of electrode and the degree of cross-linking of SBR.
The electrode containing low degree of cross-linking modified SBR showed the best
cycle and rate performance. In addition, the electrode using acrylonitrile-modified
SBR exhibited a high solvent absorption rate and a prominent electrochemical
performance. The performance of several commercial SBR samples are listed in
Table 14.3. These samples are all the dispersion system of SBR particles in water.

14.7 Other Binders

14.7.1 Sodium Alginate (SA)

SA is a by-product of iodine and mannitol extracted from seaweed, which is nontoxic
and water-soluble. It is a kind of polysaccharides consisting of β-D-mannuronic and
α-L-guluronic connected by β-1,4-glycosidic bonds. The degree of polymerization
and molecular weight are directly related to the viscosity of SA solution.

SA is also usually used as a binder for alloy anodes, which exhibit a great volume
change during the charge/discharge. The numerous oxygen-containing functional
groups in SA are conducive to the formation of stable chemical bond with the surface
of alloy materials, thus alleviating the volume expansion problem, which is con-
firmed by Zhu in silicon anode for LIBs [41]. Similar results were reported by Zhao
and coworkers, who found that red phosphorus anode containing SA showed bet-
ter sodium storage capacity than that of PVDF-containing anode [42]. Furthermore,
Xiao et al. recently revealed that the used binders in P/C anode determine the degree
of oxidation of the active phosphorus. The anode using SA binder showed lower oxi-
dation degree than PVDF-containing anode, thus exhibited superior electrochemical
performance [34].
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14.7.2 Xanthan Gum (XG)

XG is a natural nontoxic polysaccharide, which has been mass-produced and applied
as a food additive, rheology modifier, and polymer stabilizer for decades. XG con-
tains many functional groups in the monomer unit of each polymer, such as carboxyl
group, hydroxyl group, and ester group, making it completely soluble in hot and
cold water and giving high solution viscosity at low concentrations. These functional
groups naturally exist in the polymer chain and are evenly distributed.

The concentration of carboxyl and hydroxyl groups on the XG chain is high
and the distribution is uniform, suggesting more active bonding points between
active materials, conductive agents, and current collectors, thereby promoting
electronic and ion conduction. This feature also ensures good dispersion and
electrode integrity during slurry production and electrode manufacture. XG has
been used as a water-soluble binder for the negative electrodes, including carbon
materials, such as mesoporous carbon microspheres [43], graphite [44], and silicon
materials [45, 46], which presented excellent cycle performance, rate performance,
and capacity.

14.7.3 Guar Gum (GG)

GG is a nonionic galactomannan extracted from the endosperm of the legume
guar. GG and its derivatives have good water solubility and high viscosity at low
mass fraction. Because of this characteristic, it has applied in many fields, such
as papermaking, medicine, textile printing, dyeing, etc. XG, SA, and GG are all
natural biopolymers, which are much cheaper than PVDF. In addition, a large
number of –OH and –COO– functional groups can produce high adhesion between
the material particles and the conductor, resulting in better electrical conductivity,
which may be beneficial to cycle stability. Zhang et al. studied the effects of three
water-soluble binders, i.e. XG, SA, and GG, on the P2-type cathode material of
Na2/3Mn2/3Ni1/3O2 (Figure 14.9) [47]. The XG binder, which is the most viscous
among them, exhibits the best electrochemical performance with the cathode.
Moreover, the electrode using GG binder also shows stable cycling performance.

14.7.4 Polyimide (PI)

PI is a kind of polymer with excellent thermal stability and mechanical properties.
It is widely used in gas separation, memory materials, covalent organic frameworks,
hydrogen storage, and optical materials. In the field of LIBs, PI separators have been
extensively studied due to their high thermal stability. As the binder, a mixture of
10 wt% co-PI (P84) and 90 wt% PVDF can significantly improve the cycle perfor-
mance of LiCoO2 electrode at high temperatures (60 ∘C) [48]. In addition, it can
also be used for silicon anodes to inhibit powdering [49–53]. Thus, it has a poten-
tial application for use with alloy anode materials in SIBs. Moreover, according to
the theoretical calculation results of molecular orbital method, the addition of –F
or –CF3 functional groups in PI can provide greater resistance to electrochemical
oxidation and improved thermal stability.
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Figure 14.9 (a) The viscosity of the 1 wt% binder solutions. (b) The cycling performances
of Na2/3Mn2/3Ni1/3O2 using different binders at 0.2 C. Source: Zhang et al. [47]. Reproduced
with permission, 2019, Elsevier.

14.8 Concluding Remarks

In summary, binder has played important roles on improving the electrochemical
performances. Binder can enhance the contact between active materials in electrode,
stabilize the electrode surface, and promote the homogeneous dispersion of active
materials and conductive agents, because there are four main types of binder force
involved in the binder, which are chemical bond force, intermolecular force, inter-
face electrostatic gravity, and mechanical force respectively. Therefore, a good binder
usually has polar groups and a stable electrochemical window. Meanwhile it should
be easily dissolved in a certain solvent and stable in the electrolyte. In addition, low
price, non-toxicity, environmentally friendly production, and high safety are also
good properties that a good binder should have. According to the solvent that used to
dissolve binder, the binder can be classified to two main types, oil-based binder and
aqueous binder. In this chapter, we have introduced the main binders used in SIBs
based on these two type binders. In the oil-based binder, PVDF is discussed in detail.
While, PAA, CMC, and SBR are introduced as the aqueous binders. SA, XG, GG, and
PI have also been discussed as novel binder types. Deep understanding of binders’
properties, mechanisms and applications is vital for improving the electrochemical
performances of SIBs. Therefore, more efforts should be spent on the design and
engineering of binders for the better performance of SIBs in the near future.
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15

Sodium-Ion Full Batteries

15.1 Introduction

To broaden the application of sodium-ion batteries (SIBs), it is critical to optimize
the key electrode materials in Chapters 3–10, the electrolytes in Chapters 11–13 and
the binders in Chapter 14, and assemble them into high-performance full batteries.
Nowadays, three types of SIBs are widely studied, including nonaqueous, aqueous,
and all-solid-state SIBs. The main challenge in developing high-performance aque-
ous SIBs lies in the relatively narrow electrochemical stable voltage window, which
leads to low energy density. One common strategy to widen the window is using
high-concentration electrolyte, but increasing the amount of electrolyte salts will
further increase the cost, which is against the initial goal of developing low-cost and
safe SIBs. On the other hand, the stability of electrode materials in aqueous elec-
trolytes also limits the choice of cathode and anode materials. Therefore, the aqueous
SIBs will have a good prospect only if the cost can be reduced, while the window can
be widened to increase the energy density. The current solid-state SIBs mainly use
quasi-solid and all-solid electrolytes. Among them, quasi-solid SIBs may perform
well in special-purpose environments such as flexible devices. In the all-solid-state
batteries, the sodium metal electrode needs to be protected, and the conductivity of
the solid electrolyte and the electrode and electrolyte interface need to be optimized,
to achieve high safety and high energy density. In contrary, the commercialization
of nonaqueous SIBs is more feasible. The commercialization of the first-generation
SIBs has started since 2015. The current commercial SIBs use hard carbon as anodes.
For the cathode, three types of cathode materials have been commercially produced.
The Faradion Company of the United Kingdom and the HiNa Battery of China have
both developed layered oxide cathode materials with higher specific capacity which
can even exceed the lithium iron phosphate in LIBs. Polyanion-based fast ion con-
ductors and Prussian blue analog (PBA)-based cathode materials have lower energy
density, but they can achieve extremely high power density, which is suitable for
high-power devices. Novasis Energies of the United States and Natron Energy, a
Stamford-based company, have successfully developed a SIB with PBA as the cath-
ode material. Currently, many anode and cathode materials with excellent electro-
chemical properties are being developed for commercial applications.

Sodium-Ion Batteries: Energy Storage Materials and Technologies, First Edition. Yan Yu.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Typical SIBs comprise of anode and cathode materials, binders, separator
membranes, and electrolytes. Cathode materials with high capacity and high crystal
structure stability, as well as high-capacity alloy-type anodes in contrary to the hard
carbon, are desirable. Adhesives need to be selected according to different cathode
and anode material systems to ensure effective bonding and stability. Appropriate
coating needs to be applied to the separator membranes to satisfy different battery
systems, for more stable electrochemical performance. The solvent and additives
used in the electrolyte system needs to be adjusted with consideration in the
composition of solid electrode interface (SEI) in different electrolyte system and
its influence on the battery performance. At present, many prototypes of SIBs have
been proposed, and their progress will be summarized in this chapter.

15.2 Aqueous Sodium-Ion Full Batteries

Aqueous rechargeable sodium-ion batteries (ASIBs) are among the most promising
candidates for application in the large-scale energy storage system (ESS). Compared
with nonaqueous batteries, the ASIBs have the advantages of high ion conductiv-
ity, nonflammability, low manufacturing cost, therefore attract extensive research
interests. However, the narrow working window (1.23 V) of water and low energy
density hinder the developments of ASIBs. Therefore, people have tried to find novel
higher capacity electrode materials with better cycling performance and develop
new strategies to widen the stable window of aqueous electrolyte to eliminate elec-
trolyte decomposition and other side reactions. So far, a variety of materials have
been developed as cathodes or anodes. Figure 15.1 shows the insertion/extraction
potential of Na ion (right) for some typical electrode materials and compares them
with the reaction potential of O2/H2 evolution (left).

The representative cathode materials used in aqueous sodium-ion full cells
include manganese-based oxides, PBAs, polyanionic compounds, carbonyl-based
organic compounds, etc. (Table 15.1).
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Table 15.1 The representative aqueous sodium-ion full batteries.

Type Full batteries Electrolyte
Voltage
window (V)

Specific capacity
(mAh g−1)

Capacity retention
(cycle numbers)

Power density
(Wh kg−1)

Hybrid AC//Na0.44MnO2 1 M Na2SO4 0.4–1.8 ≈ 24 (4 C) ≈100% (1000, at 4 C) ≈24.5 (5 C)
AC//λ−MnO2 1 M Na2SO4 0.6–1.6 — ≈100% (5000, 20 min

per cycles)
23

NaTi2(PO4)3−carbon
composite//AC

1 M Na2SO4 0.2–1.6 100 (1 C) 61% (500, at 2 C) 33.4

Insertion NaV3(PO4)3//
Na0.44MnO2

1 M Na2SO4 0–1.5 ≈ 115 (1 C) 84% (500, at alternate
5 C and 20 C)

—

Nano−sized NaTi2(PO4)3@C//
Na0.44MnO2

1 M Na2SO4 0–1.6 43 (0.1 A g−1) 60% (1000, at
0.2 A g−1)

30 (4678 W kg−1)

NaTi2(PO4)3@C//
Na0.66[Mn0.66Ti0.34]O2

1 M Na2SO4 0.3–1.7 ≈ 76 (2 C) 89% (300, at 2 C) —

NaTi2(PO4)3//
Hollow−K0.27MnO2

1 M Na2SO4 0–1.6 84.9 (0.15 A g−1) 68.7 mAh g−1 (100, at
0.2 A g−1)

—

NaTi2(PO4)3//
Na2NiFe(CN)6

1 M Na2SO4 0.2–1.6 100 (1 C) 88% (250, at 5 C) 42.5
(130 W kg−1)

NaTi2(PO4)3//
Na2CuFe(CN)6

1 M Na2SO4 0–1.8 104 (2 C) 97% (100, at 2 C) 48 (91 W kg−1)

MnII—N≡C—MnIII/I//
CuII—N≡C—FeIII/II

10 M NaClO4 0.65–1.35 ≈ 26 (10 C) ≈100% (1000, 10 C) 27 (1 C)

NaTi2(PO4)3//
Na3V2(PO4)3

1 M Na2SO4 0.5–1.6 71 (2 A g−1) 50% (50, at 10 A g−1) 36 (2567 W kg−1)

(continued)



Table 15.1 (Continued)

Type Full batteries Electrolyte
Voltage
window (V)

Specific capacity
(mAh g−1)

Capacity retention
(cycle numbers)

Power density
(Wh kg−1)

NaTi2(PO4)3–C//Na3V2O2x
(PO4)2F3–2x/MWCNT

1.0–1.8 40 (10 C) ≈75% (400, at 10 C)

Na3MnTi(PO4)3//
Na3MnTi(PO4)3

1 M Na2SO4 0.4–1.8 57.9 (0.5 C) 98% (100, at 1 C) 40 (0.5 C)

Na2VTi(PO4)3//
Na2VTi(PO4)3

1 M Na2SO4 0.2–1.5 50 (1 C) 70% (1000, at 10 C) 30

NaTi2(PO4)3//
Na2.85K0.15V2(PO4)3

NaClO4(H2O)2AN2.4 0–2.0 52 (1 A g−1) 60.2% (100, at 1 A g−1) 52 (1 A g−1)

New Disodium
naphthalenediimide(SNDI)//
KCo0.5Cu0.5Fe(CN)6

1 M Na2SO4 0.5–1.5 34 (20 C charging,
10 C discharging)

88% (100, same rate) 26 (53 W kg−1)

PNTCDA//aqueous solution
containing I−/I3

−
Nafion film 0–1.6 140 (5.5 C) 70% (50 000, at

10 A g−1)
≈63.8

PNP@CNTs//Na0.44MnO2 1 M Na2SO4 0–1.5 92 (1 C) ≈100% (200, 5 C) 25
Alizarin nanowires//PPy NaClO4 gel 0.5–1.7 158 (1 A g−1) — —
TiS2//MFCN 15 M NaClO4 0.8–2.6 58 (1 C) 92% (1000, 5 C) 100 (200 W kg−1)

mailto:PNP@CNTs//Na0.44MnO2
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The earliest ASIBs often employed activated carbon (AC) which has capacitive
properties as the electrode, and the adsorption and desorption of Na ions occurred at
its surface without redox reactions, while Na-rich compounds were mainly applied
as the counter electrode that would undergo intercalation and deintercalation
reactions through the charge–discharge process. This type of batteries could also be
named as hybrid aqueous SIB. Whitacre et al. firstly reported the electrochemical
activity of Na4Mn9O18 (Na0.44MnO2) in aqueous SIBs in 2008, which was obtained
by a simple solid-state synthesis method [2]. Then they applied it as cathode to
construct an aqueous sodium-ion full battery with AC as anode in 1 M Na2SO4
water-based electrolyte. The cyclic voltammogram (CV) curves of the full cell
showed three pairs of redox peaks, corresponding to the insertion and de-insertion
of Na+ into the orthorhombic structure of Na4Mn9O18. At a C/8 discharge current
density, the full cell can deliver a capacity of about 45 mAh g−1. To further verify
the stability of the cell, long-term cycling performance was tested as displayed in
Figure 15.2a. At the rate of 4 C, the cell cycled in a potential window of 0.4∼1.8 V
exhibited a specific capacity nearly half of that from the low rate, and the change in
voltage range compensated for the significant overpotential at the high rate. After
100 cycles or even 1000 cycles, there was no measurable loss of capacity, showing
extremely superior electrochemical stability of the as-assembled device. The excel-
lent rate performance of the cell is shown in Figure 15.2b. Correlation between the
specific capacity/energy and the rates showed that nearly 20 mAh g−1 could still be
extracted at an extremely high rate of 18 C. The appealing cycling performance and
the rate capability demonstrated that Na4Mn9O18 is a promising low-cost cathode
material in aqueous batteries. Successively, Whitacre et al. [3] explored the prop-
erties of large format devices based on AC (6 mm thickness) as anode and λ-MnO2
(3 mm thickness) as cathode in 1 : 1 mass ratio. Considering that the ionic conduc-
tivity of ions in aqueous electrolyte is generally at least an order of magnitude larger
than that in organic-based electrolytes, so the electrodes used in aqueous cells could
be much thicker than those commonly used in organic batteries. The cubic spinal
λ-MnO2 increased approximately threefold in specific energy than that obtained
from Na4Mn9O18, by creating LiMn2O4 firstly then followed by electrochemical
or chemical delithiation. In 1 M Na2SO4 aqueous solution, the device can provide
25 Wh L−1 in five hours, corresponding to 23 Wh kg−1, and operate 700 cycles with-
out measurable capacity loss at a rate of ∼six hours charge–discharge (two cycles per
day) as shown in Figure 15.2c. Ultimately, a 2.4 kW h, 80 V (max voltage) battery was
assembled, which consisted of two groups of 40 batteries connected in parallel. The
pack was tested in a long-term 24-hours operating mode. The maximum power was
about 0.5 kW, and the total energy was 1.8 kW h per day as shown in Figure 15.2d.
The above results reveal that ASIB as a low-cost, stable, and environmentally
friendly energy storage device is possible for stationary applications.

Likewise, in hybrid ASIBs, phosphate is also widely used as electrodes. Cao
et al. [4] synthesized NaTi2(PO4)3-carbon (NTP-C) composite by sintering to
enhance electronic conductivity of NaTi2(PO4)3 and adopted AC as cathode to
fabricate a full cell in 1 M Na2SO4 aqueous electrolyte. The charge–discharge curves
of electrodes vs. Ag/AgCl are shown in Figure 15.2e. The full cell displayed an
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Figure 15.2 (a) Long-term cycling performance of AC//Na0.44MnO2 full cell (insert: GCD
curves at the 500th cycle). (b) Ragon plot of AC//Na0.44MnO2 full cell. Source: Whitacre et al.
[2]. Reproduced with permission, 2010, Elsevier. (c) Long-term cycling performance of
AC//λ−MnO2 full cell. (d) The power vs. time curve recorded from a lead acid pack used in
this field. Source: Whitacre et al. [3]. Reproduced with permission, 2012, Elsevier. (e) GCD
curves of NaTi2(PO4)3−C composite//AC full cell and cathode/anode vs. Ag/AgCl. (f)
Long-term cycling performance of NaTi2(PO4)3−C composite//AC full cell. Source: Cao and
Yang [4]. Reproduced with permission, 2018, Elsevier.

average operating voltage of 1.17 V within a potential window of 0.2 and 1.6 V. At
the rate of 1 C, the cell can deliver a capacity of 100 mAh g−1, and the value can
be maintained at 89.8, 67.2, and 55.4 mAh g−1 when the rate increased to 2, 5, and
10 C, respectively. As shown in Figure 15.2f, the full cell exhibited a great long-term
cycling performance at a rate of 2 C, maintaining a capacity of 61.9 mAh g−1 after
500 cycles, corresponding to a retention of 61%. The galvanostatic charge and
discharge (GCD) curves after hundreds of cycles showed little difference from
the initial cycle, indicating an outstanding stability of the full battery. The energy
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density of 33.4 Wh kg−1 based on the total mass of the full cell was achieved with a
power density of 33.4 W kg−1.

The full batteries relying on the intercalation/deintercalation reactions are much
more promising in water-based SIBs thanks to the wider working potential window
and relative high energy density. The mechanisms are similar to the traditional
organic SIBs that store Na+ in the electrodes by reversible insert/extract reaction.
Materials including manganese-based oxides, polyanions, and PBAs, have been
investigated. Among them, manganese-based oxides and the phosphates have
attracted extensive attention. Ke et al. [5] prepared a nanofiber of NaV3(PO4)3@C
in high alignment by electrospinning and fabricated a full cell with NaV3(PO4)3@C
as anode paired with Na0.44MnO2 as cathode in 1 M Na2SO4 aqueous solution.
Figure 15.3a shows the GCD profiles of the full cell at the rate of 1 C within a voltage
window between 0.0 and 1.5 V, and a capacity of approximately 115 mAh g−1 was
obtained. At the high rates of 5/20 C, the cell still delivered 84% of the capacity
retention after 500 cycles, demonstrating an appealing rate and cycling properties
of the cell, as shown in Figure 15.3b. Guo et al. [6] assembled two-dimensional
(2D) belt-shaped and one-dimensional (1D) fiber-shaped ASIBs, which are highly
safe and extremely flexible based on Na0.44MnO2 (NMO) cathode and nano-sized
NaTi2(PO4)3@C (NTPO@C) anode [8]. For the belt-shaped full cell, the GCD curves
at different current densities are shown in Figure 15.3c. It could deliver a discharge
capacity of 43 mAh g−1 at 0.1 A g−1 (based on cathode) within the voltage range of 0
∼1.6 V with three voltage platforms and maintained a capacity of 27 mAh g−1 even
at a high current density of 5 A g−1, corresponding to 63% of the initial capacity.
Figure 15.3d shows the cycling performance of the full cell at 0.2 A g−1. The capacity
decreased from 42 to 26 mAh g−1 over 1000 cycles, corresponding to a retention of
60%. Accordingly, as calculated based on the total mass, the energy density achieved
was 30 Wh kg−1. Similarly, the fiber-shaped full battery delivered a specific capacity
of 46 mAh g−1, similar as that of belt-shaped full battery. Once the current density
increased to 3 A g−1, the capacity of fiber-shaped cell decreased to 12 mAh g−1, and
only 76% of the initial capacity can be maintained after 100 cycles at 0.2 A g−1,
showing slightly poorer performances than the belt-shaped full cell.

