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Abstract

Sodium‐ion batteries (SIBs), which are an alternative to lithium‐ion batteries

(LIBs), have attracted increasing attention due to their low cost of Na re-

sources and similar Na storage mechanism to LIBs. Compared with anode

materials and electrolytes, the development of cathode materials lags behind.

Therefore, the key to improving the specific energy and promoting the ap-

plication of SIBs is to develop high‐performance sodium intercalation cathode

materials. Transition‐metal oxides are one of the most promising cathode

materials for SIBs owing to their excellent energy density, high specific dis-

charge capacity, and environmentally friendly nature. In the present work, the

latest progress in the research of transition‐metal oxides is summarized.

Moreover, the existing challenges are discussed, and a series of strategies are

proposed to overcome these drawbacks. This review aims at providing gui-

dance for the development of metal oxides in the next stage.
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1 | INTRODUCTION

As energy consumption and demand continue to increase,
there is a growing need for low‐cost, efficient, long‐life, and
secure renewable energy storage systems. Renewable en-
ergy, including solar energy, wind energy, tidal energy,
water energy, geothermal energy, marine energy, and bio-
mass energy, and so forth,1 has a natural self‐renewable
function. Integrating these regional and intermittent
sources of energy into low‐cost and efficient large‐scale

electrical energy storage systems is the key to solving the
energy crisis. Rechargeable batteries represent one of the
most popular electrical energy storage systems due to their
high conversion efficiency and eco‐friendly feature.1–3 As a
king of rechargeable batteries, lithium‐ion batteries (LIBs)
have been widely used in mobile phones, laptops, digital
cameras, electric tools, and other fields because of their
outstanding advantages such as high energy density, high
working voltage, long cycle life, low self‐discharge rate, and
environmentally friendly nature, and their applications are
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gradually expanding to new energy vehicles and other
energy storage fields.4,5

However, the growing market of LIBs is inevitably
leading to shortage of lithium resources and increase in
the price of lithium. Therefore, it is necessary to develop a
new energy storage system with abundant resources and
low price to replace LIBs. Due to its rich natural resources,
low price, environmentally friendly nature, and similar
electrochemical properties to LIBs, the sodium‐ion battery
(SIB) system has attracted considerable attention in recent
years, providing a new choice for electrical energy
storage.6–9 Sodium is the sixth most abundant element in
the crust (2.75%), and the cost of raw material of Na2CO3

is approximately 25 times lower than that of Li2CO3.
10–12

Besides, sodium does not alloy with aluminum, so alu-
minum, which is cheaper than copper, is widely used as a
negative collector fluid (the anode collector of LIBs is
copper). Therefore, SIBs are expected to be the alternative
to LIBs. During the charge process, Na+ is extracted from
the cathode and then inserted into the anode through the
electrolyte, while the electrons flow into the anode
through the external circuit to maintain the charge bal-
ance. The discharge process is just the opposite. Never-
theless, it is difficult for SIBs to exceed LIBs in terms of
energy density because of the larger weight of sodium and
lower standard electrochemical potential than that of
lithium.13,14 In addition, SIBs show slower diffusion ki-
netics than LIBs due to the lager ionic radius of Na+

(1.02 Å) than that of Li+ (0.76 Å), which poses a challenge
to the exploration of excellent electrode materials for SIBs.
Under this circumstance, SIBs are suitable for applications
where cost‐effectiveness rather than energy density is the
most critical issue, such as large‐scale electrical energy
storage systems.14 As a result, SIBs have once again
generated attention in terms of research as low‐cost
rechargeable batteries.15

Among all the international studies in the field of SIBs,
the development of cathode materials lags behind that of
anodes and electrolytes, which thus makes the cathode the
key component to determine the energy density and cost of
the SIB system.16,17 To develop suitable cathode materials
with high redox potential, high reversible capacity, excellent
Na diffusion ability, and good cycling stability, several
groups of materials have been investigated in the past few
years, including metal oxides,18,19 polyanionic compounds,20

hexacyanoferrates,21 and organic compounds.22

Prussian blue compounds are a kind of promising
cathode materials that possess high operating voltage and
reversible capacity, whereas defects are easily formed in
this material, leading to a decrease in the overall capacity
and cycling stability.23 The stable structures of polyanionic
compounds ensure their higher circulability and safety;
moreover, simple modification of ion substitution or

doping is also a characteristic of these materials.24 How-
ever, the relatively low conductivity and volumetric energy
density limit their development. Organic compounds are a
new type of energy storage material with wide application
prospects.22 The significant advantages of these materials,
such as high theoretical specific capacity, abundant raw
materials, environmental friendliness, low price, and flex-
ible structure design, have attracted a lot of cutting‐edge
expectations. Future research of organic materials will fo-
cus on the construction of suitable structures and en-
hancements of the working voltage and cycle stability. In
addition, some amorphous oxides also show excellent so-
dium ion storage capacity through certain interesting sur-
face reactions, whereas the specific reaction mechanism of
these reactions is not clear so far. Among them, transition‐
metal oxides (NaxTMO2, in which TM represents
transition‐metal elements) are considered as one of the
most promising cathodes due to their superior energy
density, high reversible capacity, high operating potential,
and ease of synthesis.25–28 In addition, the electrochemical
properties of different transition‐metal oxides are quite
different, so two or more different metals can be mixed to
form NaxTMO2 to obtain cathodes with good performance.
Interestingly, some oxides made of partial metal elements,
such as iron (Fe) and Cr, show good electrochemical
properties in SIBs, but they are inert in LIBs.29,30

In this review, recent progress in research on advanced
NaxTMO2 cathode materials is summarized. Several
challenges are also summed up, including irreversible
phase transition, insufficient specific reversible capacity,
instability of material surface, and high cost of Co/Ni‐
layered oxides. Besides, the mechanism of phase transition
during the charge and discharge process is also introduced
to reveal the relationship between the structure and per-
formance in depth. Furthermore, a series of strategies to
overcome these issues and some new perspectives are
discussed, which provide theoretical guidance for the de-
sign of superior cathode materials. Future work should
focus on the strategies to suppress irreversible phase
transition, improve air stability, enhance overall
performance, and further reduce the cost.

2 | OVERVIEW OF TRANSITION
‐METAL OXIDE CATHODES

2.1 | Structural classification

As early as the 1980s, oxide materials for SIBs have been
studied by Hagenmuller et al. and are considered to be a
good substitute for LIBs due to the low cost of Na re-
sources and high energy density. At present, tunnel‐type
oxides and layered oxides are the two main types of
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NaxTMO2 cathodes. Layered materials can be divided
into two main categories: P2 and O3 types according to
the coordination environment of Na+ and the number of
stacking sequences of oxygen layers.31 “P” and “O” re-
present the coordination environment of Na+, and the
following number represents the quantity of repeated
oxygen layers within the unit cell. The oxygen stacking
sequence of P2‐type NaxTMO2 corresponds to AB BA,
and all Na+ is embedded in the trigonal sites (Figure 1A).
Furthermore, Na+ is located at two different trigonal
sites: Nae and Naf. Nae is adjacent to six MO6 octahe-
drons, whereas Naf is adjacent to two MO6 octahedrons.
Meanwhile, P2‐type NaxTMO2 belongs to a hexagonal
system with a space group of P63/mmc. In the P2 phase,
Na ions occupy prismatic sites stably. When a certain
amount of Na ions are deintercalated, MO6 octahedral
layers begin to slide to form an O2 phase (Figure 1B) or a
Pʹ2 phase in which the prime symbol (ʹ) is used to re-
present the deformation of a hexagonal lattice.32 The O2
phase with a decreased layer spacing is not conducive to
the deintercalation/intercalation of Na, leading to poor
cycle stability. In O3‐type NaxTMO2, all Na

+ is located at
octahedral sites, which correspond to an R3̄m space group
with an oxygen stacking sequence of AB CA BC
(Figure 1C).14 Furthermore, with the deintercalation of
Na+ in O3‐type NaxTMO2, Na

+ ions on prismatic sites tend
to move to more stable sites to become energetically stable;
meanwhile, vacancies are formed. Through the slip of
transition‐metal oxide sheets, new prismatic sites are sub-
sequently generated. As a result, the stacking sequence of
oxygen is converted into AB BC CA, forming the P3 phase
(Figure 1D). Tunnel‐type oxides belong to an orthorhom-
bic crystal system with the Pbam space group,33 and they
mainly consist of an MO5 pyramid and an MO6 octahedron
to form S‐shaped and pentagonal tunnels in which Na+ is
located at three different sites (Figure 1E). This unique
open structures and interconnected large tunnels permit
multiple reversible phase transitions during the Na+

deintercalated/intercalated process.

2.2 | Anion reduction reaction

Oxygen redox is an emerging topic to enhance the prac-
tical capacity in the application of both LIBs and SIBs. In
the early 2000s, the layered material Li[Li1/3Mn2/3]O2

delivered a capacity of 300mAh g−1 beyond the theoretical
limit, attributed to the transition‐metal redox.34 The
frontier characterization later proved that the additional
capacity contribution is associated with oxygen loss from
the oxide lattice.35 Subsequently, the application of anions
in SIBs to increase the capacity of the battery has also
been widely studied.36,37 The mechanism and structural

evolution of anion reduction are still at the exploratory
stage. In general, the formation of nonbonding oxygen 2p
states is considered to be closely related to the reduction
of oxygen.38,39 It is found that when some of the non‐TMs
with full d shell elements, such as Li, Na, Mg, Zn, or
vacancies, replace the transition‐metal sites in the layered
metal oxides, the formation of a peroxo‐like O–O bond can
be facilitated due to a weaker metal–oxygen bond.40 First
of all, doping of these ions leads to a decrease in the
covalent bond strength of M–O and gradually shifts the
oxygen 2p nonbonding band up near the Fermi level,
triggering an extra redox process. In addition, as shown in
Figure 2A, the inserted elements in the TM layers are
sectionally removed from the lattice, therefore leaving
plenty of vacancies in the host lattice. The formation of
nonbonding oxygen 2p orbitals and the generation
of a “Na–O–vacancy“ or even a “vacancy–O–vacancy“

FIGURE 1 Schematic crystal structure of NaxTMO2 for (A) P2
type, (B) O2 type, (C) O3 type, and (D) P3 type. Reproduced with
permission: Copyright 2017, Wiley.14 (E) Tunnel type. Reproduced
with permission: Copyright 2011, Wiley33
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configuration (as shown in Figure 2B) ultimately trigger
the O‐redox reaction.41–43 On the one hand, oxygen redox
reactions can break through the theoretical capacity to
yield a higher energy density. On the other hand, the loss
of lattice oxygen and migration of TM ions may cause
undesirable phase transition and irreversible structural
changes, thereby reducing the cyclic properties. Hence,
designing reversible oxygen reduction at high voltage and
suppressing irreversible phase transition during the
charge–discharge process are the focus of the following
research.

3 | CHALLENGES AND
STRATEGIES

Although results of numerous studies show that transition‐
metal oxides are a category of promising cathode for SIBs,
some major drawbacks hinder their development.

Most of the layered transition‐metal oxides in P2 and
O3 phases undergo a series of irreversible phase transi-
tions during the extraction of Na+ due to the slip of
oxygen layers. When a certain amount of Na+ ions are
extracted from P2 phase oxides, some MO6 octahedra
sheets begin to glide to form octahedral sites, resulting in
transformation into the O2 phase with a unique AB AC
AB oxygen stacking.44 The irreversible P2–O2 phase
transition leads to rapid structural collapse, which ac-
celerates the capacity decay. Compared with P2‐type
structures, most O3 structural materials undergo more
complex phase transformation. For example, the
O3→ (O3 +Oʹ3)→ P3→ Pʹ3→ (Pʹ3 + P3")→ P3"

complex phase transition is observed during the extrac-
tion of Na+.45 When Na is extracted about 25% from the
O3 phase, the formation of vacancies induces Na+ to shift
from the octahedral site to the trigonal site to maintain
the most stable state. As a result, the oxygen layers begin
to glide and the stacking order of the oxygen layers
changes from “AB CA BC” to “AB BC CA,” which occurs
in all the O3‐type compounds.46 Phase transition alters
the diffusion mechanism of sodium ions in the plane.47

There are two strategies that can be used to resolve this
issue. Since most of the phase transitions occur in the
high‐voltage range, the first strategy is to limit the high
cut‐off voltage to suppress the phase transitions.48

However, this method may lead to low average operating
voltage and insufficient capacity in the system. After the
P2–O2 phase transition is eliminated by limiting the high
cut‐off voltage to 4.1 V, NaxMn2/3Ni1/3O2 shows a 95%
capacity retention rate rather than previous 65% reten-
tion.47 Another strategy is to substitute transition metals
with some electrochemical inactive metal elements to
stabilize the structure and delay structural transitions,
such as Li, Mg, Al, Zn, and so forth.49–52 Meanwhile,
doping some of the active metals also shows suppression
to phase transition, such as Cu and Fe.53,54 Various
layered oxides containing Fe or Cu show high operating
voltages through redox reactions of Fe3+/Fe4+ or Cu2+/
Cu3+ at high voltages, respectively. Their multielectron
transfer process guarantees ideal discharge‐specific ca-
pacity, so they show high structural stability in the high‐
voltage range.