To further improve the capacity of Na0.44MnO2, researchers also tried to dope
other elements to enhance its properties. Wang et al. [9] partially substituted
Mn with Ti to synthesize a novel Na-rich tunnel-type material with a composi-
tion of Na0.66[Mn0.66Ti0.34]O2 and utilized NaTi2(PO4)3/C (NTP/C) as anode to
fabricate a full cell in 1 M Na2SO4 aqueous electrolyte. A discharge capacity of
76 mAh g−1 was obtained at 2 C (150 mA g−1) within a voltage window of 0.3 and
1.7 V. Even at a high rate of 10 C, a specific capacity of 54 mAh g−1 could still
be obtained. Long-term cycling test showed that after 300 cycles, the capacity
retention was 89% at a rate of 2 C. Furthermore, Huang and coworkers [7] syn-
thesized Binessite-type K0.27MnO2 with hollow structure by a template method
and constructed a full cell with NaTi2(PO4)3 as anode. In 1 M Na2SO4 aqueous
solution, the cell delivered a capacity of 84.9 mAh g−1 at 0.15 A g−1 in a voltage
range of 0–1.6 V with slope charge–discharge curves, as shown in Figure 15.3e.
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performance of NaV3(PO4)3//Na0.44MnO2 full cell. Source: Ke et al. [5]. Reproduced with
permission, 2017, Royal Society of Chemistry. (c) GCD curves of belt-shaped nano-sized
NaTi2(PO4)3@C//Na0.44MnO2 full cell. (d) Long-term cycling performance of belt-shaped
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and fiber-shaped battery). Source: Guo et al. [6]. Reproduced with permission, 2017, Elsevier.
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Chemical Society.

With the current density increased to 0.6 A g−1, the cell could still achieve a dis-
charge capacity of 56.6 mAh g−1, demonstrating an outstanding rate performance.
In addition, the long-term cycling performance is shown in Figure 15.3f. At a
current density of 2 A g−1, the cell maintained a capacity of 68.7 mAh g−1 after
100 cycles, corresponding to 83% capacity retention, exhibiting an excellent cycling
performance.

PBAs are another promising electrode material due to their open-framework
structure which can allow the Na ions or other alkali metal ions to insert/extract
quickly without damaging the crystallographic lattice. The electrochemical activ-
ities of PBAs in aqueous electrolytes have been confirmed. However, most of

mailto:3@C//Na0.44MnO2
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Figure 15.4 (a) GCD curves and (b) long-term cycling performance of NaTi2(PO4)3//
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profiles at different rates and (f) long-term cycling performance of MnII—N≡C—MnIII/I//
CuII—N≡C—FeIII/II full cell. Source: Pasta et al. [12]. Reproduced with permission, 2013,
Springer Nature.

them could not be directly considered as cathode to construct ASIBs since they
nearly contain no Na. Therefore, Wu et al. successfully synthesized Na-rich hex-
acyanoferrate Na2NiFe(CN)6 [10] and explored its electrochemical performances
in full ASIBs with NaTi2(PO4)3 as anode. Figure 15.4a shows the GCD curves of
the full cell (with a voltage platform around 1.27 V) in 1 M Na2SO4 water-based
electrolyte at a rate of 1 C. The Coulombic efficiency was relatively low in the
initial several cycles which could be ascribed to the O2/H2 evolution during the
cycles. With the rate increased to 10 C, a discharge capacity of 86 mAh g−1 was
maintained. And a capacity of 79 mAh g−1 could be delivered at 5 C after 250 cycles,
as shown in Figure 15.4b. Accordingly, on the basis of the total mass weight of both
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electrodes, an energy density of 42.5 Wh kg−1 could be achieved at a power density
of 130 W kg−1. To realize a high-voltage aqueous system, Wu et al. successively
synthesized Na2CuFe(CN)6 [11], similar to Na2NiFe(CN)6, and investigated the
electrochemical performances. At a current density of 0.2 A g−1 (2 C based on the
anode), it delivered a capacity of 104 mAh g−1 with a higher discharge platform
of 1.4 V. Rate performance is shown in Figure 15.4c. Even at an extremely high
rate of 100 C, the battery could still exhibit a discharge capacity of 50 mAh g−1,
with only 0.3 V voltage drop, showing an excellent rate performance among the
reported materials of the ASIBs. The Ragon plot of the full cell based on the total
mass of electroactive materials is shown in Figure 15.4d, and the battery could
achieve an energy density of 48 Wh kg−1 at 91 W kg−1 and attain 16.6 Wh kg−1 at
an extraordinarily high power density of 3500 W kg−1. The excellent properties
make it a competitive material among the conventional materials reported for ASIB
technology. In addition, Cui and coworkers [12] developed a novel symmetric full
ASIB based on manganese hexacyanomanganate (MnII—N≡C—MnIII/II) as anode
and CuII—N≡C—FeIII/II as cathode in excess of 10 M NaClO4 aqueous electrolyte.
The cell was operated between 0.65 and 1.35 V with little voltage hysteresis even
at 10 C thanks to the impressively high ionic conductivity of the electrolyte and
fast reaction rate of the electrodes (Figure 15.4e). When the current increased to
50 C, the energy efficiency could still maintain at 84.2%, showing excellent rate
performance. The cycling performance of the cell at 10 C is shown in Figure 15.4f.
There was no visible capacity loss after 1000 cycles, corresponding to a Coulombic
efficiency of over 99.8% for each cycle. Consequently, considering the total mass
weight of electrodes, a maximum energy density of 27 Wh kg−1 was realized at a
rate of 1 C.

Besides the above-mentioned materials, another important electrode material is
“polyanionic” compounds possessing the advantages of strong electrostatic interac-
tion between the anions, structural diversity, long cycle life, and high safety. Zhang
et al. [13] assembled a full battery on the basis of all NASICON structural materials,
i.e. NaTi2(PO4)3 as anode and Na3V2(PO4)3 as cathode with a mass ratio of 8 : 7 in
1 M Na2SO4 aqueous solution. The cell showed a voltage platform at around 1.3 V
with some voltage hysteresis in the potential window of 0.5–1.6 V (Figure 15.5a). As
the current density increasing, the capacity firstly increased from 49 to 73 mAh g−1

(3 A g−1) and then decreased to 58 mAh g−1 at 10 A g−1. This phenomenon can be
ascribed to the weakened side reaction or the dissolution of the electrode at high
voltage and high rate. In the cycling test, it showed an optimum performance at a
current density of 10 A g−1, as shown in Figure 15.5b. The battery was capable of
maintaining a capacity retention of 50% after 50 cycles. In general, the cycling per-
formance of the cell was pretty poor owing to the complex side reactions which needs
to be further explored and addressed. Kumar et al. [14] firstly explored the feasibil-
ity of V2O2x(PO4)2F3−2x with multi-walled carbon nanotubes (MWCNTs) in aqueous
system and fabricated a full cell with NaTi2(PO4)3–C as anode. At a current density
of 650 mA g−1 (10 C), the cell achieved a capacity of 30 mAh g−1 after 400 cycles in
the voltage range of 1.0–1.8 V, as shown in Figure 15.5c.
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As the polyphosphates could compose of multiple metal ions, symmetric batteries
can be constructed depending on the different redox potentials of various metal ions.
Gao and Goodenough [17] reported a typical symmetric NASICON-based full bat-
tery. They synthesized Na3MnTi(PO4)3, a material that could be employed either as
negative or positive electrodes because of the Ti4+/Ti3+ and Mn3+/Mn2+ redox cou-
ples. A pair of redox peaks emerged at around 1.4 V in the CV curves, which was
consistent with the predicted redox potential. The full SIBs in 1 M Na2SO4 aqueous
electrolyte delivered a capacity of 57.9 mAh g−1 at a rate of 0.5 C within the voltage
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range of 0.4–1.8 V, and the calculated energy density was about 40 Wh kg−1 based
on the mass of the total active materials. With the rate increased from 1 to 10 C,
the capacity decreased from 56.5 to 46.7 mAh g−1, showing an appealing rate perfor-
mance. When cycled at 1 C, the cell could maintain almost 98% of the initial capacity
after 100 cycles, showing impressive stability of the cell. Beyond that, Wang et al. [15]
constructed a symmetric full battery with Na2VTi(PO4)3 relying on the redox cou-
ples of Ti4+/Ti3+ and V4+/V3+. As shown in Figure 15.5d, within the voltage range of
0.2–1.5 V (where no unexpected redox peaks were found in CV curves), the battery
delivered a capacity of ∼ 50 mAh g−1 with the operating voltage plateau at 1.14 V
and little voltage hysteresis was observed at a rate of 1 C. The rate performance was
tested at 1, 2, 5, and 10 C, and a capacity of 40.6 mAh g–1 could be achieved at 10 C,
corresponding to 80.6% of the initial capacity. Moreover, as seen from Figure 15.5d,
the cell showed excellent cycling stability, with 70% of initial capacity maintained
after 1000 cycles at 10 C. Overall, the excellent electrochemical performances of the
cell enabled the application of NASICON-structured Na2VTi(PO4)3 in ASIBs for ESS.
Recently, Shen et al. [16] explored a high-performance ASIB utilizing NaTi2(PO4)3 as
anode and carbon coated Na2.85K0.15V2(PO4)3 as cathode with a NaClO4-based ace-
tonitrile/water hybrid solution (NaClO4(H2O)2AN2.4) as electrolyte. Thanks to the
extraordinary electrolyte, the battery could be stably cycled with a relatively small
internal resistance. The GCD profile of the full battery is shown in Figure 15.5e,
and the cell delivered a capacity of 52 mAh g−1 (based on the total mass) under the
current density of 1 A g−1 at a platform of around 1.2 V with little voltage hysteresis.
Meanwhile, the cell could maintain 60.4% of the initial capacity with the current den-
sity increased from 0.5 up to 5 A g−1. Figure 15.5f displays the long-term cycling per-
formance at 1 A g−1, with 60.2% of initial capacity maintained after 100 cycles, indi-
cating the great stability of the cell even at high charge–discharge current density.

In the hope of developing a new aqueous sodium-ion full battery with higher
energy density, longer cycle life and better rate performance, tremendous efforts
have been made and some novel aqueous sodium battery systems with organics,
ionic liquids, biomass, etc., have been explored as the electrodes. Kim et al. [18]
firstly reported a new carbonyl-based organic salt, namely disodium naphthalenedi-
imide (SNDI), a Prussian blue derivatives, and employed it as anode coupling with
KCo0.5Cu0.5Fe(CN)6 (CoCuHCF) as cathode to assemble an ASIB (Figure 15.6a).
As the diffusion rate of Na ions in SNDI in desodiation process was much higher
than that in the sodiation process, the full cell was cycled at a high rate of 20 C dur-
ing charging and 10 C during discharging, which delivered a discharge capacity of
34 mAh g−1 with an average voltage platform at 1.1 V. As shown in Figure 15.6b, after
100 cycles, the cell could maintain a discharge capacity of 30 mAh g−1, correspond-
ing to a capacity retention of 88%, showing great cycling performance. Taking into
account the total mass weight of both electrodes, the cell was capable of attaining an
energy density of 17 and 26 Wh kg−1 at power density of 262 and 53 W kg−1, respec-
tively. Xia and coworkers [19] reported a novel aqueous battery system consisting
of the reversible enolization in polyimide as anode and a liquid cathode that relied
on the redox of I−/I3− couple. Significantly, the battery system contained no metal
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Figure 15.6 (a) Schematic illustration of the (H)SNDI//CoCuHCF full cell, and (b) its
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the Advancement of Science.

elements and the ion (Na+/Li+) was only used as the charge carrier. A polymer mem-
brane was employed to allow the ion exchange between the cathode and the anode.
The GCD curves at various rates are shown in Figure 15.6c, and the system could
deliver 140 mAh g−1 at 1 A g−1 within the voltage range of 0.0–1.6 V. When a high
current density of 100 A g−1 was applied, the battery could still achieve a capacity of
28 mAh g−1, indicative of its excellent rate performance. The long-term cyclic perfor-
mance is shown in Figure 15.6d. It is surprising that the cell can maintain 70% of the
initial capacity after 50 000 cycles, exhibiting outstanding stability. Besides, the rate
performance was tested in a low-concentration aqueous solution (0.1 M NaI) and
the mass loading on anode side was only ∼1 mg cm−2. As above, the novel environ-
mentally friendly system exhibited remarkable performance, promising its potential
application for future grid-scale energy storage.

Gu et al. [20] synthesized a polyimide–MWCNT composite (PNP@CNTs) from the
1,4,5,8-naphthalenet-etracarboxylic dianhydride (NTCDA) and phenylene diamine
(PDA), and then successively constructed a full battery with Na0.44MnO2 (NMO) as
cathode in 1 M Na2SO4 water-based electrolyte to explore the potential application
of the composite in aqueous system. The full cell delivered a capacity of 92 mAh g−1

based on the anode mass at a rate of 1 C (100 mA g−1) within the voltage window
between 0.0 and 1.5 V (Figure 15.7a). Figure 15.7b shows the cycling performance
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Figure 15.7 (a) GCD curves and (b) long-term cycling performance of PNP@CNTs//NMO
full cell. Source: Gu et al. [20]. Reproduced with permission 2016, Royal Society of
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Wiley-VCH. (e) GCD curves, and (f) rate-capability and Ragone plot of TiS2//MFCN full cell.
Source: Hou et al. [22]. Reproduced with permission, 2019, Elsevier.

of the cell at a rate of 5 C, and the Coulombic efficiency increased rapidly in the
initial cycles due to rising capacity. After approximately 150 cycles, the capacity of
the cell began to decrease, and at last the cell could obtain 25 Wh kg−1 of energy
density over 200 cycles, demonstrating its great cycling performance. In addition
to the organics and ionic liquids, biomass materials have also been investigated by
researchers. Wang and coworkers [21] proposed that the biomolecule alizarin is elec-
trochemical active and can be used as anode. As displayed in Figure 15.7c, they
investigated the properties of the full cell consisting of the biomolecule alizarin as
anode and polypyrrole (PPy) which is biocompatible and biodegradable as cathode.
The cathode and anode were separated by a piece of filter paper which had been
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soaked in the NaClO4 gel electrolyte for 30 minutes. The CV curves showed the good
sodium storage capability of the full cell and excellent electrochemical reversibil-
ity. The cell could achieve a capacity of 146.1 mAh g−1 (based on the anode) at a
scan rate of 20 mV s−1 and maintained 65.1 mA h g−1 when the scan rate increased
to 200 mV s−1. The GCD profiles are shown in Figure 15.7d, where the cell exhibited
a sloping plateau with an average discharge potential at approximately 1.06 V. It can
be seen that when the current density was 1 A g−1, the cell could obtain an impressive
capacity of 151.8 mAh g−1 and maintained 62.8 mAh g−1 at 5 A g−1. Nevertheless, the
relatively low-capacity retention cannot be ignored, which might be due to the dis-
solution of reduced anthraquinone–Na complexes in the aqueous solution. It should
be noted that the stability of the electrodes in water is a universal issue which has
not been addressed completely.

Besides of developing new high-performance active materials, other battery com-
ponents are also worthy of attention. Qian and coworkers [22] found that depositing
oxide films onto the current collectors could exhibit strong passivation effect and fur-
ther broaden the stability window of the aqueous electrolyte, such as depositing TiO2
film and Al2O3 film on Ti and Al current collector by atomic layer deposition (ALD).
They revealed that when TiO2 film was 5 nm and Al2O3 film was 3 nm, the cell in
aqueous electrolyte could be cycled up to 3.5 V. Thanks to the wide operating volt-
age window, the TiS2 which has low working potential was firstly used as anode in
ASIBs, coupling with manganese hexacyanoferrate (MFCN) as cathode to assemble
a full battery in highly concentrated aqueous solution of 15 M NaClO4. The GCD pro-
files are shown in Figure 15.7e, and the cell delivered a capacity of 52 mAh g−1 (based
on the total mass) at a rate of 1 C accompanied with two platforms at 1.75 and 2.45 V
approximately. After 150 cycles, a discharge capacity of 52 mAh g−1 (corresponding
to a capacity retention of 90%) could still be maintained. The rate performance and
Ragon plot of energy density and power density are shown in Figure 15.7f. The cell
could achieve a discharge capacity of 30 mAh g−1 even at a high rate of 30 C, corre-
sponding to an extremely high specific energy density of 100 Wh kg−1 on the basis
of total mass weight of both electrodes at a power density of 200 W kg−1. The cycling
performance was tested at 5 C, and after 1000 cycles, the capacity retention was about
92% and Coulombic efficiency was close to 100%. Therefore, the cell exhibited com-
petitive electrochemical properties due to the extremely high energy density at a
high rate with outstanding stability.

Aqueous SIBs are gaining more and more attention in large-scale stationary ESSs
owing to the advantages of low cost, sustainability, safety, and friendliness, while
there are still many technical or scientific challenges that need to be further explored
to achieve better application, mainly including hydrogen and oxygen evolution in
aqueous electrolyte, the dissolution of electrode in water, the reaction between elec-
trode and the water or O2 and proton co-intercalation, etc. Some methods have been
evaluated and the directions of future development have been proposed.

First of all, optimization of electrode material is essential. The strategies to
improve the properties of existing electrode materials involve: (i) material structure
design; (ii) construction of artificial interface layer; and (iii) surface coating and
doping. These methods could regulate voltage, increase capacity, enhance electronic
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and ionic conductivity, and improve structural and chemical stability during the
cycles.

The second is to widen the stability window. In order to expand the electrochem-
ical stabilization window, the following strategies can be adopted: (i) introducing
additives into aqueous electrolytes; (ii) adopting highly concentrated electrolytes
or gel electrolytes; (iii) constructing the artificial SEI layers; (iv) adjusting the sur-
face characteristics of electrodes; (v) passivation oxygen evolution reaction (OER) or
hydrogen evolution reaction (HER) reactivity on the current collector surface. With
the expansion of the voltage window, not only the stability of the system could be
improved due to the inhibition of O2/H2 evolution and other side reactions, but also
more and more electrode materials with suitable redox potentials and high capacity
can be utilized to construct a high-voltage ASIB.

The third is to improve the energy density of ASIBs with long cycle life. Exploring
and optimizing electrode materials with excellent properties is the key to achieve
the full battery system with energy density higher than 25 Wh kg−1 (voltage> 1.2 V)
which can enhance the competitiveness of ASIBs in energy storage system (EES).
Therefore, the full battery system with high-capacity organic materials as electrodes
is a good choice to obtain high energy density. On the other hand, high voltage and
good cycling stability of ASIBs can also be achieved by introducing organic additives
into aqueous electrolytes to form mixed electrolyte.

In conclusion, further breakthroughs are still needed in applicable aqueous
electrolyte, advanced electrode materials, devices, etc. With the improvement of
comprehensive performance, as well as the optimization of electrode materials,
it is believed that ASIBs will play a significant role in EES, so as to promote the
application and development of clean energy and large-scale renewable energy
connected to smart grids.

15.3 Nonaqueous Sodium-Ion Full Batteries

The electrolyte of nonaqueous SIBs includes salt, organic solvent, and additives.
Nowadays, we pay more attention to the energy/power density, cycle stability,
and the cost of the electrode materials before commercial production of SIBs.
Therefore, a series of cathode and anode materials started to be widely studied
as shown in Figure 15.8 [23]. As for cathode materials, polyanion compounds,
transition metal oxides, Prussian blue compounds, and organics have relatively high
specific capacity and the polyanion has high operating potential. Cathode materials
with high operating voltage and lager discharge capacity are being pursued to
achieve high-energy and high-power SIBs. Anode materials, including carbon
materials, metal oxides/sulfides, alloy compounds, and phosphorus on the basis of
insertion/extraction, conversion, and alloying reaction types have been studied.

Energy and power densities of aqueous-based SIBs were restricted by the potential
window. Hence, nonaqueous SIBs were regarded as potential options for large-scale
ESS. According to the sodium storage mechanism of different kinds of anode mate-
rials, increasing initial Coulombic efficiency and cycling stability are the key issues.
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Figure 15.8 The specific capacity–potential vs. Na+/Na graphic including major type of
cathode and anode materials. Source: Ren et al. [23]. Reproduced with permission, 2017,
Wiley–VCH.