To ensure a high operating voltage and improve the
conductivity of the system, Ni and Co become indispensable

FIGURE 2 (A) Crystallographic evolution
of NaxTMO2 with inserted element substitution
and (B) local coordination environment of Na+

and the vacancy above Nae in the TM layer.
Reproduced with permission: Copyright 2020,
Wiley41
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elements to help achieve superior performance. However,
Ni and Co are widely used in LIBs as LiCo1− x− yNixMnyO2

cathodes. With the expansion of the electric vehicle market,
the costs of Ni and Co have increased rapidly. Therefore, it
is essential to strike a balance between performance and the
cost of the final application. Development of Ni/Co‐free
layered oxides with superior performance can be an effec-
tive strategy to solve this issue. Air‐stable and Co/Ni‐free
layered O3‐Na0.9[Cu0.22Fe0.30Mn0.48]O2 has been reported as
an advanced cathode material for SIBs.55 This cathode can
store a reversible discharge‐specific capacity of ≈100mAh
g−1 with 3.2 V average storage voltage. The full cell coupled
with a hard carbon anode shows an excellent energy density
of 210Whkg−1 with 90% round‐trip energy efficiency, in-
dicating the high industrial feasibility of this system. The full
cell also offers 74% of the initial capacity at a current density
of up to 6 C.

For a layered oxide NaxMO2 cathode, the limited num-
ber of Na ions leads to insufficient specific capacity. The
theoretical capacity of P2‐type NaxMO2 is about 170mAh
g−1, while that of O3 is about 240mAh g−1. In the practical
charging and discharging process, due to the presence of
polarization, it is hard to achieve the value of theoretical
capacity, and even most layered oxides show a capacity of
no more than 150mAh g−1. One of the effective strategies is
to construct sodium‐excess metal oxides Na2MO3.

56–58 Or-
dered Na2RuO3 with honeycomb‐ordered [Na1/3Ru2/3]O2

slabs offers a superior reversible specific capacity of
180mAh g−1.37 Furthermore, inducing the generation of
anionic redox reaction is also an effective strategy to in-
crease the storage capacity of layered oxides.59–63 The sub-
stitution of inactive elements (Li, Mg, Al, etc.) is usually
used to trigger the lattice oxygen redox reaction of oxygen,
especially Li substitution. For instance, Chen et al. reported
a P2‐type Na0.72[Li0.24Mn0.76]O2, showing an exceptionally
high reversible capacity of about 270mAh g−1 and energy
density of 700Whkg−1 between 1.5 and 4.5 V.64 To date, it
offers the highest specific discharge capacity among all the
cathodes of SIBs. It is confirmed that reversible oxygen re-
duction provides additional capacity beyond the theoretical
value. In addition, the P2 structure can still be maintained
even after the complete removal of Na+ ions with minimal
volume change (1.35%), which is caused by the decrease in
Coulombic repulsion associated with an anionic redox
reaction.

Furthermore, layered oxides are sensitive to the sur-
rounding environment and prone to absorbing water and
CO2 molecules into the alkali metal layers to form Na2CO3

and NaOH on the surface when exposed to air.65 The oxi-
dation reaction between layer oxides and water or H+/Na+

exchange results in the extraction of Na ions and subsequent
structural variation, which therefore leads to the deteriora-
tion of electrochemical performance and increases the cost

of material preservation and transportation.66 Therefore, it is
indispensable to develop air‐stable layered oxide cathode
materials.67 On the other hand, it can also be effectively
solved by designing a multifunctional protective layer that
could limit the undesirable side reactions with air.68

4 | TRANSITION ‐METAL OXIDES

4.1 | Single‐metal oxides

It has been proven that a series of single transition‐metal
(Mn, Co, Ni, Fi, V, Cr, etc.) oxides show electrochemical
activity as Na‐host materials for SIBs. In general, current
research has gradually shifted from single‐metal oxides
to ternary or multiple oxides. However, the study of
single‐metal oxides, which is conducive to understanding
the properties of each element and laying the foundation
for the synthesis of multimetal oxides with comprehen-
sive properties, is still vital.

NaxMnO2 oxides are attractive due to the cost‐
effectiveness of manganese.69,70 NaxMnO2 shows a 3D
tunnel structure when x is less than 0.44, and it presents a
layered structure at higher Na content (x> 0.5). In early
1985, Oʹ3‐type α‐NaMnO2 with a C2/m space group was
first investigated by Mendiboure et al.71 It was shown that
α‐NaMnO2 has poor reversibility of Na extraction/inser-
tion. In addition, α‐NaMnO2 delivers an initial discharge
capacity of 185mAh g−1 between 2.0 and 3.8 V at 0.1 C,
corresponding to 0.85 Na deintercalation (Figure 3A).72

β‐NaMnO2, which is composed of zigzag layers of edge‐
sharing MnO6 octahedra, also presents a high capacity of
190mAh g−1 at a rate of 0.05 C, showing a space group of
Pmnm.73 The structure is prone to collapse at low sodium
content. At the same high sodium content, low tempera-
tures contribute to the synthesis of α‐NaMnO2 and high
temperatures are beneficial for β‐NaMnO2. Besides,
layered P2‐NaxMnO2 delivers a capacity of more than
140mAh g−1 at a current density of 0.1mA cm2

(Figure 3B). The continuous strains and distortions lead to
gradual collapse of the structure during the insertion and
extraction of Na+ ions, resulting in a progressive reduction
of capacity. The Jahn–Teller distortion caused by the
asymmetric electron cloud of Mn3+ makes it difficult for
Mn‐based NaxMnO2 to maintain high structural stabi-
lity.72 Komaba et al. prepared distorted Pʹ2‐Na2/3MnO2 via
a single‐phase synthesis route and investigated how the
structure influences electrochemical reactions.74 The dis-
torted Pʹ2 Na2/3MnO2 presents 216mAh g−1 discharge
capacity, corresponding to 590Wh kg−1. The Pʹ2 phase is
maintained during 0.25 < x< 0.80 in NaxMnO2, while it
transforms into the OP4 phase during x< 0.3, as shown in
Figure 3C.
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Orthorhombic Na0.44MnO2 is a typical tunnel‐type
sodium storage material with the Pbam space group,
which consists of interconnected and large tunnels. Li
et al. have synthesized a tunnel Na0.44MnO2 nanoplate
using a template‐assisted sol–gel method.75 It presents a
discharge capacity of about 110mAh g−1 at 0.5 C with
97.8% retention after 100 cycles. Besides, Na4Mn9O18

prepared using a polymer–pyrolysis method shows high
crystallinity and a homogeneous nanowire structure,
which provides a short diffusion path for Na‐ion extrac-
tion and intercalation.33 It also shows a superior capacity
retention capability of 77% even after 1000 cycles at 0.5 C.
To better regulate the structure of Na0.44MnO2, a series of
synthesis strategies were attempted, including electro-
spinning,76 hydrothermal synthesis methods,77 ultrasonic
sonochemical synthesis,78 urea‐based solution combus-
tion,79 and so forth.

As early as the 1980s, NaxCoO2 has been investigated
for its similarity to LiCoO2.

80 The electrochemical in-
vestigation of the P2‐NaxCoO2 was conducted by Berthelot
et al.81 In this study, based on in situ X‐ray diffraction
(XRD) analysis and the galvanostatic intermittent titration
technique (GITT) electrochemical discharge curve for
x≥ 0.50, the continuity of single‐phase or two‐phase do-
mains is accurately identified during the sodium inter-
calation and extraction process. The peculiar Na+/vacancy

ordering results in nine single‐phase domains in the range
of 1 > x≥ 0.50. Besides, research shows that the oxygen
nonstoichiometric in Na0.7CoO2− y results in the formation
of electron holes and an unstable tetravalent Co4+, which
reduces conductivity, allowing more Na+ insertion to sta-
bilize the charge balance.82,83 On the other hand, reversible
structural transitions (O3↔Oʹ3↔ Pʹ) were found during
the electrochemical process in O3‐type NaxCoO2.

80 As
shown in Figure 4A,B, Ceder's group revealed that O3, Oʹ3,
and Pʹ3 phases were formed when the contents of x were
1.00, 0.83, and 0.67, respectively.84 Moreover, the P2 phase
was found in the range of 0.76≥ x≥ 0.68.

α‐NaFeO2 with the R3̄m space group was demonstrated
to be a promising O3‐type layered oxide for SIBs.85 α‐
NaFeO2 delivers a reversible capacity of 85mAh g−1 with a
flat voltage plateau at 3.3 V.86 The Fe3+/Fe4+ redox reaction
contributes the main capacity in the charge and discharge
process. The results of X‐ray absorption spectroscopy (XAS)
and XRD show that the reversible capacity and polarization
decrease on charging above 3.5 V.87,88 The irreversible Fe
migration from the Fe layer to the Na layer was confirmed
by Li et al.89 To suppress cation migration and reduce
particle cracks, Ru‐doped NaFeO2 was prepared by Zhou
and his group.90 The well‐ordered layered structure of Ru‐
doped NaFeO2 restrains the distortion of Fe‐O and thus
inhibits the migration of Fe. As a result, it provides a

(B)

(C)(A)

FIGURE 3 (A) Voltage profile of α‐NaMnO2 at 0.1 C. Reproduced with permission: Copyright 2011, The Electrochemical Society.72

(B) Charge–discharge curves of P2‐Na0.6MnO2 in the voltage range of 2.0–3.8 V. Reproduced with permission: Copyright 2002, The Royal
Society of Chemistry.73 (C) Operando X‐ray diffraction patterns of Pʹ2‐Na2/3MnO2 during the initial charge–discharge curves. Reproduced
with permission: Copyright 2016, Wiley74
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reversible capacity of 120mAh g−1 with 80% retention after
100 cycles. In situ XAS results show no significant shift to
high energy in the Fe K‐edge, demonstrating that the
charge compensation is not through the Fe3+/Fe4+ redox
reaction when Na+ ions are extracted from the NaFeO2.

91

These results suggest that oxygen redox activity supports
the charge compensation. When more than 0.5 Na is ex-
tracted from O3‐NaFeO2, a Fe3O4 product is formed, which
leads to the irreversibility of NaFeO2. Besides, Saurel et al.
combined the potential intermittent titration technique, in
situ XRD, and electrochemical impedance spectroscopy to
track Fe migration and studied its effect on Na diffusion.92

It is confirmed that the migration of Fe shows an adverse
effect on the capacity and dynamic properties.

Moreover, layered NaxNiO2 is also attractive due to its
high potential platform of Ni2+/Ni3+ and Ni3+/Ni4+.93

Monoclinic Oʹ3‐type NaNiO2 delivers a 120mAh g−1 re-
versible capacity between 1.25 and 3.75 V.94 In the process
of Na extraction, NaxNiO2 undergoes complex phase tran-
sitions form Oʹ3, Pʹ3, P"3, O"3, to O‴3 phase in sequence as
illustrated in Figure 5.95,96 The capacity loss of the first cycle
is obvious with only 89% Coulombic efficiency, and the
Coulombic efficiency reaches 98% from 2 to 25 cycles.
The irreversible phase transition of NaNiO2 in the voltage
range below 3V and above 4 V results in its main capacity
loss during the first cycle, which was confirmed by high‐
energy XRD, synchrotron‐based operando transmission
X‐ray microscopy, and GITT tests.96 In general, increasing
the reversibility of phase transformation or inhibiting
irreversible phase transformation is the main research
direction for layered NaNiO2.

In 1982, layered O3‐type NaCrO2 was found to shown
Na ion intercalation with about 120mAh g−1 reversible
capacity for the first time.97 However, LiCrO2 was indeed
electrochemically inert as the cathode for LIBs due to the
irreversible migration of Cr6+ into interstitial tetrahedron
sites during the charge and discharge process.98,99 Instead, a
similar process cannot occur in NaCrO2 because of the size
mismatch of Cr6+ and Na+.100 Yang and coworkers re-
vealed that layered NaCrO2 goes through two‐phase regions
and three solid solution regions in turn during the whole
charging process (O3R↔O3R+O3M↔O3M↔ P3M+
O3M↔ P3M).

101 Myung et al. synthesized a carbon‐coated
NaCrO2 cathode using an emulsion‐drying method,29

and it shows superior rate capability (99mAh g−1 at
150 C) and excellent capacity retention (96% after the 50th
cycle). Meanwhile, the carbon coating layer can prevent
O loss from the crystal lattice to delay exothermic
decomposition.

Generally, there are two types of NaxVO2 system: the
O3 phase with the R3̄m space group and the P2 phase
with the P63/mmc space group.102–104 O3‐NaVO2 pre-
sents a reversible capacity of 120mA h g−1 between 1.2
and 2.4 V, while P2‐Na0.7VO2 shows only 105mAh g−1

reversible discharge capacity.105 Delmas and coworkers
demonstrated that there are mainly four single‐phase
domains in the range of 0.5≥ x≥ 0.9.106 The difference in
sodium/vacancy ordering during the Na extraction pro-
cess leads to commensurable or incommensurable su-
perstructures. Although vanadium‐based layered oxides
present sufficient reversible capacity, their low‐voltage
platform hinders their development as cathodes for SIBs.