The low initial Coulombic efficiency will result in active sodium loss and lead to
poor cycling performance. Many works have carried out pre-sodiation on anode
to eliminate initial irreversible capacity. As for cathode materials, most researches
focus on increasing average working voltage and discharge capacity. There are still
many problems need to be solved before SIBs become commercially available as
lithium-ion batteries today. In this section, the nonaqueous SIBs are summarized
in Table 15.2. Specifically, we categorize them as the battery with carbon materials
and with non-carbon materials as the anode.

15.3.1 Carbon-Anode-based Sodium-Ion Full Batteries

Olivine NaFePO4 with similar chemical composition with LiFePO4 has been
widely studied because of high theoretical capacity and operating potential. Loh
and coworkers [24] used an ion exchange method to synthesize the olivine-phase
NaFePO4, delivering an improved electrochemical performance comparable
to the organic-based exchange systems. The initial discharge capacity of the
NaFePO4 in half-cell was 142 mAh g–1 with a potential window ranging from 2 to
4 V vs. Na+/Na. The sodium-ion full cell was assembled by combining aqueous
ion-exchanged NaFePO4 and hard carbon. Figure 15.9a,b show the GCD curves
and the cycle performance of the full cell tested at 0.1 C, respectively. The full cell
delivered a capacity of 86 mAh g–1 after 75 cycles at 1 C with 84% capacity retention.

A series of layered oxides, including P-type and O-type oxides, have been explored
as sodium-ion full battery cathodes due to their layered structures and high capaci-
ties. Myung and coworkers [25] synthesized a carbon-coated NaCrO2 (C-NaCrO2)
cathode material to build a HC//C-NaCrO2 full cell. The half-cell performance of
C-NaCrO2 cathode was measured in the potential range of 2.0–3.6 V vs. Na+/Na.
The 3.4 wt% C-NaCrO2 delivered a high capacity of 122 mAh g–1 at current density of
0.5 C and maintained a discharge capacity of 99 mAh g–1 even at an extremely high
rate of 150 C. The cycling performance of 3.4 wt% C-NaCrO2 was also impressive,
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Table 15.2 The representative nonaqueous sodium-ion full batteries.

Type Full batteries

Average
working
potential
(V)

Specific
capacity
(mAh g–1)

Cycle
performance
(cycle)

Energy
density
(Wh kg–1)

Carbon-based
anode

HC//NaFePO4 2 140 (0.1 C) 84% (75 at
1 C)

—

HC//NaCrO2 2.9 102 (20 mA g–1) 89.73%
(300 at 1 C)

—

HC//P2/P3-Na0.7
Li0.06Mg0.06
Ni0.22Mn0.67O2

3.36 100.6 (0.1 C) 82.2% (50
at 0.1 C)

218

Non-carbon
anode

Fe3S4//Na3V2
(PO4)3@C@rGO

1.7 305 (100 mA g–1

based on the
anode weight)

— —

VS2-SNSs//Na3V2
(PO4)3/C

1.5 232 (0.2 A g–1

based on the
anode weight)

92% (50 at
0.2 A g–1)

—

Sn//Na3V2
(PO4)3-CNT

3.2 645 (400 mA g–1

based on the
anode weight)

96.4%
(1800 at
400 mA g–1)

253.4

Sb-CNT//Na3V2
(PO4)2O2F

3.0 120.3 (1 C) 80% (50 at
5 C)

206.7

Na2Ti3O7//VOPO4 2.9 114 (0.1 C) 92.4% (100
at 1 C)

220

CNT/FeOx—Nax
FeFe(CN)6

1.75 100 (25 mA g–1) 81% (100 at
250 mA g–1)

—

Na-Ti3C2Tx-CC//
Na3V2(PO4)3

3.4 117 (50 mA g–1) 88% (300 at
500 mA g–1)

—

Juglone/rGO//
Na3V2(PO4)3/C

1.0 150 (50 mA g–1) 67% (40 at
50 mA g–1)

—

which showed a capacity retention of 90% after 300 cycle with around 100% CE.
The effective carbon coating on the surface of cathode material could boost the
electron transferring and result in an excellent rate capability. Sodium-ion full
cells were fabricated by C-NaCrO2 and hard carbon. As shown in Figure 15.9c, the
initial discharge capacity of full cell reached 102 mAh g–1 at 20 mA g–1 in the voltage
window of 1.8–3.4 V. The cycling performance of bare NaCrO2 and C-NaCrO2
cathode-based full cells was significantly varied. For bare NaCrO2, after 100 cycles,
the capacity retention was only 70%. In contrast, the capacity retention of C-NaCrO2
cathode-based full cells was ∼90% after 300 cycles (Figure 15.9d). All in all, this
work showed that the O3-type layer compounds with Cr3+/Cr4+ redox reaction
can achieve excellent electrochemical performance through appropriate carbon
coating.
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Figure 15.9 Electrochemical performance of HC//NaFePO4 full cells. (a) Four cycles of
charge and discharge curves at 0.1 C. (b) Cycle performance at 1 C. Source: Tang et al. [24].
Reproduced with permission, 2016, Royal Society of Chemistry. Electrochemical
performances of HC//bare NaCrO2 and HC//C-NaCrO2 full cells. (c) Initial GCD curves.
(d) Cycle tests. Source: Yu et al. [25]. Reproduced with permission, 2015, Royal Society of
Chemistry. Electrochemical performance of HC//P2/P3-NLMNM pouch cell. (e) GCD profiles.
(f) Cycling performance (inset: pouch cell power commercial LED). Source: Zhou et al. [26].
Reproduced with permission, 2019, Elsevier.

In NaxTMO2 cathode materials, the phase transition often takes place during
the charge–discharge process, which results in terrible cycle performance and
low initial CE. Guo et al. [26] designed a P2/P3-Na0.7Li0.06Mg0.06Ni0.22Mn0.67O2
(P2/P3-NLMNM) cathode material with multiphase structure for SIBs. The multi-
phase structure design restrained the phase transition in traditional P2-NaxMnO2
and improved the electrochemical performances and the discharge capacity of
P2/P3-NLMNM in half-cell was ∼120 mAh g–1 in the potential window of 2.0–4.4 V
at 0.2 C. To evaluate the electrochemical properties of P2/P3-NLMNM cathode in
sodium-ion full cell, the pouch cell was assembled with the pre-cycled hard carbon.
The discharge capacity in the second cycle of the pouch cell reached 100.6 mAh g−1
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(based on cathode) with an average potential of 3.36 V (Figure 15.9e). The cycle
performance of the cell is shown in Figure 15.9f, where the discharge capacity
decreased from 100.6 to 82 mAh g−1 after 50 cycles, along with the ability to lighten
up an array of light-emitting diode (LED) bulbs. It can be seen that the pre-sodiation
treatment of the hard carbon anode can improve the performance of the SIB
full cells.

15.3.2 Non-Carbon-Anode-based Sodium-Ion Full Batteries

In the non-carbon anode materials, the transition metal sulfide anodes can well
match the cathode, showing intriguing commercialization potential. Among cath-
ode materials, polyanion compounds with stable 3D host frameworks have attracted
great attention because of long cycle life, enhanced rate capability, relatively high
operating potential and high safety. A series of works on polyanion-cathode-based
SIBs have been reported. As for polyanion compounds, NASICON-type Na3V2(PO4)3
is widely studied as cathode material for sodium-ion full cells. This NASICON-type
framework provides 3D open diffusion pathways for Na+ ion transport, and Na+
ion diffusion coefficient of Na3V2(PO4)3 can achieve 10−11 cm2 s−1. The theoretical
discharge capacity of Na3V2(PO4)3 rises up to 117.6 mAh g−1 with two Na+ ions
intercalated/extracted at 3.4 V vs. Na+/Na. Yan and coworkers [27] synthesized
Na3V2(PO4)3 nanocrystals coated with amorphous carbon and wrapped by rGO
nanosheets (NVP@C@rGO). NVP nanocrystals shortened the lengths of Na ion
diffusion, and amorphous carbon and rGO nanosheets accelerated the electron
transport, as well as the macro/mesopore network enabled the full infiltration of
electrolyte. The discharge capacity of NVP@C@rGO cathode reached 115 mAh g–1

at 20 C, and even at an ultrahigh rate of 100 C, it still maintained 86 mAh g–1,
corresponding to capacity retention of 73%. Meanwhile, the NVP@C@rGO cath-
ode delivered a capacity retention of 64% after 10 000 cycles at 100 C. The full
cells were constructed by combining NVP@C@rGO cathode with pre-cycled
Fe3S4 as anode. The initial charge–discharge profiles of Fe3S4 at 0.1 A g–1 in the
potential window of 0.01–3.0 V vs. Na+/Na are displayed in Figure 15.10a. The
Fe3S4//NVP@C@rGO full cell showed a great performance with a large discharge
capacity of 305 mAh g–1 (based on the anode weight) at 0.1 A g–1 in the voltage
range of 0.8–3.0 V (Figure 15.10b).

VS2, a kind of the transition metal dichalcogenides, shows a sandwich crystal
structure made up of two sulfide layers and one vanadium layer. The large open
channels between the layers allow fast insertion and extraction of Na ions and
the metallic property is beneficial for charge transfer. Mai and coworkers [28]
synthesized a novel layer-by-layer-stacked VS2 nanosheets structures (VS2-SNSs),
which ensured the stability of nanosheets during charge and discharge process,
resulting in the long cycling stability. The conversion reaction would occur at
specific potential, which can be controlled by limiting the discharge charge voltage
window to improve the cycling stability. The GCD curves of the VS2-SNSs anode
at current density of 0.2 A g−1 in the potential window of 0.4–2.2 V are shown in
Figure 15.10c. The GCD curve was slope-shaped without any obvious plateau. The
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Figure 15.10 (a) The initial charge and discharge curves of the Fe3S4 anode. (b) GCD
profiles of Fe3S4//NVP@C@rGO full cell. Source: Rui et al. [27]. Reproduced with
permission, 2015, Wiley–VCH. (c) GCD curves of VS2-SNSs anode. (d) Cycle performance of
VS2-SNSs//Na3V2(PO4)3/C full cells (inset is the GCD curves of different cycles). Source: Sun
et al. [28]. Reproduced with permission, 2017, Elsevier.

VS2-SNSs anode can deliver a capacity of as high as 252 mAh g−1 at 0.1 A g−1, and
even at an extremely high current density of 20 A g−1, it still possessed a capacity
of 150 mAh g−1. The full cell was constructed by the usage of VS2-SNSs as anode
and Na3V2(PO4)3/C as cathode. In Figure 15.10d, VS2-SNSs//Na3V2(PO4)3/C
full cell displayed a stable platform at around 1.2 V with a discharge capacity of
∼230 mAh g−1 at 0.2 A g−1 and a 92% capacity retention after 50 cycles, which
indicated its excellent stability during the cycling process.

Besides of the transition metal sulfide anodes, alloy anode materials (Sn, Sb, etc.)
have been widely explored by researchers because of their much higher theoretical
specific capacity than that of hard carbon. For example, Sn with a large capacity
of 847 mAh g−1 and low redox potential of ∼0.2 V seems to be a promising anode
for SIBs. Li and coworkers [29] constructed a high energy density sodium-ion full
battery with micro-sized Sn anode and compound of Na3V2(PO4)3 and carbon nan-
otubes (NVP-CNT) as cathode in NaPF6-diglyme electrolyte. The discharge capacity
of Sn in half-cell reached 729 mAh g−1 at 50 mA g−1, and even at a high current
density of 3200 mA g−1, it still preserved 587.8 mAh g−1. The charge–discharge pro-
files of the Sn//NVP-CNT full cell cycle at current density of 400 mA g−1 (based on
anode) are presented in Figure 15.11a, in which GCD curves of full cell are homol-
ogous with those of Sn and NVP-CNT in half-cells. Benefited from the excellent
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Figure 15.11 Electrochemical performance of Sn//NVP-CNT full cell. (a) GCD curves of
different cycles. (b) Cycle performance. Source: Song et al. [29]. Reproduced with
permission, 2019, Springer. Electrochemical performance of Sb-CNT//NVPF-NTP full cells.
(c) Rate performance, GCD curves at 1 C and a digital photo of coin cell lighting on LED
lights. (d) Cycle tests. Source: Guo et al. [30]. Reproduced with permission, 2017, Wiley–VCH.

rate performance in half-cells, the full cell also showed an impressive rate capabil-
ity, which delivered a discharge capacity of 630.8 mAh g−1 at 3.6 A g−1. For practical
application, the excellent rate performance represents the fast charge capability of
full cell. The cycling performance of full cell is presented in Figure 15.11b, which
delivered a capacity of 645 mAh g−1 after 180 cycles with a capacity retention of
96.4%.

Many efforts have been made on the above-mentioned typical NASICON-type
cathode—Na3V2(PO4)3, because of its crystal structure allows ultrafast sodium-ion
intercalation/extraction. However, calculated from the operating potential and
theoretical capacity, the energy density of the Na3V2(PO4)3 is only 394 Wh kg–1.
Thus, there is still a gap in employing Na3V2(PO4)3 as cathode material to build
practical SIBs. In order to achieve high-energy-density full cell, cathode materials
with high operating potential and large discharge capacity need to be designed.
For polyanion-type cathode, introducing high electronegative anions – F– to the
anionic framework results in higher redox potential of V4+/V5+ couple. Guo
et al. [30] prepared the Na3V2(PO4)2O2F material composed of uniform and
carbon-free nano-tetraprisms (NVPF-NTP) via a hydrothermal method to construct
a well-performed SIB. The rate performance of NVPF-NTP cathode material was
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very impressive, which maintained a discharge capacity of 84.1 mAh g–1 at the
current density of 40 C. The capacity retention of NVPF-NTP half-cell at 1 C after
1000 cycles still reached 88.5% of the initial discharge capacity of 117.6 mAh g–1.
The sodium ion full batteries were assembled by combining NVPF-NTP as cathode
and Sb-CNT as anode. The Sb-CNT anode in half-cell delivered a large discharge
capacity of 400 mAh g–1 at a current density of 2500 mA g–1. Figure 15.11c shows
the electrochemical performance of the Sb-CNT//NVPF-NTP full cells, including
the GCD curves at 1 C (based on cathode) in the voltage window of 1.5–3.9 V, the
rate performance, and a digital photo of the coin cell lighting on an array of LED
lights. The rate performance of full cells was remarkable with a discharge capacity
of 120 and 65 mAh g–1 at 1 and 20 C, respectively. The full cells cycled at 5 C for 50
cycles showed a capacity retention of around 80% (Figure 15.11d).

It is also a good choice to use the intercalation/deintercalation type anode for
SIBs due to better stability. Yu and coworkers [31] utilized the “zero-strain” material
Na2Ti3O7 as anode and the high-performance VOPO4 as cathode to construct a
sodium-ion full battery. The electrochemical performance of the anode and cathode
were assessed in half-cells initially. Figure 15.12a,c show their CV and GCD curves,
respectively. The orange part of Figure 15.12a shows two redox couples correspond-
ing to V5+/V4+ in the potential window of 2.5–4.3 V. Accordingly, Figure 15.12c
shows the GCD curve at a current density of 50 mA g–1 with an average voltage of
3.5 V. The blue area in Figure 15.12a shows the CV curve of the Na2Ti3O7 in the
potential range from 0.01 to 2.5 V with a distinctive redox peak at around 0.55 V,
corresponding to the redox reaction of Ti4+/Ti3+. The GCD curve of Na2Ti3O7 at
50 mA g–1 is shown in the blue area of Figure 15.12c, of which the capacity con-
tribution is mostly from below 1.5 V. Figure 15.12b shows the schematic working
potential of the V5+/V4+ redox couple and Ti4+/Ti3+ redox couple vs. Na+/Na.
From the above results, excellent electrochemical performance can be expected
from the sodium ion full batteries based on Na2Ti3O7 nanotube anode and VOPO4
nanosheet cathode. Besides, pre-desodiation of the Na2Ti3O7 anode and VOPO4
cathode was carried out in advance before constructing the full cell, which reduced
the polarization and irreversibility during the initial charge–discharge process. The
GCD profiles of the full cell at a rate of 0.1 C (1 C = 100 mA g–1) from 2nd to 4th cycle
are shown in Figure 15.12d. The cycle performance of full cell at 1 C is shown in
Figure 15.12e, which delivered a 92.4% capacity retention after 100 cycles. Further-
more, the pouch cell could power an array of LEDs even completely bended (inset
of Figure 15.12d), showing the commercial potential of the Na2Ti3O7//VOPO4 full
batteries.

To construct a high-performance sodium-ion full battery, many factors need
to be taken into consideration, including specific capacity, working potential,
cost, and so on. To further reduce the cost, Li and coworkers [32] constructed
a CNT/FeOx//NaFeFe(CN)6 full cell with iron-based redox couples. In this
design, both electrodes relied on the earth abundant and environmentally
friendly element–iron. The charge and discharge profiles of the CNT/FeOx anode



490 15 Sodium-Ion Full Batteries

1.00.80.60.40.20.0
0.00.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0.2–0.2 0.10.0–0.1

0.2–0.2 0.10.0

Current density (A g–1)(a) (b) (c)

(d) (e)

(f) (g)

Normalized capacity

4.0

3.5

3.0

2.5

2.0

1.5
0 20 40

V
o

lt
a

g
e

 (
V

)
V

o
lt
a

g
e

 (
V

)

Cs (mAh g–1)

60 80 100 120

0

50

100

150

200

200

00

0.5

1.0

1.5

2.0

2.5

3.0

20 40

1st

2nd

10th

60 80 100
0

50

100

150

200

250

300

100 200 300 400
0

20

40

60

80

100

120

40 60 80

Cycle number

Cycle number

25 mA g–1

250 mA g–1

C
o

u
lo

m
b

ic
 e

ff
ic

ie
n

c
y
 (

%
)

C
a

p
a

c
it
y
 r

e
te

n
ti
o

n
 (

%
)

S
p

e
c
if
ic

 c
a

p
a

c
it
y
  

(m
A

h
 g

–
1
)

Specific capacity  (mAh g–1)

100
0

20

40

C
E

 (%
)

60

80

100

120

2nd
3rd

4th

–0.1

0.5

1.0

1.5

2.0

Half cell

(3.75 V)

V5+/V4+

Na+

2.5

3.0

3.5

Cathode:VOPO4

Anode: Na2Ti3O7

Ti4+/Ti3+

4.0

Full cell

(3.20 V)

Half cell

(0.55 V)

0.0 0.2 0.4 0.6 0.8 1.0

Figure 15.12 Electrochemical characteristics of Na2Ti3O7 and VOPO4 electrodes in
half-cells. (a) The CV curve of VOPO4 (orange) and Na2Ti3O7 (blue) vs. Na+/Na. (b) Schematic
of Na2Ti3O7//VOPO4 full cell. (c) The GCD curves of the VOPO4 (orange) and Na2Ti3O7 (blue)
vs. Na+/Na. Electrochemical performance of Na2Ti3O7//VOPO4 full cells. (d) The GCD
profiles and the inset digital photo shows the LEDs powered by punch cell. (e) Cycle tests.
Source: Li et al. [31]. Reproduced with permission, 2016, Royal Society of Chemistry. The
electrochemical performance of CNT/FeOx//NaxFeFe(CN)6 full batteries. (f) GCD curves. (g)
Cycling performance. Source: Ye et al. [32]. Reproduced with permission, 2016, Royal
Society of Chemistry.



15.3 Nonaqueous Sodium-Ion Full Batteries 491

showed a long slope with a large irreversible capacity at the current density of
50 mA g−1 but it could be stabilized at around 400 mAh g−1 after 100 cycles. The
charge and discharge profiles of the NaxFeFe(CN)6 in half-cells exhibited a long
plateau at around 3.0 V, which delivered a discharge capacity of ∼120 mAh g−1

at current density of 25 mA g−1 with almost no capacity loss after 200 cycles.
The all-iron reversible redox sodium-ion full cell were fabricated by combining
NaxFeFe(CN)6 as cathode and CNT/FeOx as anode. The charge and discharge
profiles of CNT/FeOx//NaxFeFe(CN)6 at 25 mA g−1 are shown in Figure 15.12f,
which delivered a specific capacity of 100 mAh g−1 (based on cathode) in the voltage
window of 0.5–3.0 V. When cycled at 250 mA g−1, the full battery still exhibited good
performance for over 400 cycles (Figure 15.12g).