(A) (B)

FIGURE 4 (A) Synthesis phase diagram of NaxCoO2 as a function of the precursor Na:Co ratio ϕNa:Co (X axis) and the sintering
temperature (Y axis); (B) electrochemistry and in situ X‐ray diffraction (XRD) spectra of O3‐NaxCoO2. The galvanostatic electrochemical
charge curve (right side) and simultaneous in situ XRD scans (left side) are shown. Reproduced with permission: Copyright 2014, American
Chemical Society81
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4.2 | Binary metal oxides

Although single‐metal oxides present advantages, their in-
sufficient comprehensive electrochemical performance
limits their application. For example, layered NaxMnO2 has
high specific discharge capacity, but its capacity attenua-
tion is too severe to be a durable cathode electrode due to
Jahn–Teller distortion of Mn3+ and irreversible phase
transition. In this case, it is imperative to introduce another
metal element to optimize the overall performance of the
system. To build cost‐effective batteries, design of multiple
metal oxide cathodes with desirable cell performance is
the general direction of future research. For example,
the high‐voltage redox couples such as Fe3+/Fe4+ and
Ni2+/Ni4+ can improve the energy density and increase the
operating voltage. Moreover, inert elements like Mg+ and
Li+ can introduce oxygen reduction reactions to enhance
reversible capacity, which will be described here.

Mn/Ni‐based binary metal oxides are the most widely
researched electrode materials owing to their high capacity
and high operating voltage, which result from the synergistic
action of Mn and Ni. P2‐Na1/3Ni1/3Mn2/3O2 delivers a re-
versible capacity of 161mAhg−1 with a 3.7 V average dis-
charge voltage during 2–4.5 V.107 The in situ XRD results
demonstrate that NaxNi1/3Mn2/3O2 retains the P2 phase
when x is larger than 1/3, while it is partially transformed
into the O2 phase leading to the coexistence of the two
phases of P2 and O2 when x is smaller than 1/3. Pure O3‐
NaNi0.66Mn0.44O2 synthesized via solid‐state reactions pre-
sents a high discharge capacity of 190mAh g−1.108 Komaba
and coworkers investigated the structural transition me-
chanism of O3‐type NaNi0.5Mn0.5O2 with the R3̄m space

group via XAS.45 The stacking sequence of MO2 slabs gra-
dually changed during Na extraction in the range of
2.2−3.8 V, and it transformed from the O3 phase into Oʹ3,
P3, Pʹ3, and P"3 phases. Noticeably, the irreversible P2–O2
phase transition appeared when NaxMn2/3Ni1/3O2 was
charged up to 4.2 V, which resulted in significant capacity
degradation from 95% to 95% after 10 cycles.47 Besides, it was
proposed that oxygen ions participate in charge compensa-
tion upon initial charge in the P2‐Na0.78Ni0.23Mn0.69O2

cathode, which provides a wide plateau at high voltage.45

The existence of an oxygen reduction reaction and the
elimination of the P2−O2 phase transition contribute to the
high reversible capacity and excellent cycling performances
of Na0.78Ni0.23Mn0.69O2. Recently, Fan et al. reported P2‐Na2/
3Ni1/3Mn2/3O2 nanofibers with a distinctive hierarchical na-
nostructure of porous nanofibers (Figure 6A–C),109 which
shows a surprisingly high rate capacity and superior stability
(109.9mAh g−1 at 5 C with a capacity retention of 80.8%
even after 500 cycles, as shown in Figure 6D). Density
functional theory (DFT) computations show that the low
ionic migration barrier and rapid reaction kinetics are re-
sponsible for the high rate capability. Overall, further de-
velopment of Mn/Ni‐based binary metal oxides should be
considered to optimize their stability by improving the re-
action power and alleviating the irreversible phase transition
of P2–O2.

Significantly, partial substitution of cobalt can obviously
improve the cycle stability of Mn‐based metal oxides.
Yamada and coworkers prepared P2‐Na2/3MnyCo1− yO2 via
the conventional solid‐state reaction,110 and they found
that with the increase of the y value, its cycle stability de-
grades while the initial specific capacity increases. The

FIGURE 5 In situ synchrotron HE‐XRD patterns of NaNiO2 during the first cycle. Reproduced with permission: Copyright 2017,
Elsevier96
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partial substitution of Co accelerates the formation of the
passivating layer on the surface of Mn‐based mental oxides.
Besides, Srinivasan et al. proposed that the improved cycle
stability of 10% Co‐doped P2‐NaxCo0.1Mn0.9O2 hollow
spheres and hexagonal flakes is due to three effects: (1)
suppression of the Jahn–Teller effect; (2) suppression of
Na+ ordering processes; and (3) improvement of Na+

kinetics.111 The P2‐Na0.67Co0.5Mn0.5O2 with hierarchical
architectures even shows 88mAh g−1 at a current density
of 30 C with 50% capacity retention over 2000 cycles.112

Meanwhile, research results show that the large active
surface of (010)/(100) planes caused by the highly (001)‐
oriented nanosheets of the P2‐NaxCo0.7Mn0.3O2 (x≈ 1.0)
cathode facilitates Na ion extraction/intercalation.113 In
general, introducing Co element into layered NaxMnO2

oxides is conducive to the construction of a stable structure
with fast Na+ kinetics and suppressed Na+ ordering.

Mn/Fe‐based binary metal oxides are also receiving
attention due to the abundant resources of both manganese
and iron present in the Earth's crust. The discharge capacity
of P2‐Nax[Fe1/2Mn1/2]O2 reaches 190mAh g−1 with energy

density up to 520mWh g−1.114 The submicrometer‐sized
primary particles without a carbon coating show electro-
chemical activity, and their density (4.1 g cm−3) is higher
than that of LiFePO4 (3.6 g cm−3). In addition,
Na2/3(Fe1/2Mn1/2)O2 hierarchical nanofibers synthesized by
electrospinning deliver enhanced cyclability compared with
Na2/3(Fe1/2Mn1/2)O2 nanoparticles.115 The good inter-
connection among the fibers promotes well‐guided charge
transfers and better electrolyte contact, which ensure an
initial discharge capacity of 195mAh g−1. Rojo et al. in-
vestigated the phase composition and lattice parameters
during electrochemical cycling of P2‐Na2/3Fe0.4Mn0.6O2

through in situ XRD test.116 Increased interlayer distance in
the charged state stabilizes the P2 structure and suppresses
the formation of the highly disordered and
unfavorable “Z” or OP4 phases. However, Pʹ2 and two
subtly different P2 phases were observed during the
discharge state. Besides, air‐stable Cu‐doped P2‐Na7/9
Cu2/9Fe1/9Mn2/3O2 with a high sodium content was re-
ported as a cathode for SIBs by Chen's group,117 and it
shows superior capacity retention of 85% over 150 cycles at

(A) (B)

(D)

(C)

FIGURE 6 Scanning electron microscopy (SEM) images of (A) electrospun nanofibers and (B) resultant Na2/3Ni1/3Mn2/3O2 nanofibers;
(C) energy‐dispersive spectroscopy mapping images of the Na2/3Ni1/3Mn2/3O2 nanofibers; (D) long‐term cycling life of the Na2/3Ni1/3Mn2/3O2

nanofibers at 5 C. Reproduced with permission: Copyright 2019, Wiley109

178 | CHEN ET AL.

 26379368, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cey2.153, W

iley O
nline L

ibrary on [30/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



1 C without phase transition during the whole process.
When coupled with a hard carbon anode, it delivers a high
reversible capacity of 313mAh g−1 with 79% initial Cou-
lombic efficiency. Besides, a series of other metal‐doped
Mn/Fe‐based oxides have also been extensively researched
and have shown promising electrochemical performance,
such as P2‐Na2/3Mn0.8Fe0.1Ti0.1O2,

118 P2‐Na0.67Li0.1
Fe0.4Mn0.5O2,

119 O3‐NaCo1/3Fe1/3Mn1/3O2,
120 and P2/O3

biphase Na0.67Fe0.425Mn0.425Mg0.15O2.
121

Inactive metal substitution, especially Li substitution to
induce the anion reduction reaction, has been extensively
studied in Mn‐based layered oxides. Chen et al. reported P2‐
type Na0.72[Li0.24Mn0.76]O2, which shows an ultrahigh re-
versible capacity of approximately 270mAhg−1 between 1.5
and 4.5 V, corresponding to more than 700Whkg−1 energy
density.64 To date, this is the highest discharge capacity and
energy density compared with other previously reported
materials used in cathodes of SIBs. A pure anionic redox
reaction process ensures such a high capacity, and con-
sequent suppression of the phase transition leads to minimal
volume change (1.35%), with no decrease in the interslab

distance on completely removing Na (Figure 7A). Besides,
Nazar and coworkers proved that P2‐Na0.6Li0.2Mn0.8O2 also
shows a high specific capacity of up to 190mAhg−1.122 The
DFT calculations indicate that the energy states of oxygen
are located near the Fermi level, demonstrating participation
of oxygen in the redox process. The introduction of lithium
improves the stability of the structure by inhibiting the
harmful irreversible phase transition. In the meantime, the
oxygen 2p orbital at the top of the valance band results in the
formation of O2 gas.

123 Similarly, Na(Li1/3Mn2/3)O2 designed
on the basis of first‐principles calculations shows high redox
potentials (≈4.2 V) and high charge capacity (190mAh g−1)
due to an anionic redox reaction (O2−/O−).124 Li in the
transition‐metal layers is the key to this wide range of Na
intercalation.125 P3‐type Na0.6[Li0.2Mn0.8]O2 is reported to be
a promising cathode material with outstanding electro-
chemical performances through an anionic redox
reaction.60 The oxidation of oxygen anions resulted in the
shortening of the O–O distance to 2.5Å, which was detected
by the neutron total scattering technique, as shown in
Figure 7B. Such an O–O dimer is stabilized in the cationic

(A)

(B)

FIGURE 7 (A) Interaction of P2‐Na0.72[Li0.24Mn0.76]O2 between the slabs when oxygen oxidation is involved. Reproduced with
permission: Copyright 2019, Elsevier.64 (B) X‐ray and neutron pair distribution function (PDF) results of Na0.6[Li0.2Mn0.8]O2 collected at
pristine and charged states (4.5 V). Reproduced with permission: Copyright 2017, Elsevier60
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network by strong metal–oxygen covalent bonding. In ad-
dition, weakened Mn–O covalent bonding plays a crucial
role in stabilizing the oxidized oxygen species
(Figure 7B). For future investigation of the charge
compensation mechanism and phase transformation me-
chanism of NaxTMO2, the development and usage of ad-
vanced characterization methods and theoretical analysis are
also significant for frontier research. Philipp et al.
used solid‐state nuclear magnetic resonance (ssNMR)

spectroscopy to explore the Li+ occupation during cycling,
and they revealed that 5% Li+ migrated from the TM to the
alkali layers in the first charge as shown in Figure 8A,B.126

This phenomenon confirmed a widely accepted theory that
in the host lattice, at a relatively high voltage, the inactive
elements removed from the lattice leave plenty of
vacancies that can trigger the O redox reaction.

To improve the storage capacity of sodium and en-
hance the stability of materials, Mn/Mg binary oxides are

(A)

(B)

(C)

FIGURE 8 Magic angle spinning (MAS) solid‐state NMR spectra of (A) 23Na and (B) 6Li (B) for Na0.8Li0.2Fe0.2Mn0.6O2. *MAS rotational
side bands. The groups of signals marked with blue, red, and green spots are assigned to Li ions at TM layers close to Fe and/or Mn, whereas
the light green dot indicates Li in Na layers. Reproduced with permission: Copyright 2020, Wiley.126 (C) Additional insight into oxygen‐
centered processes. In situ SHINERS and in situ bulk Raman spectra during the first and second cycles, as well as the corresponding in
situ DEMS results of the gas evolution rate. Area and FWHM as well as the position of the peroxo‐related peak represented from the
in situ spectra. Reproduced with permission: Copyright 2020, Wiley127

180 | CHEN ET AL.

 26379368, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cey2.153, W

iley O
nline L

ibrary on [30/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



designed. As the increase content of magnesium ions in
the host structure, P2‐type Na2/3[Mg0.28Mn0.72]O2 pre-
sents a surprising discharge capacity of 220mAh g−1.128

Large capacity is considered to promote the participation
of oxygen ions in the redox reaction. Meanwhile, it was
found that a small amount of Mg doping (≈5%) is con-
ducive to smoothing the charge and discharge profiles
without reducing the capacity and improving cycling
stability.129 Bruce's group reported that the oxygen redox
reaction in P2‐Na2/3[Mg0.28Mn0.72]O2 occurs in oxygen 2p
orbitals, which interact with alkali metal ions in the
transition‐metal layer.59 Unlike the alkali‐rich com-
pounds, there is no oxygen loss during the charge pro-
cess. For P3‐type Na0.6[Li0.2Mn0.8]O2 with a weak Mn–O
covalent bond, Mg plays an important role in stabilizing
the oxidation state and inhibiting the irreversible change
of oxidation products to O2 gas.60 In addition, the re-
versible anionic redox chemistry has been detected by in
situ SHINERS and in situ bulk Raman spectra as shown
in Figure 8C.127 Advanced characterization techniques
revealed the evolution process of lattice oxygen, peroxo/
superoxo‐like species, and O2 during the initial Na+

desodiation activation. More importantly, reversible an-
ionic and cationic redox reaction have been achieved
simultaneously, while no irreversible oxygen behaviors
can be observed.