In recent years, sodium metal has been widely applied as the anode material
because of the large theoretical capacity. However, there are still unbridgeable
chasms (poor processability and safety issues) before industrial application. As
well known, Na metal tends to stick to each other or other materials during the
storage or processing procedure. Zhu and coworkers [33] proposed a MXene
(Ti3C2Tx)-modified carbon-cloth (Ti3C2Tx-CC) as a stable and flexible host for
metallic Na anodes to guarantee the uniform deposition. The digital photo and
SEM image of Na-Ti3C2Tx-CC composite are presented in Figure 15.13a and
the corresponding capacity was ∼730 mAh g−1. The Na-Ti3C2Tx-CC electrodes
demonstrated long cycle life, suggesting stable stripping/plating processes. The full
cells were constructed by combining Na-Ti3C2Tx-CC as anode and Na3V2(PO4)3
as cathode. The rate performance of Na-Ti3C2Tx-CC//Na3V2(PO4)3 full cell in the
voltage window of 2.0–4.3 V is presented in Figure 15.13b, which delivered almost
the theoretical discharge capacity at 50 mA g−1 and preserved a discharge capacity
of 80 mAh g−1 at 1000 mA g−1. This work also showed the Na-Ti3C2Tx-CC foil could
demonstrate stable performance under different bending angles during the cycling
tests at the current density of 500 mA g−1 (Figure 15.13c).

Besides of the above-mentioned electrode materials, organic electrode materials
with redox centers have also been investigated widely. However, organic electrodes
are facing two major problems, that is, electrode dissolution and low conductivity. As
shown in Figure 15.13d, Guo and coworkers [34] prepared a Juglone/rGO compos-
ite electrode through a facile assembly method. The Juglone/rGO films on a copper
substrate were tested in half-cells in the potential window of 0.01–2.5 V vs. Na+/Na.
A pair of redox peaks were observed at potentials of 0.6 and 1.5 V. The Juglone/rGO
delivered a discharge capacity of 325 mAh g−1 with a smooth CV curve. The cycling
performance of the Juglone/rGO anode was tested at 0.1 A g−1 which maintained a
discharge capacity of 280 mAh g−1 with ∼99% CE after 100 cycles. The sodium-ion
full cell was assembled with Juglone/rGO as anode and Na3V2(PO4)3 as cathode,
and the CV curves of full cell are presented in Figure 15.13e, indicating good electro-
chemical irreversibility during charge and discharge process. The cycle performance
of full cell is displayed in Figure 15.13f, which delivered a capacity of 80 mAh g−1

at 0.1 A g−1 after 100 cycles. Additionally, the assembled pouch cell was capable of
powering an electric fan (inset of Figure 15.13f).
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15.4 Solid-state Sodium-Ion Full Batteries

From the previous two sections, we can see that the aqueous-based and
organic-based full batteries have been widely studied due to the high ionic
conductivity and good wettability of the electrolyte, but their applications have been
limited by the poor thermal stability and the risk of flammability and leakage. As the
sodium-ion solid-state battery has a stable electrolyte system, which compensates
for the shortcomings of the aqueous-based and organic-based batteries. And the
stable electrolyte system can be coupled with the high-potential cathode and the
metal sodium anode to obtain higher energy density, which broadened its potential
application. Just as shown in Table 15.3, in this section, we will introduce the
quasi-solid-state batteries and the all-solid-state batteries. In addition, we also
discuss in detail the current challenges and key prospects of the sodium-ion solid
batteries.

15.4.1 Quasi-Solid-State Sodium-Ion Full Batteries

The quasi-solid-state battery system shows many advantages including lower risk,
preferable mechanical performance, fewer side reactions, and wider electrochem-
ical window than that of aqueous-based and organic-based SIBs, making it a bet-
ter choice to serve as the next-generation energy storage device. Compared with
all-solid-state batteries, it has better flexibility.

Kim et al. [35] reported for the first time the use of NaFePO4 cathode, HC anode,
and a HSE (ceramic NASICON (Na3Zr2Si2PO12) (70 wt%), polymer polyvinylidene
fluoride-hexafluoropropylene (PVDF-HFP) (15 wt%), and a small amount of liquid
(15 wt%, 1 M sodium triflate in triglyme)) to assemble a full battery. It showed
a capacity of 120 mAh g−1 at 0.2 C with the average voltage of around 2.6 V, and
after 200 cycles at 0.2 C, a good capacity retention of 96% was also achieved
(Figure 15.14a,b). With the current density increased from 0.5 to 1C, the capacities
were 103.1 and 75.4 mAh g−1, respectively. It was distinguished from the ether
electrolyte with advantages of high decomposition voltage of up to 5 V and high
CE in the first cycle, making it promising energy storage appliance for the next
generation. However, this battery is restricted by the poor interfacial performance.
Goodenough and coworkers [36] also designed a sodium-ion rechargeable battery
with an stibium anode, a Na3V2(PO4)3 cathode, and a low-budget composite
gel-polymer electrolyte with cross-linked poly(methyl methacrylate). For this full
battery, the capacities of 106.8 mAh g−1 at 0.1 C and 61.1 mAh g−1 at 10 C were
delivered, respectively, with an average voltage of 2.7 V (Figure 15.14c). After 100
charge–discharge cycles, this cell retained a capacity of 86.3 mAh g−1 with the
CE close to 100% at 1 C (Figure 15.14d), indicating a good cycle performance. On
account of the good wettability of gel-polymer electrolyte, this quasi-solid battery
delivered small polarization after 100 cycles. It is worth noting that, this gel-polymer
electrolyte battery also worked well at 80 ∘C.



Table 15.3 The representative solid-state sodium-ion full batteries.

Type Full batteries

Average
working
potential
(V)

Specific
capacity
(mAh g–1)

Cycle
performance
(cycle)

Energy
density
(Wh kg–1)

Quasi-solid-state
sodium-ion
full battery

HC/HSE/NaFePO4 2.6 120 (0.2 C) 96% (200) —
Sb/poly(methyl methacrylate)/Na3V2(PO4)3 2.7 86.3 (1 C) 99% (100) —
MoS2/polysulfonamide/Na3V2(PO4)3 2 87 (0.5 C) 84% (1000) —
Na/GPE/Na3V2(PO4)3 3.4 71.4 (5 C) 81.8% (10 000) —
HC/gel-polymer/Na3V2(PO4)2O2F 3.8 78.1 (10 C) 90% (500) 460
Na/IL/SE/Na3V2(PO4)3 3.4 90 (10 C) 99% (10 000) —

All-solid-state
sodium-ion
full battery

Polymer-based
electrolyte

Na/NaFSI/PEO/Na0.67Ni0.33Mn0.67O2 3.3 70 (0.2 C) 93% (50) —
Na/SPE/Na3V2(PO4)3-F 3.4 84 (0.2 C) 87.5% (1000) 400

Ceramic-based
electrolyte

Na2Ti3O7-La0.8Sr0.2MnO3/Na-β′′-Al2O3/
P2-Na2/3[Fe1/2Mn1/2] O2

2.5 80 (0.05 C) 87% (100) —

Na/Na-β′′-Al2O3/Na0.66Ni0.33Mn0.67O2 3.4 60 (6 C) 90% (10 000) —
Na/CPMEA/NASICON/NaTi2(PO4)3 2.1 102 (0.2 C) 98% (70) —
Na3V2(PO4)3/Na5YSi4O12/Na3V2(PO4)2O2F 2.1 79 (1 C) 89% (50) —
Na/Na3Zr2(Si2PO12)-PCE/Na3V2(PO4)3 3.4 88 (1 C) 98% (100) —
Na2Ti3O7/Na3.1Sn0.1P0.9S4/Na2+2δFe2-δ(SO4)3 2 109 (2 C) 80% (100) —
Na15Sn4/Na3PS4/Na4C6O6 2.6 107 (0.2 C) 76% (400) —

Composite-based
electrolyte

Na/HSE/Na3V2(PO4)3-C 3.4 81 (0.5 C) 85% (175) —

New-type
electrolyte

Na/Na2(B12H12)0.5(B10H10)0.5/NaCrO2 3 68 (0.2 C) 85% (250) —
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Figure 15.14 The electrochemical performance of carbon//HSE//NaFePO4. (a) Cycle
performance and CE. (b) Charge–discharge profile. Source: Kim et al. [35]. Reproduced with
permission, 2015, Royal Society of Chemistry. The electrochemical performance of
Sb//cross-linked PMMA//Na3V2(PO4)3. (c) Rate performance. (d) Cycling performance.
Source: Gao et al. [36]. Reproduced with permission, 2016, WILEY-VCH.

Generally, compared to liquid electrolytes, quasi-solid electrolytes can withstand
higher potentials which promise higher energy density. Cui and coworkers [37] fab-
ricated a SIB with polysulfonamide electrolyte, Na3V2(PO4)3 cathode, and layered
MoS2 anode (Figure 15.15a). This composite-polymer-electrolyte-based sodium-ion
full battery had excellent rate capability, with specific capacities of 91, 88, 83, 81,
79, and 74 mAh g−1 at the rates of 0.2, 0.5, 1, 2, 4, and 6 C, respectively. This cell
delivered a reversible capacity of up to 70 mAh g−1 even when the rate increased to
10 C (Figure 15.15b). After 1000 cycles at 0.5 C, a reversible capacity of 87 mAh g−1

was delivered along with a high-capacity retention of 84% (Figure 15.15c). In addi-
tion, this polymer electrolyte showed higher ionic conductivity, more stable elec-
trochemical window and better mechanical property. As a result, the SIB based on
PPDE-SPE will open up a new direction for exploring the practical application of
SIBs based on polymer electrolytes. Zheng et al. [38] obtained a phosphonate-based
porous cross-linked gel-polymer electrolyte by using in situ thermal polymerization
method and coupled it with Na3V2(PO4)3 and metallic Na as cathode and anode,
respectively. The Na//GPE//Na3V2(PO4)3 cell yielded a high reversible capacity of
110.7 mAh g−1 at 1 C rate with the average voltage of 3.4 V and possessed reversible
capacities with slight decay from 117.8 to 105 mAh g−1 when current rates increased
from 0.1 to 2 C. Even at the high rate of 5 C, a relatively high capacity of 71.4 mAh g−1

can be still achieved, indicating the good rate performance. Moreover, it showed a
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Figure 15.15 The electrochemical performance of flexible MoS2//Na3V2(PO4)3 battery.
(a) Schematic illustration for the fabrication of the monolithic sodium-ion full cell. (b) Rate
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Reproduced with permission, 2017, Wiley–VCH. (d) The cycling performance of
Na//GPE//Na3V2(PO4)3 batteries. Source: Zheng et al. [38]. Reproduced with permission,
2018, Royal Society of Chemistry.

superior cycle performance under the rate of 5 C, e.g. showing a high-capacity reten-
tion of 81.8% after 4500 cycles and 69.2% even after 10 000 cycles (Figure 15.15d).
When the temperature increased to 60 ∘C, this battery can still maintain the promi-
nent cycling performance in contrast to the battery with liquid electrolyte.

Wu and coworkers [39] designed a high-performance solid-state cell by using hard
carbon as anode and high-potential Na3V2(PO4)2O2F as cathode, combined with a
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sodium-ion-conducting gel-polymer membrane as electrolyte. This cell realized an
average voltage of 3.8 V and a high energy density of 460 Wh kg−1. Moreover, the
fabricated full battery also exhibited a superior rate performance with capacities of
about 121 mAh g−1 at 0.1 C and 78.1 mAh g−1 at 10 C, accompanying an excellent
cycle performance with 90% capacity retention for 500 cycles (Figure 15.16a). Hu
and coworkers [40] reported an ultralong cycle life solid-state sodium battery by
a self-forming composite electrolyte with Na3V2(PO4)3 cathode and Na anode,
and introduced some ionic liquid (e.g. nonflammable and nonvolatile ionic liquid
of N-methyl-N-propyl piperidinium-bis(fluorosulfonyl) imide (PP13FSI)) to the
interface between cathode and electrolyte. It showed specific discharge capacities
of 113, 112, 109, 106, 103, 97, 91, and 86 mAh g−1 with the rate increased from 0.2 to
10 C, respectively (Figure 15.16b). After 10 000 cycles at 10 C at room temperature,
a specific capacity of about 90 mAh g−1 was maintained with nearly no capacity
decay (Figure 15.16c). These superior performances were closely associated with
the self-formed NASICON system by introducing La3+ ions to induce several new
phases of Na3La(PO4)2, La2O3, and LaPO4, which improved the bulk and grain
boundaries conductivity simultaneously. In addition, a few nonflammable and
nonvolatile ionic liquid at the interface between the cathode and electrolyte further
lowered the interface resistance.
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15.4.2 All-Solid-state Sodium-Ion Full Batteries (ASSSIFBs)

Other than the above three types of batteries, the all-solid-state batteries are promis-
ing in achieving high energy density due to their prominent mechanical strength,
good thermal stability, and wide voltage window. In this section, we will introduce
polymer-based electrolyte, ceramic-based electrolyte, composite-based electrolyte,
and borate-based electrolyte for all-solid-state batteries.

15.4.2.1 Polymer-Electrolyte-based ASSSIFBs
Compared with ceramic-based all-solid-state batteries, polymer-based all-solid-state
batteries have attracted greater attention due to their good flexibility and interface
wettability. They are widely used in flexible battery design. But due to their relatively
narrow voltage windows, sluggish kinetics, poor chemical, and electrochemical sta-
bility at the electrolyte and electrode interface, further exploration is still needed.

Hu and coworkers [41] reported a full battery with NaFSI/PEO-blended polymer
as electrolyte and Na0.67Ni0.33Mn0.67O2 as the cathode and metallic sodium as
anode, displaying excellent interfacial stability and good cycling performance. At
an average operating voltage of about 3.3 V, this polymer-based battery delivered a
capacity of 70 mAh g−1 at 0.2 C under 80 ∘C with nearly no polarization, which is
similar to the liquid-electrolyte-based cells. After 50 cycles at 80 ∘C, it maintained a
Coulombic efficiency of nearly 100%, and good capacity retention of 93%, owning
to good wettability of the interface between P2-layered NNM cathode material and
flexible polymer electrolyte (Figure 15.17a). Pan and coworkers [42] reported a
high-performance solid-state SIB with nanofiber structured Na3V2(PO4)3 as cathode
and a PEO-based electrolyte (SPE), which exhibited excellent cycling performance
and reversible capacity even under high rates (Figure 15.17b). The NVP-S obtained
a specific capacity of 101.5 mAh g−1 at 0.2 C with the working voltage of 3.4 V, while
NVP-F achieved a higher capacity of (107.5 mAh g−1) with a lower overpotential of
45 mV (Figure 15.17c). Even when the rate increased to 2 C, the overpotential of
NVP-F just slightly increased to 90 mV with a capacity of 96.8 mAh g−1 retained.
However, under the same circumstance, for the NVP-S, the overpotential sharply
increased to 170 mV with the capacity decreased to 59.6 mAh g−1. As the rates
increased from 0.2 to 2 C, the reversible capacities slightly declined from 108 to
97 mAh g−1 (Figure 15.17d). Moreover, NVP-F yielded a capacity of 84.0 mAh g−1

after 1000 cycles at 0.2 C, corresponding to a capacity retention of 87.5% and a near
100% Coulombic efficiency.

15.4.2.2 Ceramic-Electrolyte-based ASSSIFBs
In-depth research on high-temperature SIBs and sodium-metal chloride battery
(ZEBRA) rechargeable batteries using Na-β′′-Al2O3 electrolyte kicks off the prelude
to develop all-solid-state SIBs. However, this kind of batteries usually need to work
under high temperature over 250 ∘C, which is far beyond the melting point of Na,
restricting the practical application and hampering the safety of the batteries.

In order to improve the safety and applicability of the battery, Huang and
coworkers [43] fabricated a new battery consisting of Na-β′′-Al2O3 electrolyte mem-
brane, Na2Ti3O7-La0.8Sr0.2MnO3 composite anode, and P2-Na2/3[Fe1/2Mn1/2]O2



15.4 Solid-state Sodium-Ion Full Batteries 499

50

0

20

40

60

C
o
u
lo

m
b
ic

 e
ffic

ie
n
c
y
 (%

)

80

100

120

1 μm

40

NNM

30

Cycle number(a) (b)

(d)(c)

NVP-F

NVP-S

S
p
e
c
if
ic

 c
a
p
a
c
it
y
 (

m
A

h
 g

–1
)

0
0

20

40

60

80

100

120 0.2 C 0.5 C 1 C 2 C 0.2 C

140

160

180

200

5 10

Cycle number

15 20 25

NVP-F0.2 C

NVP-S

NVP-F4.0

3.8

3.6

3.4

3.2

3.0

2.8

2.6

2.4

2.2

0 20 40 60 80 100

NVP-S
2 C

70 mV

170 mV

59.6 mAh g–1

Specific capacity (mAh g–1)

V
o
lt
a
g
e
 v

s
. 
N

a
+
/N

a
 (

V
)

0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

4.0

20 40 60 80 100 120

Specific capacity (mAh g–1)

101.5 mAh g–1

107.5 mAh g–1
96.8 mAh g–1

45 mV

90 mV

C
a
p
a
c
it
y
 (

m
A

h
 g

–1
)

20100

0

20

40

60

80

100

120

140

160

Figure 15.17 (a) The cycling performance of Na//NaFSI/PEO//NNM. Source: Qi et al. [41].
Reproduced with permission, 2016, Wiley–VCH. (b) SEM image of NVP-F, and (c, d) the
electrochemical performance of Na//PEO// NVP-F or Na//PEO// NVP-S: (c) charge–discharge
performance of NVP-F and NVP-S, and (d) rate performances of NVP-F and NVP-S. Source:
Gao et al. [42]. Reproduced with permission, 2017, Royal Society of Chemistry.

cathode. It overcame the disadvantage associated with the metallic Na and achieved
a remarkable specific capacity of 152 mAh g−1 at 350 ∘C. Hu and coworkers [44]
improved the wettability of the interface using a toothpaste-like electrode to
assemble an all-solid-state SIB. With increased rates from 0.1 to 8 C, this battery
could deliver specific capacities from 80 to 51 mAh g−1, respectively (Figure 15.18a).
When operated in the voltage range of 2.5 to 3.8 V for 10000 cycles at 6 C, it showed a
capacity retention of 90% (Figure 15.18b). As above, this newly designed solid-state
sodium-ion battery (SS-SIBs) yielded excellent rate capability, remarkable stability
and high reversibility at 70 ∘C, confirming the importance of optimizing the
wettability at the interface to realize high-performance SS-SIBs.

Similar to the Na-β′′-alumina, NASICON-type electrolytes also show a high ionic
conductivity but poor interfacial contact with the electrodes. In order to overcome
this issue, Goodenough and coworkers [45] fabricated a Na//NaTi2(PO4)3 cell with
a cross-linked poly(ethylene glycol) methyl ether acrylate/Na super ionic conduc-
tor (CPMEA/NASICON) double-layer electrolyte. This cell showed a good cycling
stability and high Coulombic efficiency at 65 ∘C, due to the tactic intercalation of a
dry polymer film at the interface. Dendrite formation and growth were suppressed
with the increased interfacial wettability. The Na//NaTi2(PO4)3 battery with sand-
wich electrolyte possessed an average voltage of 2.1 V, and delivered a steady capacity
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Figure 15.18 The electrochemical performance of Na//Na-β′′-Al2O3//Na0.66Ni0.33Mn0.67O2
battery at 70 ∘C. (a) Cycling performance and the corresponding CE at different current
densities. (b) Cycling performance at the rate of 6 C during discharge process and the
corresponding CE. Source: Liu et al. [44]. Reproduced with permission, 2016, American
Chemical Society.

of around 102 mAh g−1 with the Coulombic efficiency of about 99.7± 0.3% after 70
cycles at 0.2 C under 65 ∘C, indicating good efficiency of the Na/CPMEA/NASICON
interfaces in maintaining good stability and suppressing dendrite formation during
the charge–discharge process. Luo and coworkers [46] discovered a full-NASICON
system battery by combining Na3V2(PO4)3 as anode and Na3V2(PO4)2O2F as cath-
ode with Na5YSi4O12 as electrolyte, which are all NASICON-structured materials.
The full-NASICON systematic cell showed two voltage plateaus at about 2.4 and
1.9 V and displayed a specific capacity of 101 mAh g−1. Importantly, the cell exhib-
ited low risks as no flammable organic liquid electrolyte was used. At the rate of 1 C,
the capacity slightly declined from 85 to 79 mAh g−1 after 50 cycles with a capacity
retention of 89%, indicative of a good rate and cycle performance (Figure 15.19a).
This full-NASICON battery may provide a new design strategy for all-solid-state
sodium batteries. Goodenough and coworkers [47] reported an all-solid-state battery
with good cycle stability and high rate performance by introducing a plastic–crystal
electrolyte interlayer to enhance the interfacial wettability between the solid elec-
trolyte and cathode. This battery was assembled with Na anode and Na3V2(PO4)3
cathode, and the NASICON-based electrolyte (N≡C(CH2)2≡CN+NaClO4[20 : 1])
as interlayer. At the rate of 0.1 C, the specific capacity reached 112 mAh g−1 with a
low polarization of about 30 mV at 50 ∘C (Figure 15.19b). It also possessed steady
cycle performance, which achieved 98% capacity retention after 100 cycles at 1 C
rate (Figure 15.19c). Furthermore, capacities of 89 and 77 mAh g−1 were achieved at
the rates of 1 and 5 C, respectively. It is an innovation to fabricate safe, low-budget
all-solid-state sodium battery (ASSSB) by introducing the plastic–crystal electrolyte,
which provides a new direction to develop chemically compatible and high-voltage
battery.

The ionic conductivity of solid electrolytes has always been a bottleneck restrict-
ing solid-state batteries. In order to solve this problem, the Na3PS4 system have
received extensive attention due to their higher ionic conductivity and a mod-
erate mechanical strength compared to the previous two solid-state electrolytes
(Na-β′′-alumina, and NASICON-type electrolytes). But its interfacial stability
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of Na//Na3Zr2(Si2PO12)/PCE//NVP battery. (b) The charge–discharge performance in the
initial cycle. (c) Cycle performance and the corresponding CE. Source: Gao et al. [47].
Reproduced with permission, 2017, Wiley–VCH.

is poor, as Na3P and Na2S can be easily formed at the interface or it can react
with water to generate toxic H2S gas, thus restricting its development. Hayashi
et al. [48] developed a cubic Na3PS4 glass–ceramic electrolyte with high sodium-ion
conductivity. The Na15Sn4 anode and NaCrO2 cathode were then employed to coat
on the electrolyte to assemble an all-solid-state battery. Na15Sn4//NaCrO2 cells with
the glass–ceramic electrolyte had an average voltage of 2.5 V and retained a capacity
of about 60 mAh g−1 after 15 cycles at 0.013 mA cm−2. But the detailed interaction
mechanism between the glass–ceramic electrolyte and NaCrO2 active material
needs to be further explored to clarify the high stability of the glass–ceramic
electrolyte under such a highly oxidative state. Jung and coworkers [49] fabricated
a sodium superionic conductor Na3SbS4 by a solution method. This tetragonal
Na3SbS4 electrolyte held a remarkable conductivity of 1.1 mS cm−1, which can
be facilely processed in large scale by MeOH or water and also performs well in
dry air, serving as a potential sodium superionic conductor. With the Na3SbS4 as
electrolyte, an ASSSB using NaCrO2 as cathode and Na–Sn as anode was assembled.
The full cell of NaCrO2 (coated)//Na3SbS4//Na-Sn demonstrated much improved
electrochemical performance. It could be stably operated in the voltage range of
1.2–4.0 V with a high discharge capacity of 108 mAh g−1, which is comparable to
that of the liquid electrolyte cells. Adams and coworkers [50] reported a high-rate
all-solid-state SIB, i.e. Na2+2δFe2−δ(SO4)3/Na3+xMxP1−xS4/Na2Ti3O7 (M = Ge4+,
Ti4+, Sn4+, X = 0, 0.1) (Figure 15.20a). Within the voltage ranging from 1.5 to
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Figure 15.20 (a) Cross section of SEM image, and (b) cycling performance of
Na2+2δFe2-δ(SO4)3/Na3.1Sn0.1P0.9S4/Na2Ti3O7 battery. Source: Rao et al. [50]. Reproduced
with permission, 2017, Royal Society of Chemistry. (c) The charge/discharge performance of
Na/t-Na3.0PS3.8Cl0.2/Na3V2(PO4)3. Source: Feng et al. [51]. Reproduced with permission,
2019, Wiley–VCH. (d) SEM images of Na4C6O6 cathode/Na3PS4electrolyte viewed from
cross section (left top) and cathode surface (right top) and the corresponding EDX mapping
of O and S (bottom). (e) Cycling performance and CE of Na15Sn4/Na3PS4/Na4C6O6. Source:
Chi et al. [52]. Reproduced with permission, 2018, Wiley–VCH.

4.0 V, the cells with Na3.1Sn0.1P0.9S4 electrolyte exhibited good charge–discharge
performance at room temperature. At the rate of 0.1 C, the initial capacity was
attained to 113 mAh g−1, which approaches the theoretical capacity. As the rate
increased to 2 C, a specific capacity of 83 mAh g−1 in the initial discharge process
could be obtained at room temperature, and when the temperature increased to
80 ∘C, a capacity of 109 mAh g−1 could be achieved with 80% capacity retention
after100 cycles (Figure 15.20b). Even at the temperature beyond 250 ∘C, all com-
ponents of these batteries remained stable with a low expansion of less than 3%
caused by temperature increasing. Hu and coworkers [51] designed a full cell using
Na3.0PS3.8Cl0.2 electrolyte with Na anode and Na3V2(PO4)3 cathode. At the first
discharge–charge cycle, it showed a reversible capacity of around 100 mAh g−1
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at room temperature. No obvious capacity decay was observed in the first several
cycles, e.g. the capacity changed from 100 (first cycle) to 82 mAh g−1 (10th cycle) at
10 mA g−1 (Figure 15.20c). It also possessed a high average voltage of about 3.3 V.
However, the unstable interfacial during cycling caused a dramatic capacity decline
in the long cycles. On account of the undesirable side reaction at the interface,
which creates several insulating products, the interfacial resistance increased
greatly from 80Ω at the beginning to approximately 1300Ω after cycling. Thus, Na
was replaced by Na–Sn alloy to improve surface stability to relieve the detrimental
side reactions. Yao and coworkers [52] used a tailored organic electrode material of
Na4C6O6 as cathode to match sulfide electrolyte of Na3PS4 and anode of metallic
Na15Sn4, obtaining a stable and high-capacity all-solid-state sodium batteries
(Figure 15.20d). The battery yielded a reversible capacity of 182 mAh g−1 (90% of
the theoretical capacity) with a 2.6 V upper cut-off potential and 99% Coulombic
efficiency, suggesting the good stability. Moreover, when cycled under 60 ∘C at 0.2 C
for 400 times, a capacity of 107 mAh g−1 could still be obtained (Figure 15.20e).

15.4.2.3 Composite-Electrolyte-based ASSSIFBs
For the sole polymer electrolyte, it possesses good flexibility and wettability.
However, its conductivity is low, and it is easy to be pierced to cause short circuit,
leading to the poor safety and cycling performance. Furthermore, owing to its
narrow voltage window and poor chemical and electrochemical stability, polymer
electrolyte-based battery normally possesses poor performance. Similarly, single
inorganic ceramic electrolyte with high bulk conductivity and strength lacks good
interface contact and grain boundary conductivity, resulting its lower overall con-
ductivity. Thus, the ceramic-based electrolyte cells display inferior power/energy
density and cycling performance. Nevertheless, the synthetic composite solid
electrolyte can complement each other and improve the overall performance,
which broadens the further application.

Liang and coworkers [53] reported an hybrid solid electrolyte (HSE)-based ASSSIB
with a PVDF-HFP polymer mixed with Na3Zr2Si2PO12 (NASICON) as electrolyte.
Metallic Na and Na3V2(PO4)3/C were utilized as anode and cathode, respectively.
This battery showed an average voltage of 3.4 V and delivered a reversible capacity
of 98 mAh g−1 at 0.2 C (Figure 15.21a), which equaled to 83.05% of the theoretical
capacity of Na3V2(PO4)3/C. Reversible capacities of 93, 95, 95, and 89 mAh g−1

were achieved at the different rates of 0.1, 0.2, 0.5, and 1 C, respectively. When
returned to 0.1 C, it also delivered a specific capacity of 95 mAh g−1 (Figure 15.21b).
Furthermore, around 85% capacity retention was maintained after 175 cycles at
0.5 C, indicating good cycle performance (Figure 15.21c). Na//HSE//Na3V2(PO4)3/C
solid-state batteries also exhibited small battery polarization, e.g. lower than 200 mV
at 0.2 C, displaying excellent electrochemical stability and great interface wettability
between electrode and flexible hybrid electrolyte. Mixing Na3Zr2Si2PO12 particles
with polymer alleviated Na dendrite formation, meanwhile, accelerated the Na ion
diffusion. This hybrid electrolyte with excellent flexibility and high ion conductivity
may provide a new strategy to achieve outstanding all-solid-state sodium battery.
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Figure 15.21 The electrochemical performance of the Na//HSE//Na3V2(PO4)3/C with
different electrolytes. (a) The first charge–discharge curves. (b) Rate performances.
(c) Cycling performance. Source: Cheng et al. [53]. Reproduced with permission, 2020, IOP
Publishing.

15.4.2.4 New Types of ASSSIFBs
In recent years, a new type of all-solid-state cell called borohydride-based electrolyte
battery has drawn much attention due to the high ionic conductivity of up to around
7× 10−2 S cm−1. Besides, it is light weight and shows high ductility and good compat-
ibility with Na metals, which is promising for the high-performance all-solid-state
sodium battery. However, several problems still need to be addressed. For the existing
borohydride SSEs, the ionic conductivity is not the main factor that restrains the per-
formance of the full battery. Instead, the contact between electrolyte and electrode
determines the performance of the cells. Thus, the challenge has shifted to battery
integration, i.e. to optimize the electrochemical stability and mechanical properties
of electrodes and SSE simultaneously. It is essential to understand these two issues
and conquer the integration restrictions of ASSBs to fully realize the potential of
borohydride SSEs. To date, many strategies have been developed.

Remhof and coworkers [54] assembled a closo-borate electrolyte-based
all-solid-battery by coupling Na2(B12H12)0.5(B10H10)0.5 electrolyte with a metallic
Na anode and NaCrO2 cathode (Figure 15.22a). This cell realized a stable voltage of
3 V, exhibiting good solid–solid interfacial contact between cathode and electrolyte
by coating the Na2(B12H12)0.5(B10H10)0.5 electrolyte (i.e. accounting for 10 wt%
of the total mass of cathode mixture) onto the cathode particles. As shown in
Figure 15.22b, the battery had a work voltage of 3 V and could show a reversible
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capacity of 85 and 80 mAh g−1 at C/20 and C/5, respectively. And after 20 cycles at
C/20, more than 90% of the capacity was retained. When the rate increased to C/5
for 250 cycles, it could also achieve steady cycling performance with 85% capacity
retention at 60 ∘C (Figure 15.22c,d). In addition to the conductivity improvement,
interface optimization represents a novel direction in designing all-solid-state
batteries.

In summary, compared with aqueous- and organic-based liquid SIBs, quasi-solid
and all-solid-state batteries have good chemical and electrochemical stability,
as well as better mechanical strength to prevent dendrites formation, and lead
to better safety and durability of the battery. Simultaneously, a wider and stable
voltage window can fully exert the performance of high-potential cathode to
realize a battery system with high energy density. However, the low conductivity
and untailored interface result in poor contact and undesirable side reaction,
which remains bottleneck issue restricting the development of solid-state batteries.
Sodium-ion solid-state batteries without properly engineered interfaces normally
show low density/power density and poor cycling stability at room temperature.
The interface optimization is thus the key to achieve high kinetic performance.

Some effective strategies to address the above issues are developed. For example, it
is preferable to introduce interlayer to improve the interface contact or suppress the
side reaction by the addition of ionic liquids, inserting polymer, and in situ/ex situ
heat treatment. To realize high energy and power densities, more attention should be
paid to metallic Na anode, and the interface between Na and electrolyte associated
with the active Na and undesirable volume change during cycling. Tactics such as
design of 3D frameworks and Na alloys can alleviate the volume change and facilitate
the in situ formation of artificial thin SEI layer on sodium anode surface.

Overall, as the research on solid-state batteries is still in the early stages, much
effort still needs to be made to push forward their practical applications.
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Perspectives for Sodium-Ion Batteries

Effective electrochemical energy storage and conversion technologies, such as
rechargeable batteries, have catalyzed the information and communications
industry. As one of the most promising next-generation rechargeable batteries,
sodium-ion batteries (SIBs) have attracted great attention due to the abundant
sodium resources and low prices. With the urgent need for large-scale energy
storage, the development of SIBs is opening a new era full of opportunities and
challenges, and suitable electrode materials are undoubtedly the key. A successful
SIB should have the characteristics of low cost, reliable safety, and long cycle life.
The design of active materials is critical to increase the energy density of SIBs.
Although great progresses have been achieved in Chapters 3–10, the low capacity
and unsuitable potential of current electrode materials are the main factors that
limit the increase in the energy density of SIBs. In order to realize their large-scale
application, ideal active materials for SIBs should have the following features:
(i) the ability to hold a large amount of Na ions (high specific capacity); (ii) high
redox potential for positive electrode materials and low redox potential for negative
electrode materials; (iii) high resistance against structural integrity during cycling
(long life); (iv) large diffusion coefficient for Na+ ions and high electronic conduc-
tivity (good rate performance); (v) high chemical and thermal stability and good
compatibility with electrolytes (good security); (vi) readily accessible and abundant
source materials on the earth; and (vii) safe to handle.

Cathode Materials. Layered oxides are the cathode materials closest to large-scale
commercialization for SIBs as they boast advantages of low cost and simple synthesis
process. P-type-layered oxides present excellent rate performance, but their capaci-
ties are limited due to the low sodium content. The vacancies in their structure result
in the high Coulombic efficiency, e.g., greater than 100% in the first cycle, when
assembled in a half-cell with the metal sodium as anode. The Coulombic efficiency
of a full battery is lower and additional supplement of sodium ions is required. On
the other hand, due to the large ionic radius of Na+ ions, the Na-intercalated layered
oxide material typically undergoes complex phase transition, demonstrating unde-
sirable structural evolutions during repeated charging and discharging. The deep
insertion and de-insertion of Na ions will inevitably lead to large expansion and con-
traction of the crystal lattice volume, as well as the irreversible phase transitions,
resulting in severe damage to the structure. The current strategies for stabilizing
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anion redox and enhancing the cycle life of such materials mainly include bulk dop-
ing to delay the irreversible phase transition of the material during the extraction
and insertion of sodium ions, and surface coating to reduce side reactions at the
liquid–solid surface. To overcome these challenges, joint efforts from academia and
industry are in urgent demand. And these are still far from enough. To solve these
problems fundamentally, it is necessary for the academic community to reconsider
the design and optimization of this type of material. In addition, it is worthwhile
to develop new layered oxides as cathode materials for SIBs. The targets can be met
through two strategies. The first one is to delay irreversible structural loss. The other
one is to increase the capacity and voltage. Using anions to participate in charge
compensation at high potential redox is an effective strategy to increase the energy
density of SIBs, but at present, the anion redox reaction is unstable, and the material
still suffers from the attenuation of voltage and capacity during cycling.

Compared with layered transition metal oxides that usually come with larger vol-
ume changes during the extraction or insertion of sodium ions, the characteristics
of zero-strain or low-strain polyanionic electrode materials are suitable for the long
life and high safety of practical cathode materials for SIBs. However, these materi-
als face problems such as low electronic conductivity, low working potential, and
low capacity. In order to deal with these inherent problems of polyanionic com-
pounds, some strategies have been adopted to enhance the electrochemical perfor-
mance: (i) design of three-dimensional conductive framework; (ii) the introduction
of cation ions that participate in charge compensation to increase the working poten-
tial and Na-ion diffusion coefficient; (iii) controlled synthesis of specific shapes to
optimize the structure of the material. Though some progress has been made based
on the above-mentioned strategies, there is still large room for the further improve-
ment. Future developments can focus on the following aspects: (i) effective strategies
to enhance the electronic conductivity; (ii) design new polyanionic cathode mate-
rial with high potential and high capacity; and (iii) further improvement of ionic
conductivity and chemical reaction kinetics through doping or other modification
strategies.

For the Prussian blue-type cathode materials, the inherently low specific capac-
ity makes them unsuitable for applications that require high specific energy. But
it may be more suitable for energy storage systems with low energy density that
emphasize long cycle life. Fe is the basic element for the Prussian blue cathodes. The
Prussian blue cathode based on Fe has low cost, good cycling performance, and sat-
isfactory rate performance. Manganese-based Prussian blue has also attracted wide
attention due to its higher working voltage, which is helpful in boosting the energy
density of the battery. Introduction of nickel and cobalt could further improve the
electrochemical performance, but the higher cost of these metals needs to be con-
sidered in the future large-scale application process. From the perspective of raw
material cost, iron-based Prussian blue is still the preferable choice. Because Prus-
sian blues are often synthesized in liquid phase, water molecules are often involved
in the structure, which is fatal to the battery life. In addition, as a new type of cathode
material, it requires further exploration of the reaction mechanism of the Prussian
blues, including phase changes, water in the structure, and active sodium storage
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sites during electrochemical cycling to provide better theoretical guidance. Intensive
efforts are needed to reduce water molecules and vacancies to prepare high-quality
Prussian blue cathodes. In addition to composition design, metal substitution, dehy-
dration treatment, and modification with conductive materials are important devel-
opment directions for enhancing the electrochemical performance in the future. For
large-scale applications, we also need to consider the increased costs involved in
the additional dehydration and optimization processes, wastewater treatment, and
recycling strategies.

The organic composite is another type of attractive cathode material for SIBs due
to its low cost and high specific capacity. However, the application is hindered by the
low conductivity and high solubility. Carbon incorporation, anchoring, encapsula-
tion, polymerization, salt formation, and electrolyte solidification will still be the
main strategies for the modification of organic composites. The academic commu-
nity has devoted great efforts to design new organic composites with high capacity
and long life. When synthesizing organic compounds, the environmental pollution
of toxic waste should be taken into account.

Overall, the existing cathode materials for SIBs need to be redesigned. In the
design process, advanced calculations and prediction methods such as material
genomes can be used. At the same time, as a new battery system, SIB still has many
remaining unclear mechanism problems to be explored. For cathode materials,
(i) the relationship between crystal structure, local structure, and Na storage behav-
iors is still not fully understood; (ii) the source and capacity of charge compensation
need further exploration; (iii) the relationship between performance and reaction
anisotropy needs to be further studied; and (iv) the thermodynamics and kinetics
of electrode material should be figured out. Advanced characterization techniques
play a key role in understanding these scientific points in SIBs. In situ/ex situ
synchrotron radiation and neutron diffraction have been widely used to explore the
reaction mechanism of the cathode materials, more advanced instruments need to
be developed. In addition, in large-scale production, suitable synthesis equipment
and simple preparation procedure are demanded. The above-mentioned problems
all require the joint development of academia and industry, multidisciplinary
cooperation from chemistry, physics, materials science, engineering, environmental
science, and other relative fields to realize the commercialization of SIBs.

Electrolytes. The electrolyte as a key component plays a critical role in the whole
battery system. The excellent compatibility with active electrodes (both cathodes and
anodes) would contribute to develop more advanced SIBs. In view of the various
types of electrolytes, we need to identify the requirements of SIBs and identify the
proper proposals to achieve the specific properties.