The copper‐doped sodium ion manganese oxides have
been extensively studied in phase transition‐free cathodes
for SIBs. Kim et al. prepared Na2.3Cu1.1Mn2O7− d nano-
flakes using an ultrafast pyrosynthesis process.130 Superior
structural stability was achieved at 20 C (72.4mAh g−1 with
88% capacity retention after 900 cycles), which was attrib-
uted to the single‐phase reaction during the Na+ extraction/
insertion process and the nanoflake morphology. Interest-
ingly, layered Na0.67Cu0.28Mn0.72O2 shows reversible lattice
oxygen redox activity with slight voltage hysteresis.40 The
nonbonding oxygen 2p states in the Cu–O bonds guarantee
the oxygen redox activity, and there is no phase transition
during electrochemical cycling. The stable oxygen stacking
sequence promotes the smoothing of the voltage profile. In
addition, P2‐Na2/3Mn7/9Zn2/9O2 shows anionic redox ac-
tivity without O2 release due to the introduction of high
electronegative elements, and it also delivers a reversible
discharge capacity of 200mAh g−1 in the Na half‐cell and
140mAh g−1 in the full‐cell.131 Moreover, it was found that
a small amount of Al doping in Mn‐based oxides con-
tributes to the improvement of electrochemical properties
due to the suppression of the Jahn–Teller distortion
of Mn3+ and the enhancement of the Na‐diffusion
coefficient.132 To sum up, inactive doping in Mn‐based
oxides is very important for the triggering of the anionic
redox reaction, stabilization of the phase structure, and the
improvement of material dynamic properties.

Honeycomb‐layered metal oxides Na3M(II)2M(V)O6,
where M represents cations, are considered to be pro-
mising candidates as cathodes for SIBs. Each M(V)O6

octahedron is surrounded by six M(II)O6 octahedra in
plane, corresponding to the space group of C2/m. Be-
cause of the significant size difference between M(II) and
M(V), cations are arranged in an orderly manner in the
transition‐metal layers to form a honeycomb structure.
Highly ordered honeycomb‐layered Na3Ni2BiO6 with a
monoclinic superstructure can deliver an initial dis-
charge capacity of 109mAh g−1.133 Two reversible phase
transitions (O3↔ P3↔O1) were found via operando
XRD studies in the charge–discharge process. Besides,
O3‐Na3Ni2SbO6 prepared by a high‐temperature solid‐
state reaction with the space group C2/m shows 122/
117mAh g−1 charge/discharge capacity at a narrow po-
tential interval of 3.8–3.1 V.134 Khalifah and coworkers
investigated the different structures of O3‐type Na(Ni2/3
Sb1/3)O2 (R3̄m for the disordered structure and C2/m for
the ordered variant).135 It is found that the disordered Na
(Ni2/3Sb1/3)O2 ordered honeycomb structure can be bet-
ter used to describe this structure, and NMR results show
that it is difficult to distinguish honeycomb ordering of
Ni and Sb cations in the transition‐metal layers from the
ordered phase. The full theoretical discharge capacity for
the ordered variant can reach 133mAh g−1, while that of
disordered materials can only reach 110mAh g−1. Re-
cently, Guo et al. demonstrated that the construction of a
honeycomb‐type superlattice in the layered metal oxides
shows an ultralong charge/discharge plateau and a
structural transition without cation migration.136 They
designed and synthesized Na3Ni2RuO6 with a transition‐
metal‐ordered superlattice structure, and finally,
Na3Ni2RuO6 achieved a superlong potential plateau,
high reversible specific capacity, and excellent cycle
performance.

To overcome the Jahn–Teller distortion of the triva-
lent Ni, cation doping is considered an effective strategy.
O3‐type NaTi0.5Ni0.5O2 delivered 121mAh g−1 reversible
capacity with an average potential of 3.1 V at a current of
0.2 C.137 Reversible O3−P3 transformation was found,
and Ti remained inactive in the potential window of
1.5−4.2 V.138 A similar O3−P3 phase transition was also
observed in NaNi0.5Co0.5O2 and NaNi0.5Fe0.5O2.

139 The
combination of Fe and Ni not only inhibits the polar-
ization but also suppresses the Jahn–Teller effect of Ni3+

during the charge/discharge process.

4.3 | Ternary metal oxides

NaxMO2 cathodes with a single metal and binary
metal show unique advantages; however, the structure
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degenerates rapidly due to the existence of a phase transi-
tion in the process of Na+ deintercalation/intercalation,
which hinders their development. Introduction of an in-
active metal into transition‐metal oxide layers can be an
effective modification method.140 It is found that the P2–O2
phase transition is significantly mitigated in layered
Na0.67Mn0.67Ni0.33− xMgxO2 (0≤ x≤ 0.33).141 The prepared
P2‐Na0.67Mn0.67Ni0.28Mg0.05O2 shows an initial capacity of
123mAh g−1 with a high‐energy density of 455Whkg−1 (vs.
Na+/Na). Inactive Mg2+ in transition‐metal oxide layers
stabilizes the total charge balance of compounds, and more
Na+ ions reside in prismatic sites upon charging. Bruce et al.
have investigated the effects of magnesium substitution on
the structure, electrochemical properties, and Na+ ion dif-
fusion of P2‐type Na2/3Ni1/3− xMgxMn2/3O2 (0≤ x≤ 0.2) in
the high‐voltage range.142 The results of neutron diffraction
show that Mg2+ replaces Ni2+ in ordered [(Ni2+/Mn4+)O6]
honeycomb units. Excessive Mg substitution leads to the
disorder of Na distribution rather than typical Na zig‐zag
ordering. Furthermore, DFT calculation also confirm the
improvement of Na‐ion diffusion ability. Besides, Ti‐
substituted O3‐type NaNi0.5Mn0.2Ti0.3O2 was successfully
synthesized by a solid‐phase reaction.143 Partial Ti sub-
stitution could maintain a highly reversible O3−P3 phase
transition in a large voltage regions, resulting in high re-
versible discharge capacity (135mAh g−1) and good capacity
retention (≈85% at 1 C after 200 cycles). Ternary metal
oxides doped with other inactive metals (such as Al, Zn, Zr,
etc.) have also been widely investigated.118,144–148