(i) For organic liquid electrolytes in SIBs, sufficient ionic conductivity, low viscos-
ity under the working temperature, and high stability in electrochemical and
chemical behaviors should be essential. Moreover, high thermostability and
low cost would be also favorable. However, it is almost impossible for a single
solvent to fulfill all these requirements. Though SIB is a newly burgeoning
system with relatively deficient basic research, it can inherit much knowledge
from the lithium-ion batteries (LIB) system due to similar working principles.
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For example, superior electrochemical performance can be realized via the
optimum blend of various non-aqueous solvents and sodium salts for SIBs.
Among those, carbonate-based electrolytes are the most common ones in SIBs
due to their high chemical/electrochemical stability and competent ability
in dissolving salts. And numerous effective additives can also benefit the
electrolyte design. Besides, ether solvents can induce uniform solid electrode
interface (SEI) with decent thickness and composition on sodium metal anode.
Although plenty of organic liquid electrolyte formulas/systems have been
explored in recent years, deep understandings and investigations are still
needed.
Firstly, the cognition of transport properties at a deeper level should be gained.
The sodium salts with different anions display distinctive dissolving capacity
and ion conductivity in electrolyte with the same solvent. This effect needs
to be systematically explored with more valid research both in experiments
and calculations. In addition, the diffusion of the ion–solvent complex in
the bulk liquid phase and further charge transfer behaviors across the elec-
trolyte/electrode interphase is another noteworthy issue. With the advanced
computational–experimental approach, their thermodynamic and kinetic
factors resulted from the solvent effect can also be investigated.
The second is the chemistry essence of electrochemical stability for electrolyte
systems. The desirable electrolyte is supposed to possess a large distance
between the critical energy level (HOMO and LUMO). As such, the voltage
window could be extended with improved electrochemical stability. Hence,
some types of solvents including sulfones, nitriles, and fluorine-based elec-
trolytes might be worth exploring due to their large electrochemical working
window. Besides, in view of the general applicability of carbonate-based
solvents, the functional transformation on these ester molecules is advisable.
Appropriate introduction of more electronegative elements (such as N, F,
and S) can lower the HOMO level via the withdrawing properties toward
electrons. Thus, the functioned carbonates can enhance their stability against
oxidation to adapt to the high-voltage cathode materials. More importantly,
fundamental understandings of the mechanism of the SEI formation in organic
electrolytes are relatively inadequate. The existence of an interfacial layer can
effectively isolate the liquid electrolytes and active electrodes and enhance the
compatibility between those materials, and this layer highly depends on the
components in organic electrolytes like solvent, salts, and additives. Therefore,
to guide the formation of the proper SEI layer, the mechanism of this layer
should be comprehensively studied. For example, ion de-solvation across the
electric double layer and interfacial transport mechanism in the interface
need to be identified at the atomic level. Moreover, appropriate additives with
multifunctional groups are critical to match with various electrodes in SIBs.
Those additives preferable in forming the passive layer can inhibit the side
reactions and stabilize the interfacial regions between the electrode and the
liquid. Meanwhile, there is no need to sacrifice the cycling performance with
the functional additives. With the modulation of the whole liquid electrolyte,
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long life SIBs with high performance can be achieved. Besides, changing
the concentration of sodium salts in the same system can also make some
difference. Super-concentrated electrolytes show enhanced electrochemical
stability due to the unique solvation structure, but they also show some
defects including high viscosity and high cost. Recently, electrolytes with low
concentration demonstrate huge advantages in cycling performance and cost
savings. However, further research on the actual mechanism is needed as well
as the verification of pouch-type batteries.
Another critical factor needs to be concerned for organic liquid electrolytes
is the safety characteristics. Since the current SIBs mainly rely on highly
flammable organic electrolytes, the security situation is overall grim and needs
further improvement. Firstly, the overall thermal stability of the electrolytes is a
vital research project. By sorting out each individual component in electrolytes,
the thermal stability can be analyzed in detail by thermoanalysis techniques.
At the meantime, the thermal stability among the electrodes and electrolytes
would be more difficult to identify. More advanced thermal analysis instru-
ments would contribute to understand the real thermal behaviors of various
materials. Then the experience gained will provide feedback to the further
modulation on the electrolyte formula. Furthermore, some flame-retardant
additives such as phosphazene can be introduced to the electrolytes to enhance
the safety, while the electrochemical performance might be partly affected.

(ii) For ionic liquid electrolytes, they can serve as a medium-short-term supplement
for organic solvents because of their combined properties such as high elec-
trochemical stability, wide temperature range, high safety, and low volatility.
However, their high viscosity and low ionic conductivity are the main con-
straints toward the practical application. In future research, more cations and
anions should be investigated to gain the optimum formula that is not lim-
ited to imidazolium-based ionic liquids. In addition, the salt concentration in
ionic liquid (IL)-based electrolyte is also an important parameter that deter-
mines the bulk ionic conductivity and overall viscosity. The proper concentra-
tion of sodium salt needs to be identified, which induces adequate transference
numbers and improves the interfacial properties. Another route to enhance
salt solubility in the IL-based electrolyte is by directly introducing functional
groups in complex cation, such as ether-functionalized groups adhering to a
quaternary ammonium cation. With the good sodium chelating ability of the
ether functional group, the solvating properties of the ILs can be remarkably
boosted. However, their relatively high cost would be the obstacle in meeting
the demand for larger scale application in SIBs.

(iii) For gel polymer electrolytes, they have shown advantageous properties
such as good compatibility with electrodes and excellent flexibility, which
make them popular for diversified applications. Compared with liquid elec-
trolytes, gel polymer electrolytes avoid liquid leakage to enhance their safety.
Moreover, their ionic conductivity can exceed that of solid polymer elec-
trolytes due to the existence of solvents or liquid plasticizers. In comparison
with glass-ceramic-based electrolytes, they have shown better mechanical
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performance with superior flexibility and processability. To further design
more effective gel polymer materials in battery applications, the ion diffusion
mechanism needs to be deeply investigated. According to their ion transfer
mechanism and preferable pathway, the proper design principle can be
obtained from the molecular level. One effective method is the precise intro-
duction with useful functional groups on the polymer molecules. Hence, with
the controllable pathway or the guided diffusion of Na ions, the corresponding
ionic conductivity would be significantly improved to sustain the high-rate
cycling.

(iv) For solid electrolytes, they can radically circumvent the serious safety issues
derived from flammable liquid organics. Moreover, excellent mechanical prop-
erties make them more attractive in the next-generation Na-based batteries. But
their low ionic conductivity in bulk phase and high interfacial contact resis-
tance are still the challenging bottlenecks toward the practical applications.
Hence, there are some directions for advancing the solid electrolytes in SIBs.

More work should be focused on developing novel electrolytes to enable high-
performance SIBs. The first criteria of novel solid electrolytes should be the adequate
ionic conductivity comparable to that of the liquid. Meanwhile, high-throughput
screening is a proper method to select the appropriate materials with desirable
properties. After systematic calculations, the electrochemical properties and ion
diffusion paths can be theoretically clarified. Then experimental results can work
out the optimum electrolyte formula. Besides, the simple and energy-saving
synthetic technology, such as chemical synthesis, should be developed.

The high impedance across the electrode/electrolyte interface is another chal-
lenge. Many solid electrolytes suffer from the mismatch between the active
electrodes and electrolytes, leading to the high interface contact resistance.
More intuitive situ detection tools and computational calculations are required
to characterize the actual physical/chemical process on this interface. With a
more detailed understanding, the more effective strategies including coating and
protective layers can be presented. To further alleviate the high impedance, many
improved processing technologies in all-solid-state batteries need to be developed.
For example, combining the electrolyte and active materials through solution
treatment can remarkably reduce interface resistance. Other wetting materials like
organic polymer can serve as a buffer layer and effectively improve the physical
contact across the interface. Moreover, the short circuit behaviors in sodium-based
solid-state electrolytes as well as the corresponding mechanism should be paid more
attention. This insight can provide more valuable information on the subsequent
design and modifications toward safer solid electrolytes.

High fabrication cost is a more realistic obstacle for further large-scale applica-
tions. When initiating the major deployment of solid electrolytes, the large-area
ceramic electrolytes would be strived to develop with the inevitable cost increase.
Fortunately, many manufacturing infrastructures and emerging manufacturing
workshops for all-solid-electrolyte LIBs are comparatively mature, which can
provide some reference for the development of practical SIBs.
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Overall, the electrolyte is a crucial component in electrochemical storage devices,
whose development greatly affects the practical process of low-cost SIBs. In this
sense, extensive efforts are necessary to develop effective composition formulas and
other novel-type electrolyte materials for available large-scale applications. More-
over, more deep insights and effective design principles need to be summarized to
provide timely feedback and deliver the significant closed-loop.

Anode Materials. So far, the research on anode materials for SIBs has achieved
phased achievements, and a variety of promising anode materials have been devel-
oped, including carbon-based materials, sodium titanium phosphates, metal oxides
and sulfides, metal alloys, phosphorus and phosphides, as well as sodium metal, etc.
Although many of them typically deliver considerable electrochemical performance
(high capacity, stable cycling performance, or high reversible capacity), however, for
the successful application of SIBs, the unit energy cost and overall performance of
next-generation SIBs should be comparable or even superior to that of commercial
LIBs, so the revolution of anode materials with high performance cannot stop.

Based on the working mechanism, there are three main types of anode materials
for SIBs: intercalation (carbon materials and titanium-based oxides, etc.), alloys (Sn,
Sb, P, etc.), and conversion types (MOx, MSx, MFx, etc.). Intercalated anodes typi-
cally demonstrate better cycle stability, but lower specific capacity. Although alloys
and conversion anodes deliver higher theoretical capacity, they will display larger
volume expansion during cycling, disrupting the integrity of the electrode structure,
and seriously affecting the cycle stability. In addition, the poor conductivity of the
conversion anode material is also a fatal defect. Therefore, it is necessary to make
targeted improvements according to the different characteristic and electrochemical
reaction mechanism of different anode materials.

Graphite-like carbon materials are not suitable for anode of SIBs due to insuffi-
cient interlayer spacing, while hard carbon and soft carbon materials are gradually
developed and matured, but their specific capacities of sodium storage are still
low. The specific capacity of hard or soft carbon can be improved by nanostructure
design and heteroatom doping. Besides, hard carbon typically possesses higher
reversible capacity, while soft carbon has better rate capability, which is due to
the discrepancy in graphitization degree. So, there is an interesting strategy to
improve the electrochemical performance of carbon materials, that is, mixing
precursors of soft and hard carbon. It is necessary to construct a carbon material
with a unique micro/nanoarchitecture that includes a shorter sodium ion diffusion
pathway and abundant reversible sodium storage active sites, to overcome the
low initial Coulombic efficiency and insufficient rate capability of existing carbon
materials. For practical applications, an initial Coulombic efficiency higher than
90% is needed. However, there has been rare report about the carbon materials with
an initial Coulombic efficiency exceeding 80%, and most of them are below 70%.
From the perspective of commercialization, carbon molecular sieve as a new type
of negative electrode material for SIBs possesses the advantages including high
capacity, high Coulombic efficiency, and long cycle life. At the same time, it also
can be prepared on a large scale and has been commercialized. Its similarity with
graphite directly promotes its practical application in LIBs, although the Na storage
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mechanism of carbon sieves has not yet been clarified. On the other hand, sodium
titanium phosphates can deliver a relatively high voltage plateau. When used as an
anode in a full battery, it needs to couple with a high voltage cathode so as to achieve
high energy output, which poses higher requirements for cathode materials. For
sodium titanium phosphate, although the structure is stable with good cycling
performance, its theoretical capacity is low. Element doping or composite with high
specific capacity materials are two viable strategies to further improve this material.

At present, the research on alloy anodes for SIBs is mainly focused on Sn and
Sb, and more alloy materials with excellent electrochemical properties need to be
discovered. Metal alloys, metal oxides, and sulfides can store sodium ion by alloy-
ing reaction or multi-electron conversion reaction, respectively, which deliver high
sodium storage specific capacity. However, a fatal problem that they will suffer from
is the huge volume expansion, e.g., typically over 50% during cycling, and the low
initial Coulombic efficiency, e.g., less than 80%, which leads to poor cycle perfor-
mance. While the volume change of commercial batteries should be less than 30%,
the volume expansion problem can be restrained and the comprehensive battery per-
formance can be improved by nanocrystallization, alloying, and combination with
carbon. In addition, poor electrical conductivity is also a major problem facing metal
oxides, sulfides, and phosphates. Therefore, delicate design of these anode mate-
rials is needed. The most common method is to fabricate composites with unique
nanoarchitectures. However, it is worth to mention that a considerable number of
inactive components would be introduced during the formation of nanocompos-
ites, which significantly reduces the energy density of active materials. Other than
increasing the specific capacity of electrode materials, we still need to increase the
overall energy density of SIBs. Therefore, it is necessary optimize the nanocomposite
architecture to achieve high energy density.

Similar to other anodes, phosphorus and phosphide anodes also face challenges
such as unclear electrochemical mechanism, poor conductivity, and volume expan-
sion, but it is worth to note that in most phosphorus-based anodes, the phosphorus
content is very low. Generally, the active material should account for 70–90% of the
weight of the entire anode; however, the phosphorus-based anodes often include
a large ratio of the inactive conductive component. It may be possible to increase
the proportion of phosphorus in the composite material (>70%) by constructing a
free-standing anode free of inactive components, which is a prerequisite to achieve
high energy density.

In view of the fundamental difference between Li and Na, further theoretical and
experimental studies should be carried out to reveal the dendrite growth behavior,
nucleation, and SEI formation mechanism. When Na metal anodes are paired with
different electrolytes or cathodes, they will exhibit different working mechanisms,
so specific modification strategies are needed. If Na metal anode is not incorporated
into the high-performance full battery, its protection will be meaningless. Therefore,
researchers must consider the full battery system when designing the protection
strategies of Na metal anode.

As stated above, the current anode materials work via different sodiation mecha-
nisms, such as intercalation, conversion, alloying, or combined reactions, and their
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failure mode is also different. Nevertheless, the sodiation reaction as well as failure
mechanism of these anode materials has not been fully revealed or still under contro-
versy. Therefore, more advanced characterization tools, especially in situ techniques,
are needed to get in-depth and thorough insights to further optimize their electro-
chemical performance. For example, although the electrochemical performance of
the anode material largely depends on the interface chemistry such as nanostructure
and composition of SEI layer, the interface chemistry between the anode materials
and the electrolytes is not yet well understood. Practically, it is unreasonable to talk
about the impact of electrolyte on electrochemical performance without consider-
ing the type of anode materials. Besides, at present, most high-performance anodes
as reported are tested with low mass loading, but for practical application, the mass
loading needs to reach at least 5 mg cm−1. The low tap density of nanomaterials will
significantly decrease the volume capacity of SIBs. In order to effectively preserve
the volumetric capacity of nanostructured anode materials, it is necessary to design
more reasonable nanostructures. On the other hand, building 3D free-standing flex-
ible anode may be another way to reduce the cost and increase the energy density of
current SIBs. Heterostructured negative electrodes composed of two or more types
of materials require more attention to achieve high rate, high energy density, or
high-safety anodes, because the single-phase anode materials typically cannot meet
all the performance requirements at the same time. In addition, most of the synthesis
schemes to fabricate nanostructured anodes suffer from low yield and tedious steps,
which makes it difficult to obtain the expected nanostructures in large scale. Scalable
methods with lower cost are highly desirable for large-scale commercial application.
The ultimate solution to realize high-performance SIBs may be the combination of
various modification strategies, but there is still a long way to achieve the large-scale
industrial production, which cannot be separated from the continuous experimental
and theoretical study.

In the past 40 years, the research on LIB anodes has been relatively matured,
regardless of advanced characterization or electrochemical performance optimiza-
tion, which have provided effective guidance for the development of SIBs. Research
on anodes of SIBs should be regarded as a long-term campaign. With constant atten-
tion to this field, people will achieve more fundamental achievements. For the future
commercialization of SIBs, it is a critical task to explore cheap and high-performance
anode materials suitable for industrial production.

In general, as a low-cost and high-performance system, SIBs show huge potential
along with great challenges. As a new type of battery system, the reaction mecha-
nisms still need continuous exploration. It will need to optimize the cathode, elec-
trolyte, anode, and other aspects, as well as the cooperation of the system. We believe
that in the near future, with joint efforts from different fields, many scientific prob-
lems facing current SIBs will be gradually solved, and large-scale commercialization
of SIBs is also foreseeable.
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BP-Mxene composite 259
BP quantum dots/Ti3C2 composite 259
1-butyl-1-methylpyrrolidinium bis

(trifluoromethanesulfonyl) imide
(BMPTFSI) 384

1-butyl-3-methyl imidazolium
bis[(trifluoromethyl)sulfonyl]
imide (BMIMTFSI) 276

𝛾-butyrolactone (BL) 348

c
C=N reaction

Pteridine derivatives 196–197
Schiff base organic compounds

194–196
C=O Reaction 163, 165
Calix[4]quinone (C4Q) 166
carbon and aluminum oxide co-coated

Na3V2(PO4)2F3 cathode material
386

carbon-anode-based sodium-ion full
batteries 483–486

carbonate-based electrolytes 302, 307,
319, 327, 344, 512

carbonate ester-based electrolytes 323,
346–347

carbonate solvents 316, 317, 346, 347,
397

carbon-based current collectors 324–325
carbon-based materials

graphite anode 204–205
hard carbon anode 205–210
soft carbon anode 210–211

carbon black 223, 253, 268, 451
carbon-coated Na3V2(PO4)3 cathode 276
carbon-coated NaxFey(P2O7)2 cathode

363
carbon-coated WSe2 nanomaterials 293
carbon confined Co3O4 274
carbonization 208, 209, 237, 285
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carbonized electrospuned fibers 275
carbon nanofibers (CNF) 107, 220, 232,

253, 256, 274, 278, 292
carbon nanotubes (CNTs) 25, 84–87, 96,

119, 153, 166, 170, 178, 187, 239,
246, 253, 254, 286, 288, 296, 324,
326, 329, 372, 457, 476, 487

carbonophosphates 121, 122
carbothermal reduction 111
carboxylate ester-based electrolytes

173–175, 347–352
carboxymethyl cellulose (CMC) 12, 115,

263, 304, 411, 452, 458–461
carboxymethyl cellulose sodium

(CMC-Na) 115
cation doping 55, 59, 60, 72, 89, 230–231,

429, 437
cation, inserting 150–151
cation substitution 149–150
[C2C1im][FSA]-ionic liquids 322
[C2C1im][TFSA]-based ionic liquids 322
CEI-forming additives 37, 359, 363–365,

377, 378
ceramic additives 417–420
ceramic-electrolyte-based ASSSIFBs

498–503
cetyltrimethylammonium bromide

(CTAB) 86, 148
C@graphene aerogel matrix 257
CHCHOCO2

– free radical 363
chelate-assisted precipitation 145, 147
chemical binding theory 450
chemical bond force 451, 464
chemical diffusion coefficient 22, 24, 25
chemically bonded RP/rGO composite

254
chemical stability 2, 44, 52, 86, 124, 169,

190, 247, 323, 340, 344, 361, 377,
389, 404–405, 429, 430, 439, 443,
482

chemical vapor deposition (CVD) 249,
285

chloroaluminate IL electrolyte 398
CMK-3 confined amorphous RP

nanocomposite 256

CMK-3 matrix 86, 256
CNT@FeP@C nanocomposite 266
cobalt oxide 273–275
cobalt phosphides 265, 266
cobalt selenides 294
cobalt sulfides 284, 288
Co3O4 274
Co9S8/electrolyte side reaction 285
Co9S8 nanoclusters 285
Co–Co Prussian blue analog microcubes

294
co-exfoliation/electrophoretic deposition

approach 259
commercial SIBs 3, 377, 391, 467
complex hydrides 441–443
composite-electrolyte-based ASSSIFBs

503–504
composite solid polymer electrolytes

(CSPE) 417
conductive polymers 107, 153, 161, 163,

182–188, 197, 408, 415
conductive scaffolds 275
conjugated microporous polymers (CMPs)

192, 193
contact ion pairs (CIPs) 372
conversion-alloy-type oxides 277–278
conversion-type oxides 273–277
coordination bond theory 450
CoP@C-rGO core–shell nanostructures

265
CoP@FeP@rGO microcubes 266
CoP-coated FeP@C microcubes 266
copolymer of vinylidene fluoride 453
copper phosphides 268–269
coprecipitation method 6, 120, 138, 144,

145–148, 288, 348, 429
coral-like nanoporous Sb electrode 303
core–sheath structured Sn@CNT

nanopillars 300
core–shell carbon-antimony

nanoparticles(C@Sb NPs)
332

core–shell CoP@C polyhedrons 265
core–shell nanostructure construction

263
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core–shell nanostructured
CoP@C-rGO/NF 265

core–shell NiSe/C composites 295
core–shell RP@Ni-P nanostructure 257
core–shell Sn4+xP3@(Sn–P)

nanocomposite 263
CoS2/Co4S3@N-doped carbon (CoS2/

Co4S3@NC) microspheres 285
CoS/MXene composite 286
Cottrel-type curves 98
Coulombic efficiency (CE) 8, 11, 48, 53,

56, 112, 117, 163, 180, 223, 234,
245, 254, 255, 267, 269, 276, 287,
290, 315, 317, 320, 344, 352,
355–357, 361, 363, 364, 373, 384,
386, 396, 398, 418, 423, 456, 457,
460, 475, 476, 480–483, 485,
498–500, 503, 509, 515, 516

Coulomb interaction 403
covalent organic frameworks (COFs)

192, 194, 463
covalent organic nanosheets (CON) 194
covalent triazine-based frameworks

(CTFs) 192
crystalline c-Na15Sn4 phase 299
crystalline WSe2 nanoparticles 293
Cu3P nanowire array 268
Cu/Al-based current collectors 324
cubic FeS2 structure 283
cubic-hexagonal Na3Sb 302
CuS NWs@NC anode 287
CuSx/VSx/TiS2 286
cyano (CN) 173
cyclic carbonate solvents 346
cyclic voltammetry (CV) 22, 329, 345,

350, 362, 384, 388, 390

d
dedoping ions 181
deintercalation process 43, 56, 211, 221,

232, 259, 274
dendrite-free Na anode 319
density functional theory (DFT) 55, 92,

150, 171, 173, 197, 213, 300, 389,
437

desodiation process 44, 54, 63, 68, 106,
115, 120, 206, 218, 245, 250, 262,
265, 266, 268, 274, 275, 277, 285,
290, 295, 299, 302, 361, 478

desolvation energy 3, 4, 376, 378
dicarboxylic anhydride 178, 179
dicyandiamide anions 386
dielectric constant 34, 35, 340, 347, 348,
diethyl carbonate (DEC) 35, 36, 340,

346, 374, 403, 421
diethylene glycol dimethyl ether 37, 302
differential scanning calorimeter (DSC)

techniques 36, 60
diffusion and permeation process 451
diffusion theory 450
DiG-based electrolyte 355
diglyme-based electrolyte 344
diglyme solvent shell 352
2.5-dihydroxyterephthalate (Na4C8H2O6)

174
diimine 178
1,2-dimethoxyethane (DME) 35, 319
dimethyl carbonate (DMC) 34, 205, 316,

340, 346
dimethyl methylphosphonate (DMMP)

372
dimethyl sulfide (DMSO) 411, 424
direct electron delocalization 80
dispersed crystalline Mo nanograins 276
dispersed S-doped graphene 280
DMF 414
doping ions 89, 181
doping reaction 181–182, 345, 429

conductive polymers 182–188
microporous polymers 192–194
organic radical compounds 188–192

double carbon-embedding approach 20,
25, 85

dual-salt electrolyte 346

e
EC-containing multicomponent solvent

340
EC-DEC-FEC electrolyte 375
EC–DMC–propylene carbonate (PC) 316
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electrochemical characterization
techniques 35

electrochemical circuit 28, 30–32
electrochemical impedance spectroscopy

(EIS) 22, 92, 460
electrochemically active SPAN fiber

network 284
electrochemically stable Na3N 368
electrochemically stable window (ESW)

345
electrochemical oxidation–reduction

164, 181
electrochemical redox reaction 171, 172,

177, 188
electrochemical stability

of electrolytes 339
electrochemistry

effect of lattice architecture on
149–152

effect of morphological optimizations
on 152–154

mechanisms 142–144
electrode materials

morphology and structure 28–33
size effect 26–28
transport properties 22–26

electroless deposition approach 257
electrolyte/electrode interface 396–398,

405
electrolyte physicochemical properties

339
electrolyte viscosity 34
electron affinity 177, 358
electron-donating group 173
electronegative peripheral ligands 340
electron energy loss spectroscopy (EELS)

221
electronic conductor 28
electrospinning method 107, 109, 118,

232, 278, 294
electrospinning ZIF-67 nanoparticles

275
electrostatic adsorption theory 450
electrostatic shielding effect 328,

368

electrostatic spray deposition (ESD) 33,
86

electrostatic spraying assisted
coprecipitation (ESAC) 147

[EMIM]TF2N ILs electrolyte 386
energy storage devices (ESDs) 21, 33,

249, 315, 383, 384, 443, 471, 493
ester-based electrolytes 323, 346–352,

354, 355, 358
ether-based electrolytes 37, 170, 289,

317, 352–358, 368
ethoxy (pentafluoro)cyclo-triphosphazene

(EFPN) 372
ethylaluminum dichloride 398
ethylene carbonate (EC)-dimethyl

carbonate (DMC) 100, 316, 340
ethylene homopolymer 453
ethyl methyl carbonate (EMC) 34, 36,

346
1-ethyl-3-methylimidazolium

bis(fluoromethanesulfonyl)imide
(EMImFSI) 361

1-ethyl-3-methylimidazolium
bis(fluorosulfonyl)imide 398

1-ethyl-3-methylimidazolium
bis-(fluoromethylsulfonyl) imide
(EMImFSI) ionic liquid 384

ethyl propionate 349
Everitt’s salt 142, 143
ex-situ Mössbauer spectroscopy 52
ex situ X-ray powder diffraction (XPD)

287

f
face-centered cubic structured Cu2SnS3

nanosheets 290
feather-like MnO2 nanostructure 275
Fe1.0-SnSb ribbon 309
Fe3O4 274
Fe7Se8@NC electrode 293
FeFe(CN)6 cathode 285
FeO6-FeO6 393
FeP and FeP/graphite composites 266
FeP nanorod arrays 266
FeP@C microcubes 266
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FeS2@C nanocomposite 284
FeS2@carbon (FeS2@C) yolk–shell

nanostructures 283
FeSx/CoSx/NiSx 283
FeSe2@C composite 293
FeSex/CoSe2/ NiSe2 293
FeSe/carbon nanofiber aerogel 293
few-layered ultrathin MoS2 nanosheets

282
Fick’s law 28
filtration-freezing-drying 86
flame-retardant additives 359, 372, 374,

379, 513
flame-retardant performance and safety

373
flammable organic electrolytes 513
flexible porous membrane 330
flexible RP/N-doped graphene 254
fluorinated carbonates 363
fluorinated phosphate cathodes 105–116
fluorinated vinyl carbonate (FEC) 460
fluorine-containing viny monomer 453
fluorine resin 453
bis(fluorosulfonyl) imide (FSI−) 316,

344, 384, 398, 409, 497
1-fluoroethylene carbonate (FEC) 13,

36, 100, 262, 302, 316, 349
fluorosulfates 119
free-standing BP/graphene anode 259
freestanding porous Sb–C framework

films 303
freeze-drying methods 46, 429, 432
functional additives

CEI-forming additives for cathodes
363–365

safety inspired additives 369–372
SEI-forming additives for anodes

360–363

g
galvanostatic cycling 88
galvanostatic intermittent titration

technique (GITT) 22, 61, 103,
110, 111

gas-bubble-directed mechanism 258

gel polymer electrolyte (GPE) 37, 420,
513

ceramic filler to 424
cross-linked 425
ionic liquid 425–427
nafion 424
PMMA 420–421
PVDF 421–424

GF/FeS2@C 284
Gibbs free energy of solvation 356
glyme-based electrolyte 302, 307, 317
glyme-typed solvents 317
graphene aerogel 176, 257, 281, 282
graphene nanosheets 263–266, 303
graphene layer (GL) 97, 204, 206, 260,

282
graphene-loaded Bi2Se3 291
graphene-mediated electronic transport

pathway 274
graphene quantum dots (GQD) 44, 113,

225, 228
graphite anode 37, 204–206, 348, 361,

463, 403, 456
graphite/graphene 248
graphitic structured N-doped porous

carbon spheres 284
guar gum (GG) 463

h
halogenated salt ILs 385, 386
halogen-free sodium salts 345
halogen ions 383, 384
hard carbon anode 20, 37, 54, 205–210,

361, 403, 460, 486
HCOONa 316
heteroatom doping 209, 254, 443, 515
hetero-structured Bi2S3–Bi2O3 nanosheets

282
heterostructured Ni/Fe-bimetallic sulfide

288
hexacyanochromates 143
hexacyanoferrates 137, 143, 150, 151,

475, 481
hexacyanomanganates 143, 476
hexacyanometallates 137
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hexafluorophosphate ions 383, 384
hexagonal boron nitride (h-BN) 248
hexagonal SnS2 279
hierarchically nanosheet-assembled

Cu-doped CoSe2 microboxes 294
hierarchically structured Bi2S3/graphene

aerogel composite 281
hierarchical SnS2 microspheres 280, 281
high-concentration electrolyte (HCE)

319–322, 372, 368, 372–376, 378,
467

high entropy oxides (HEOs) 70
highest occupied molecular orbital

(HOMO) 177, 389
highly ordered mesoporous carbon

(CMK-3) 256
high-performance BP-based SIB anode

material 259
high salt concentration electrolytes 319
Hittorf’s phosphorus (type V) 247
holes trapping 25
hollow carbon coated FeSe2 nanospheres

293
hollow CoS2@C microcubes 285
hollow NiCoSe2 microspheres@N-doped

carbon 297
hollow RP nanospheres (HPNs) 258
HOMO/LUMO energies 358
honeycomb-graded porous microsphere

86
honeycomb-like sulfur-doped carbon

foam (Co9S8@S-CF) 285
hydrofluoroether 319, 374
hydrophobic alcohol 118
hydrothermal method 43, 45, 109, 114,

115, 275, 290, 295, 297, 432, 488
hyper-cross-linked polymers (HCPs) 13,

192

i
imidazolium salt ions 384
initial Coulombic efficiency (ICE) 53,

56, 234, 254, 256, 267, 278, 352,
356, 418, 457, 460, 482, 483, 515,
516

inorganic solid-state electrolytes
427–443

in-situ pore forming 285
in situ X-ray absorption 53
integer quantum Hall effect 249
integrated C@RP/graphene porous

aerogel 257
intercalation reaction 6, 9, 26,45, 122,

237, 252, 283, 375
interface electrostatic gravity 451
interfacial compatibility 37
interfacial polymerization method 186
interlaced SnO2 nanoflake arrays 277
intermetallic alloys 361
intermolecular force 451, 464
ion-blocking cell 22, 23
ionic conductivity 4, 12, 23, 24, 28,

33–36, 38, 42, 69, 86, 88, 89, 92,
100, 101, 112, 122, 124, 125, 151,
193, 198, 234, 239, 257, 316, 317,
319, 339, 340, 343–346, 348, 350,
351, 361, 368, 372, 373, 377, 384,
392, 393, 396, 397, 403–406,
408–410, 412, 414–416, 418–421,
423–425, 427, 429–444, 471, 476,
482, 493, 495, 499, 500, 504, 510,
511, 513, 514

ionic liquids (ILs) 322
advantages 383
anionic species in 385–388
cationic species in 384–385
electrochemical properties 389–391
electrolyte/electrode interfaces

396–398
low melting point 383
physicochemical properties 388–389
thermal and electrochemical stability

392–393
thermal properties 391–392

ion migration 51, 79, 403, 404, 408, 372,
433, 443

ionothermal synthesis 117
iron oxide 273, 274
iron phosphides 266–267
iron selenides 293
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j
Jahn–Teller distortion 50, 51, 53, 54,

56–59, 97, 101, 120, 150, 155

k
K2MnFe(CN)6 331
K-SnS2@SG 280

l
large-scale commercial 3D flexible carbon

felt 326
layered Bi2Te3 nanoplates/graphene

(Bi2Te3/G) 298
layered orthorhombic 𝛼-MoO3 276
layered orthorhombic bismuth sulfides

(Bi2S3) 281
layer-structured 𝛼-MoO3 nanobelt 276
layer-to-layer [MoO6] octahedron 276
Li+ diffusion coefficient 289
Li+ ion intercalation/deintercalation

processes 274
Li2NiO2 64
Li | LiNi0.4Co0.2Mn0.4O2 cells 346
Li | LiNi0.8Co0.15Al0.05O2 cell 346
Li | LiNi1/3Co1/3Mn1/3O2 batteries 346
Li metal batteries (LMBs) 346
Li/Na battery electrodes 29
Li–Na hybrid battery (LNHB) 318
ligand field stabilization energy (LFSE)

141
linear carbonates 100, 346, 347, 349
linear scanning voltammetry 390
liquid Na/BASE (𝛽′′-Al2O3 solid

electrolyte)/S system 331
liquid Na–K alloy 329–331
Li2Sn–LiNO3 368
lithium cathodes 20
lithium metal-based batteries 365, 368
lithium-organic battery 166
lithium titanate (LTO) anode 355
Li4Ti5O12 218–221
local high-concentration electrolyte

(LHCE) 373–376
localized high-concentration electrolyte

(LHCE) 319, 320, 378

low concentration electrolytes 376–378
lowest unoccupied molecular orbital

(LUMO) 173, 177, 389
LTO-diglyme-based electrode 355
lumazine (LMZ) 196
lumichrome (LC) 196

m
0.8 M NaPF6-PC/EMC mixed with

additives 350
1 M NaFSI-EC/PC 317
1 M NaFSI-FEC 317
1 M NaOSO2CF3-TEGDME electrolyte

368
1 M NaOTF-EC/DEC electrolyte 354
1 M NaPF6-EC/DEC electrolyte 372
1 M sodium bis(fluorosulfonyl)imide

(NaFSI) 317
1 M sodium trifluoromethanesulfonate

(NaOTF)-Diglyme 354
2 M LiDFOB 346
2 M LiTFSI 346
4M-NaFSI/DME electrolyte 373
M–Co–S 288, 296
M–Co–Se 296
M–Fe–S 288, 296
M–Fe–Se 296
M–Mo(W)–S 288–290
M–Sb–S 290
M–Sn–S 290
mallet-NaFePO4 393
manganese oxide 47, 48, 273
mechanical force 451
mechanical force theory 450
mechanical stability 406
mechanochemical method 429
melt infusion strategy 325
mesh-like FeS2/carbon tube/FeS2

composites (FCF) 284
mesoporous carbon (MC) 170, 256
mesoporous carbon microspheres 463
mesoporous nanosheets (mPPy) 184
metal alloys 516

antimony (Sb) 302–304
bismuth (Bi) 304



Index 527

intermetallic compounds 307
tin (Sn) 299

metal-doping 101
metallic current collectors 323
metal-organic frameworks (MOFs) 192
metal-organic macrocycles (MOMs) 192
metal oxides 516

conversion-alloy-type oxides 277
conversion-type oxides 273

metal phosphide anodes
Na-ion batteries 262
Na-storage mechanism 261

metal phosphides (MPx) 262
metal selenides

bimetallic selenides 296–298
FeSex/CoSe2/ NiSe2 293
monometal selenides 295
MoSe2/WSe2 292
Sb2Se3/Bi2Se3 291
SnSe/SnSe2 291

metal sulfides (MSx)
bimetallic sulfides 288–290
CuSx/VSx/TiS2 286
FeSx/CoSx/NiSx 283
MoS2 and WS2 282
Sb2S3/Bi2S3 281
SnS/SnS2 279

metal tellurides 298–299
methyl acetate (MA) 348
methyl butyrate (MB) 348
methyl formate (MF) 348
methyl nonafluorobutylether (MFE) 372
microemulsion processing 124
micro/nanostructured SnS/few-layer

graphene (SnS/FLG) composite
279

microsized flower-like Bi2S3 281
microporous Ni2P@C-N

polyhedron-shaped
nanocomposite 267

microporous polymers 192, 194
microwave exfoliation method 211
mid-oxygen (mO) 427
mixed cation oxides 69, 70
Mn3O4 275

MnFe(CN)6 331
MnO 275
MnO2 275
𝛼-MoO3 276
Mo nanograins 276
Mo-SnO2@C-foam 277
MOFs-derived microporous carbon 256
molybdenum oxide (MoO3) 276
molybdenum oxides 273
mono-, di-, and tetraglyme solvents 317
monoanion compounds 5
monoclinic structured V5S8 nanosheets

287
monodispersed Sn4P3 nanoparticles 263
monometal selenides 295
Monte-Carlo simulation 54
MoO3 anode 276
MoS2 and WS2 282
MoS2@N-RGO 282
MoSe2@NPC/rGO 292
MoSe2/WSe2 292
multichannel porous N-doped carbon

nanofiber (CNF) composite 281
multi-modal synchrotron approach 287
multi-shelled V2O3/C composite 277
multi-walled carbon nanotubes

(MWCNT) 86, 115, 296, 476

n
Na | 9,10-anthraquinone (AQ) batteries

373
Na | Na2FePO4F battery 349
Na | Na3V2(PO4)3 cells 355
Na | Na4Fe3(PO4)2(P2O7) cells 363
Na [FSA]-[C2C1im] FSA] 392, 393, 396
Na [FSA]-[C3C1pyrr] [FSA] IL electrolytes

392
Na [PF6]-[C4C1im] [TFSA] IL electrolyte

396
Na carbonized wood composite electrode

325, 327
Na metal anodes

alkali-metal alloys 327–332
carbon-based current collectors

324–325
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Na metal anodes (contd.)
high salt concentration electrolytes

319
ionic liquids (ILs) 322
metallic current collectors 323–324
3D scaffolds/Na metal 325

Na metal composites (Na-Ti3C2Tx-CC)
326

Na phosphides (Na3P) 262
Na plating/stripping processes 324
Na polymer single ion conductors 415,

417
Na+-conductive NaAlCl4.2SO2 inorganic

electrolyte 319
Na0.67(Ni0.23Mg0.1Mn0.67)O2 cathode 276
Na2/3Ni1/3Mn2/3O2 331
Na2Fe2(SO4)3 117
Na2Fe(SO4)2.2H2O 118
Na2MnFe(CN)6 331
Na2MnSiO4 120
Na2S6-NaNO3 317
Na2Ti3O7 259

anion doping 228–229
cation doping 230–231
micro-nano structure design

224–225
self-supported electrode design

225–228
surface modifications 224

Na2Ti3O7/C-BP composite anode material
259

Na3PS4 433, 438
Na3V2(PO4)2F3 298, 461
Na3V2(PO4)2F3 | HC cells 349
Na3V2(PO4)2O2F cathode 297
Na3V2(PO4)3 (NVP) 83, 370, 396
Na3V2(PO4)3 cathode 276, 282, 386
Na3V2(PO4)3 cells 393
Na3V2(PO4)3/C cathode 302
Na3V2(PO4)3/CoSe2 294
Na7V3(P2O7)4 102
NaxCoO2 54, 55
NaxCrO2 66, 69
NaxMnO2 55, 60
NaxMO2 363

NaxNiO2 61, 65
NaxVO2 65, 66
Na-active MPx 261
Na-carbonized wood composite electrodes

327
Na-CMC/Na-PAA binder 456
Na|graphite cells 344
Na-ion transference number 319
Na-K-GIC-carbon (Na-K-GC) coincidence

electrode 330
Na/Na2FeP2O7 full cells 396
Na||Na3V2(PO4)3 batteries 319
Na||Na symmetric cells 318, 319, 321,

344, 368, 371, 388
Na10SnP2S12 440, 441
Na2MP2O7 (M= Co, Fe, Mn, Cu, Zn)

93–97
Na2MPO4F (M = Fe, Mn, Ni) 107–110
Na3(VO1–xPO4)2F1+2x (0≤ x ≤ 1)

110–116
Na3SbS4 439–440
Na4M3(PO4)2P2O7 (M = Fe, Co, Mn, Ni,

Mg) 98, 102
Na[bis(fluorosulfonyl)-amide]-[1-ethyl-3-

methylimidazolium] [bis
(fluorosulfonyl) amide] ionic
liquid electrolyte 386

Na[dca] salt 388
Na[FSI]-[C2C1im][FSI] electrolyte 322
Na[TFSA]-[C4C1pyrr] [TFSA] electrolyte

396
Na[TFSA]-[C4C1pyrr] [TFSA] IL electrolyte

393
NaBDSB 345
NaBF4-[C2C1im] [BF4] 391
NaBOB 345
NaBSB 345
NaClO4 based electrolytes 348
NaFeHCFs 139, 140
NaFeO2 51, 54
NaFeP2O7-I 91
NaFeP2O7-II 91
nafion 424, 470
NaFSI–DME-based high-concentration

electrolyte 319
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NaMnHCFs 139, 140
NaMP2O7 (M=Fe, V, Ti) 91, 93
NaMPO4 (M = Fe, Mn) 80
NaNi0.35Mn0.35Fe0.3O2 | Na cell 350
NaNi1/3Fe1/3Mn1/3O2 | HC cells 350
NaNi1/3Fe1/3Mn1/3O2 (NFM) cathode

375
nanobelts 44, 45, 276, 287
nanocones 287
nanocrystalline/amorphous Na3P matrix

264
nanoflower-like MoS2/carbon nanofibers

(CNFs) 282
nanorods 43, 60, 105, 220, 266, 267, 281,

282, 285, 287, 290, 293, 294, 302,
303, 305

nanosized metal particles (M) 262
nanosized RP particles 254, 257
nanosized strategy 217
nanosphere-shaped Sn@C precursors

263
nanostructures 32, 33, 105, 114, 115,

152, 207, 209, 212, 220, 224, 225,
228, 229, 232, 246, 255–258, 263,
265, 267–269, 274, 275, 281, 283,
284, 290, 294–296, 300–302, 305,
308, 309, 323, 515, 517

NaPDHBQS 169
NaPF6-based electrolytes 317, 340
NaPF6-diglyme electrolyte 317
NaPF6-ethylene carbonate(EC) 321
NaPF6-glyme-based electrolyte 317
1,4,5,8-naphthalenetetracarboxylic

dianhydride (NTCDA) 163, 175
NASICON 79, 429, 431
NASICON-structured Na3V2(PO4)3 331
NASICON-type Na3MnTi (PO4)3 89, 90
NASICON-type phosphates 83
NaTDI/NaPDI salts 345
NaTi2(PO4)3

doping 234, 236
micro-nano structure design 232
modification strategies of 232
surface modifications 234, 235

NaVP2O7/NaTiP2O7 91

NaVPO4F 105, 107
NaxFey(SO4)z 116, 119
NaxMFe-PBAs

with one Na+ insertion sites 155, 156
with two Na+ insertion sites 154, 155

N-butyl-N-methyl-pyrrolidinium
dicyanamide IL electrolyte 388

NCS@rGO electrode 288
NCS/rGO composites 289
N-doped carbon matrix 256
N-doped carbon (NDC) nanoboxes 296
N-doped carbon nanosheets 286
N-doped carbon shell (r-Co9S8@NC)

285
N-doped hollow carbon nanotubes 457
N-doped rGO nanosheets 267
N-doping graphene 117
Ni1.8Co1.2Se4 nanoparticles 297
Ni1.8Co1.2Se4@C anode 297
Ni1/3Mn1/3Co1/3O3 (NMC) 331
Ni3S2 composite anode 286
Ni3Sn2 microcages 308
Ni-based metal-organic framework

(Ni-MOF) 286
nickel foam (NF) 265
nickel phosphides 267–268
nickel selenides 286, 295
Ni-doped Co/CoO/NC hybrid 275
NiMo3S4 nanosheets 290
NiS2 286
NiSe2 nanooctahedra 295
4-nitrobenzenediazonium (4-NBD) 259
nitrogen-doped carbon nanotubes 275
nitrogen-doped CNF 291, 300
nitrogen-doped graphene (N-RGO) 117,

228, 282
nitrogen-doped, yolk–shell-structured

CoSe/C mesoporous dodecahedra
294

nitrogen–phosphorus co-doped
carbon@CNT 454

nitrogen/phosphorus (N/P) co-doped
carbon (NPC) 292

N-methylformamide (NMF) 433
N-methyl pyrrolidone (NMP) 453, 455

mailto:Ni1.8Co1.2Se4@C
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non-aqueous sodium-ion full batteries
482

carbon-anode-based 483–486
non-carbon-anode-based 486–492

non-fluorinated carbonates 363
non-halogenated salt ILs 386
n-type doping 181, 183, 188, 192

o
Ohm’s law 28
oil-based binder 452, 464
Olivine-type NaFePO4 81, 82
one-dimensional CoP/C nanocomposites

265
1D CuS nanowires 287
1D RP nanowires 247
one-pot electrospinning process 281
organic cathode materials (OCMs) 161

green cycle 162
reaction mechanisms 163

organic electrolytes 13, 36, 66, 152, 162,
166, 171, 173, 177, 178, 190, 192,
373, 383, 398, 420, 512, 513

organic liquid electrolytes 513
functional additives 358–372
high concentration electrolyte

372–373
local high-concentration electrolyte

373–376
low-concentration electrolytes

376–377
sodium salts 340–346
solvents 346

organic-ligand doping method 345
organic radical compounds 163, 188–192
orthorhombic SnS 279
overcharge inhibitors 369
oxygen-doped carbon nanotube

framework (a-CNT) 324, 326
oxygen-functionalized 3D carbon

nanotube network 324, 326
oxynitrides compounds 368

p
P@C-GO/MOF-5 electrode 455

P@CMK-3 composites 256
P@N-MPC material 256
PAN-based electrolyte 414
PAQS 169
partial fluorine ethylene–hexafluoro-

propylene copolymer
[P(VDF–HFP)] 454

partial fluorine ethylene–vinyl chloride
copolymer 454

P-based anode materials 249–250
p-benzoquinone (BQ) 166
PC/EMC electrolyte 350
PDCzBT 193
P-doping 9
peapod-like Fe7Se8@C nanorods 294
peapod-like Sb@N-C hybrid 303
3,4,9,10-perylene tetracarboximide

(PTCDI) 178
3,4,9,10-perylenetetracarboxylic

dianhydride (PTCDA) 175, 177
PF6-based electrolytes 391
phenanthraquinone (PQ) 166
phosphorene 249, 250, 252, 258, 260, 261
phosphorene–graphene composite 250
phosphorus allotropes 246–249
phosphorus anodes

Na–ion batteries 253–261
Na-storage mechanism 249–253
phosphorus allotropes 246–249

phosphorus polytypes 247
phosphorus-rich tin phosphide SnP3 264
pillar[5]quinone (P5Q) 166
plasticizing effect 427
ployquinone 170
pnictogens 246
PO4-FeO6 393
polar inversion strategy 177
polarity theory 450
polyacetylene (PAc) 182, 183
polyacrylate (PAA) 302, 455
polyacrylic acid (PAA) 12, 452–458
polyaniline (PANI) 8, 182, 185
polyanionic compounds 5, 17, 22, 79, 80,

90, 110, 111, 125, 363, 468, 476, 510
polyanion-type compounds 80, 121–125
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poly(anthraquinone-based sulfide)
(PAQS) 169, 171

poly(benzoquinonyl sulfide) 171
poly(benzquinoline sulfide) 171
polydopamine (PDA) 187, 295, 423
poly(3,4-ethylenedioxythiophene)

(PEDOT) 107, 259
polyethylene oxide (PEO) 190, 403, 407,

411, 420
polyhedron ZIF-67 precursor 265
polyimide (PI) 164, 177–181, 197, 463,

478, 479
polymer-electrolyte-based ASSSIFBs

498
polymer/graphene composite (PGC) 176
polymers of intrinsic microporosity

(PIMs) 192
poly(methyl methacrylate) (PMMA)

403, 420–421, 493, 494
polyolefins 398
polyparaphenylene 182, 186
polypyrrole (PPy) 163, 182–184, 234,

286, 480
polysulfide shuttle effect 404
poly(2,2,6,6tetramethylpiperidinyloxy-

4-vinylmethacrylate) (PTMA)
191

polythiophene 182, 188
polytriphenylamine (PTPAn) 186
polyvinyl alcohol (PVA) 190, 403, 411,

414
polyvinylidene fluoride (PVDF) 302,

414, 415, 452
polyvinylpyrrolidone (PVP) 403, 414
porous aromatic frameworks (PAFs) 192
porous carbon– Fe3O4/Na2FeP2O7

configuration 256, 274
porous CoFe2O4 nanocubes anode 460
porous Cu composite matrix 323
porous hollow microspheres (PHMSs)

303
porous nitrogen-doped carbon nanofibers

282, 300
potassium bis(trifluoromethyl-

sulfonyl)imide (KTFSI) 318, 368

potentiostatic intermittent titration
technique (PITT) 22, 81, 98

power density 14, 18–23, 25, 125, 173,
186, 188, 190, 197, 225, 228, 246,
276, 307, 339, 363, 398, 467, 473,
476, 478, 481, 482

P-rich iron phosphides 266
pristine graphite 205, 206
1,3-propane sultone (PS) 365
propylene carbonate (PC) 35, 100, 302,

321, 340
propylene carbonate-fluorocarbonate

386
proton acid doping 185
Prussian blue analogs (PBAs) 137–157,

288, 294, 317, 467, 474
Prussian blue-type cathode materials

510
pseudocapacitance-dominated Na+

storage mechanism 292
PTCDA-EDA/CNT 178
Pteridine derivatives 163, 196–197
PTMA 189–191
P2-type cathode material

Na2/3Mn2/3Ni1/3O2 463
p-type dedoping reaction 192
p-type doping 181, 188, 191
pyromellitic dianhydride (PMDA) 175
pyrophosphates 5, 79, 80, 90–105
pyrrolidine ILs 386

q
quantum dots (QDs) 44, 113, 225, 259,

280, 291
quasi-open-circuit potential (QOCP)

charge 104
quasi-solid SIBs 467
quasi-solid-state electrolyte 13
quasi-solid-state sodium-ion full batteries

13, 493–497
quaternary ammonium salt ILs 389
quaternary ammonium salt ions 384
quaternary phosphonium salt ions

384
quinone 6, 163–174, 180, 197
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r
rambutan-like hybrid hollow spheres

274
RCH2OCO2Na 316
rechargeable lithium-ion batteries (LIBs)

1, 315
red phosphorus 247

with conductive matrix 253–257
Na–ion batteries 253–258
Na-storage mechanism 249–253

redox shuttles 369, 370
reduced graphene oxide (rGO) 25, 86,

101, 107, 118, 124, 169, 204, 258,
259, 274, 284, 352

reversible redox reaction 35, 178, 189
rhombohedral Sb2Te3/C anode 298
ROCO2Na 316
R(OCO2Na)2 316
room-temperature pressurization strategy

259
RP@C anodes 256
RP coupled with single walled CNTs

composite (RP-SWCNT) 254, 255
RP/multiwalled CNTs composite

(RP/MWCNT) 254
RP nanodot/rGO nanocomposite 257
RP/Sb/Cu composite 256
Ruck’s fibrous RP 247
rutile TiO2 213, 216–218

s
safety-enhanced SIB 377
safety inspired additives 369–372, 377,

378
sandwiched phosphorene–graphene

structure 260
sandwich-like Ni2P nanoarchitecture

267
Sb nanoparticles@porous carbon 303
Sb2O3 278
Sb2O3 composite anode. 278
Sb2S3 nanocrystals 281
Sb2S3@CNF 281
Sb2S3/active carbon nanostructured

composite 281

Sb2S3/Bi2S3 281
Sb2Se3/Bi2Se3 291
Sb2Se3/CNT composite 291, 298
Sb@(N, S–C) hybrid 303, 304
Sb@C coaxial nanotubes 303
Sb@C yolk–shell nanospheres 303, 304
Sb/C fibers 303
Sb/C spheres 303
Sb/graphene nanosheets 303
Schiff base organic compounds 194–197
S-doped graphene (SG) 279, 280, 286
secondary batteries 188, 194, 249, 383,

392, 393, 398, 401, 408
SEI-forming additives 360–363, 377
self-assembly procedure 234
self-decomposition 144, 145, 147–148
self-healing electrostatic shield

mechanism 318, 368
self-heating processes 36
self-polymerizing microporous polymers

(PIMs) 193
self-standing SnS/C nanofibers membrane

anode 279
semi-conductive CoTe 299
shutdown-type additives 369, 371, 378
silicates 80, 116, 119–121
silicon materials 463
single-crystalline Cu2SnS3 nanosheets

290
single-walled carbon nanotubes

(SWCNTs) 166
sluggish redox reaction kinetics 245
Sn/C nanocomposites 300
Sn10Bi10Sb80 film 309
Sn4+xP3@(Sn-P) nanocomposite 263
Sn4P3/C nanocomposite 262
Sn4P3/graphene composite 263
Sn4P3/rGO hybrid 263
Sn50Ge25Sb25 film 309
Sn–Sb/C 308
Sn/Sb/Bi-based intermetallic compound

309
Sn–Sb nanostructures 308
Sn nanodots 300
SnO2-carbon fiber (SnO2-CF) 327
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SnO2@CMK-8 anode 456
SnO2@CMK-8 particles 456
SnO2@TiO2 anode 278
SnP3/C composite 264
SnSb–core/carbon–shell nanocables 308
SnS2/Co3S4 hollow nanocubes 286
SnSe quantum-dots 291
SnSe2/rGO sandwich structure 291
SnSe/SnSe2 291
SnS/SnS2 279
SO2-solvated molten complex 319
sodiated amorphous NaxP structure 253
sodiation/desodiation 44, 98, 115, 120,

206, 245, 250, 253, 261–263,
266–268, 274–279, 282, 285, 290,
295, 302, 307, 308, 393

sodium-air battery 18
sodium alginate (SA) 13, 452, 462
sodium-alloy-fluoride (SAF-Na) anode

368
sodium-based batteries 315
sodium-based Prussian blues (PB) 364
sodium bis(fluoro-sulfonyl)imide (NaFSI)

316–317, 319, 384
sodium bis(oxalate)borate (NaBOB) 345
sodium bis[salicylato (2-)]-borate (NaBSB)

345
sodium dibenzenesulfonic acid 186
sodium 4,5-dicyano-2-(pentafluoroethyl)

imidazolate (NaPDI) 345
sodium 4,5-dicyano-2-(trifluoromethyl)

imidazolate (NaTDI) 345
sodium-difluoro(oxalato) borate

(NaDFOB) 317, 344
sodium-free transition metal oxides

manganese oxides 47–48
vanadium oxides 43–46

sodium-inserted layered metal oxides
48, 51

mixed cation oxides 69–70
NaxCoO2 54–55
NaxMnO2 55–60
NaxCrO2 66–69
NaxNiO2 61–65
NaxVO2 65–66

NaFeO2 51–54
sodium-ion batteries (SIBs) 647, 509

anode materials 515
cathode materials 509, 511
electrochemical stability 512
electrolytes 511
ideal active material 509
low-cost and high-performance system

517
sodium-ion full batteries (SIBs) 467–506
sodium-ion full cell 13, 14, 105, 276, 468,

483–486, 491, 496
sodium-ion intercalation/deintercalation

process 43, 218, 237, 259, 260,
488

sodium metal batteries (SMBs) 11, 346,
355, 365, 383, 386, 398, 424

sodium–oxygen (Na–O2) batteries 315
sodium (salicylate-benzenediol)borate

(NaBDSB) 345
sodium salts 6, 12, 21, 33–36, 164, 169,

174, 177, 339–346, 384, 398, 408,
414, 421, 512, 513

sodium–sulfur (Na–S) batteries 18, 315,
327

sodium tetraphenylborate (NaBPh4) 87,
345

sodium trifluoromethylsulfonate (NaOTf)
319

sodium–vanadium fluorophosphates 79
soft carbon anode 210–211
soft X-ray absorption spectroscopy (sXAS)

140
soft X-ray photoelectron spectroscopy

460
sol–gel method 86, 88, 89, 96, 99, 100,

105, 107, 120, 121, 217, 234, 429,
432

solid–electrolyte interface (SEI) 53, 283,
298

solid electrolyte interphase (SEI) 245,
315

solid electrolytes 12, 32, 53, 83, 171, 175,
245, 283, 315, 331, 401–403, 405,
406, 420, 427, 429, 432, 433, 437,
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solid electrolytes (contd.)
439–441, 443, 444, 467, 495, 500,
503, 514

solid/ionic liquid electrolytes 171
solid polymer electrolytes (SPEs) 407,

408
PAN-based electrolyte 414
polyethylene oxide (PEO) 407–411
polyvinyl alcohol (PVA) 411–414
polyvinylidene fluoride (PVDF)

414–415
polyvinylpyrrolidone (PVP) 414

solid-state electrolytes (SSEs) 37
chemical stability 404–405
energy density 401–403
ionic conductivity 403–404
mechanical stability 406
polymer electrolytes 408, 427
sulfide-based 433, 434
thermal stability 406

solid-state sodium-ion full batteries 493
ceramic-electrolyte-based 498–503
composite-electrolyte-based 503–504
new types 504–506
polymer-electrolyte-based 498
quasi-solid-state battery system 493

solvent-separated ion pairs (SSIP) 372
solvothermal method 22, 33, 112, 114,

115, 234, 239, 258, 278, 287, 294,
298, 308

specific energy-power diagram 383, 384
spherical P2-Na0.6Co0.1Mn0.9O2 (NCO)

384
spray-drying method 86, 99, 109, 234
spray freeze 429, 432
standard ionization energy (SIE) 141
styrene butadiene rubber (SBR) 452,

461–462
succinonitrile (SN) 365
sulfidation 283, 285
sulfonate (–SO3Na) 173, 184–186, 344,

349
sulfur-assisting calcination strategy 285
sulfur-doped carbon foam (S-CF) 285
sulfur doping 229, 285

sulfurized polyacrylonitrile (SPAN) 284
supercapacitors 20, 25, 225, 249, 274,

295, 383, 384
super-concentrated electrolytes 513
supervalence cation doping 437
synchrotron XRD (SXRD) 53, 59, 220,

250, 305

t
ternary nickel cobalt sulfides 288
tetraalkylammonium cations 261
1,3,5,8-tetraazanaphthalene 196
tetracyanoaminodimethane (TCNQ) 197
tetracyanoethylene (TCNE) 197
tetraethylene glycol dimethyl ether

(TEGDME) 318, 330
tetrafluoroborate (BF4

−) 344, 383, 384
1,4,5,8-tetrahydroxy-9,10-anthraquinone

(THAQ) 166
3D carbon foam-supported Mo-doped

SnO2 nanoflake array 277
3D Cu nanowires 323, 324
3D dual continuous NDC conductive

networks 296
3D graphene–WS2 hybrid structure 283
3D hierarchical defect-rich NiMo3S4

nanosheet arrays 289
3D interconnected multi-walled carbon

nanotubes (MWCNTs) conductive
network 296

3D ionic/electronic pathways 285
3D Ni2P nanocomposite 267
3D Ni-supported Sb2O3 anodes 278
3D nitrogen-doped carbon nanofiber

networks 274
3D porous Al nanostructure 323
3D porous C@RP/graphene aerogel anode

material 257
3D porous hierarchical Co3O4 anode

structure 274
3D porous ion transport network 274
3D scaffolds/Na metal 325
3D VS4 nano-architectures 287
thermally-induced selenization process

293
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thin Ti3C2 nanosheets 259
thioacetamide-directed surfactant-assisted

reaction process 282
thiophene 187, 188
three-dimensional carbon framework

(CF) 398
Ti3C2 MXene flakes 286
Ti3C2Tx-coated carbon cloth 326
Ti doping 55, 65, 274
time-of-flight secondary ion mass

spectrometry (TOF-SIMS) 65,
363

TiNb2O7 203, 211, 217, 237–239
tin phosphide (Sn4P3) materials 261–265
tiny RP nanodots 257
TiO2 217
TiO2-B 214, 216
TiO2-B-OVs 215
TiS2 287
titanium-based anode materials

Li4Ti5O12 218, 221
Na2Ti3O7 221, 230
NaTi2(PO4)3 231, 236
TiO2 212, 217
TiNb2O7 237, 238

traditional electrolyte 37, 316–319, 372
transition metal oxides (TMOs) 5, 10,

17, 41–73, 137, 138, 144, 273, 482,
510

triethylene glycol dimethyl ether
(TEGDME)-NaCF3SO3 electrolyte
372

trifluoromethane sulfonate (OTf−) 344
trifluoromethanesulfonimide anionic

groups 417
trimethyl phosphate (TMP) 350, 371
trisaminocyclopropenium perchlorate

(TAC.ClO4) 370
tri(2,2,2-trifluoroethyl)phosphite (TFEP)

372
2D graphene material 259
2D Mxene material 259
2D phosphorene 249
two-step sequential ion-exchange method

294

two-step sodiation mechanism 250, 260,
299

u
ultra-dilute electrolyte 376, 378
ultra-small Fe7Se8 nanoparticles/N-doped

carbon nanofibers
(Fe7Se8/N-CNFs) 294

ultrasonic spray pyrolysis procedure 87
ultrasound sonochemical method 281
uniformly distributed Sb2O3 nanospheres

278
uniformly distributed SnS2 quantum dots

280
unstable SEI film 245
urchin-like CoSe2 nanorod assemblings

294

v
V5S8 nanosheets 287
vacancy 49, 50, 54, 55, 57, 58, 60, 61, 64,

65, 69, 87, 93, 122, 147, 151,
154–156, 213–215, 219, 280, 282,
403, 430, 436–439, 441

vanadium oxide 43–46, 273
vanadium sulfides 287
Van der Waals interactions 204
vaporization–condensation method 254,

256–258, 281
vinyl carbonate (VC) 363, 460
vinylidene fluoride–hexafluoropropylene–

tetrafluoroethylene terpolymer
[(PVDF–TFE–HFP)] 454

vinylidene fluoride (VDF) homopolymer
modification 453, 454

violet phosphorus 247
Visualization for Electronic and

Structural Analysis (VESTA) 83
VO2 microspheres 277
VS2 monolayer stacks layer-by-layer 287

w
water-based SBR/CMC 460
water molecules 6, 45, 64, 138, 141,

151–152, 154, 155, 510, 511
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water-soluble binders 12, 13, 458–460,
463

weak interface theory 450
wet chemical method 88, 221, 249
white phosphorus 246, 247

x
xanthan gum (XG) 463
X-ray absorption spectroscopy (XAS) 95,

140, 287
X-ray diffraction (XRD) analysis 61, 138,

250, 293, 436
X-ray photoelectron spectroscopy (XPS)

92, 289, 319, 355, 460

y
yellow phosphorus 247
yolk–shell Bi@C nanospheres 307

yolk–shell Bi@Void@C nanospheres
305

yolk–shell FeS2@C microboxes 284
yolk–shell like Ni2P nanoparticles

267
yolk–shell nanosphere Sn4P3@C

composite 263
yolk–shell Sn4P3@C nanospheres

263

z
ZEBRA-type sodium–metal halide

batteries 315
zero strain materials 218, 231, 489
ZIF-8-derived N-doped microporous

carbon (P@N-MPC) 256
Zn–Sb 308
ZnSn(OH)6 279