To obtain excellent cathode materials with all‐round
comprehensive properties, different Nax[Mn Ni Co]O2

cathodes were prepared. A layered NaNi1/3Mn1/3Co1/3O2

compound was successfully synthesized using the sol−gel
method, which delivered an initial capacity of 120mAh
g−1.149 During Na insertion/deinsertion, NaNi1/3Mn1/3Co1/
3O2 forms biphasic and monophasic domains caused by
phase transitions. As shown in Figure 9, the phase evolution
in NaNi1/3Mn1/3Co1/3O2 follows the sequence of
O3–O1–P3–P1, which is revealed by in situ XRD patterns.
Besides, it is found that NaNi1/3Mn1/3Co1/3O2 is unstable in
air, resulting in a nonstoichiometric NaxNi1/3Mn1/3Co1/
3O2·H2O hydrated phase. Wang et al. used first‐principles
calculations to predict the structural stability, electronic
structures, and diffusion barrier.150 The D‐electron config-
urations of Ni, Co, and Mn in NaNi1/3Co1/3Mn1/3O2 are Ni
(t2g)

6(eg)
2, Co(t2g)

6(eg)
0, and Mn(t2g)

3(‐eg)0, respectively. The
Ni2+ and Mn4+, which do not undergo Jahn–Teller distor-
tion, can reinforce the structural stability. Based on the su-
perlattice model, the calculations of the solid‐state redox
reaction in the process of Na+ deintercalation show that
Ni2+/Ni3+, Ni3+/Ni4+, and Co3+/Co4+ in NaxNi1/3Co1/3Mn1/
3O2 correspond to the Na contents of 2/3≤ x≤ 1, 1/3≤ x≤ 2/
3, and 0≤ x≤ 1/3, respectively. At room temperature, its Na+

migration is 10 times faster than that of pristine layered
NaCoO2, which is attributed to the lower diffusion barrier.
Furthermore, the role of Co has been comprehensively in-
vestigated by Liu et al.151 Compared with Co‐free
Na0.7Mn0.7Ni0.3O2, Na0.7Mn0.7Ni0.2Co0.1O2 and Na0.7Mn0.7-
Ni0.1Co0.2O2 show higher rate capability and better cycle
performance. With the introduction of Co3+, the lattice
parameter c increases and a decreases. In addition, due to
the smaller radius of Co3+ than that of Ni2+, Co substitution

FIGURE 9 In situ X‐ray diffraction patterns recorded during the initial charge for a NaNi1/3Mn1/3Co1/3O2 electrode. Reproduced with
permission: Copyright 2012, American Chemical Society147

182 | CHEN ET AL.

 26379368, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cey2.153, W

iley O
nline L

ibrary on [30/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



enhances the diffusion coefficient of Na+ ions and shortens
the lengths of M−O and O−O bonds, which leads to
shrinkage of the volume of the MO6 octahedron. The con-
traction of the MO6 octahedron promotes the structural
stability and cycle performance. Last but not the least, elec-
tronic conductivity can also be improved by the aliovalent
substitution of Co3+, which contributes to the improvement
of rate performance.

Since Cu has been shown to be electrochemically active
in layered oxide materials for SIBs, Cu is widely used for
doping into the P2‐Na2/3Ni1/3Mn2/3O2 system, which is an
important modification method. Air‐stable Na2/3Ni1/4Cu1/
12Mn2/3O2, Ni2+/Ni3+, Ni3+/Ni4+, and Cu2+/Cu3+ redox
reactions during cycling confer it with a high operating
voltage and high specific capacity.152 It retains the P2/OP4
structure even when charged to high voltages. Phase
changes were suppressed due to the introduction of Cu,
resulting in an excellent capacity retention. Cao et al.
successfully synthesized P2‐type Na0.67Ni0.1Cu0.2Mn0.7O2

for SIBs via the sol–gel method.53 Compared with the
Na0.67Ni0.3Mn0.7O2 electrode, Na0.67Ni0.1Cu0.2Mn0.7O2 de-
livers a better capacity retention. Copper substitution op-
timizes the structure of MO2 layers, which suppresses the
P2–O2 phase transition and Na+/vacancy ordering transi-
tion, as shown in Figure 9. Furthermore, the existence of
divalent copper is conducive to increasing the capacity
when charged to high voltage through the high potential
Cu2+/Cu3+ redox. Moreover, Cao et al. have prepared pure
P2‐type Na0.67Mn0.65Fe0.2Ni0.15O2 via the sol–gel method,
which shows a high reversible specific capacity of
208mAh g−1 with 71% capacity retention over 50 cycles.51

Ex situ XRD patterns of the Na0.67Mn0.65Fe0.2Ni0.15O2

electrode reveal a reversible two‐phase transformation
during Na+ deintercalation/intercalation. Among them,
honeycomb‐layered Na3Ni1.5M0.5BiO6 (M=Ni, Cu, Mg, Zn)
has also been demonstrated to be a promising cathode.153

Owing to the Ni2+/Ni3+ and Cu2+/Cu3+ redox couples,
Na3Ni1.5Cu0.5BiO6 shows a considerably high capacity of
94mAh g−1 and high average voltage of 3.3 V. The M2+

(M=Cu, Mg, Zn) cations in Na3Ni1.5M0.5BiO6 not only sta-
bilize the Pʹ3 structure but also suppress the Pʹ3−O1 phase
transition, leading to a smooth electrochemical curve with
high operating voltage. However, the electrochemical irre-
versibility increases during the discharge process in the
substituted material, which may be the result of both the
breaking of charge balance and the structural strain. Mn‐rich
P2‐Na2/3Mn0.8Fe0.1Ti0.1O2 synthesized by a ceramic method
also shows stable electrochemical performance.118 The
ssNMR results of Na confirm the substitution of Fe and Ti at
the sites of Mn in the transition‐metal oxide layer and fast
mobility of Na+. The electrode shows a reversible discharge
capacity of 144.16mAhg−1 with a retention of 95.09% after
50 cycles at 0.1 C. In addition, the reversible specific capacity

still remains 99.40mAh g−1 at 1 C, and a retention of 87.70%
after 300 cycles is achieved.

Depending on the Na+ concentration, P2‐type layered
oxides usually show multiple single‐phase domains accom-
panied by various Na+/vacancy‐ordered superstructures.
These superstructures promote the formation of multiple
voltage plateaus and poor electrochemical performance as
cathodes for SIBs. Guo et al. constructed a completely dis-
ordered Na vacancy in the Na layer to solve this problem.118

They prepared Ti‐substituted P2‐Na2/3Ni1/3Mn1/3Ti1/3O2 to
prevent electron delocalization and constructed a com-
pletely disordered arrangement of Na vacancy. A high Na+

mobility (10−10 to 10−9 cm2 s−1) and low activation energy
barriers (170meV) are achieved in the Na layers, resulting
in smooth charge/discharge curves. The electrochemical
performance test results show that Na2/3Ni1/3Mn1/3Ti1/3O2

delivers an 83.9% capacity retention rate at 1 C after 500
cycles and 77.5% of the initial capacity at 20 C. Moreover,
introduction of Mg into P2‐type Na0.7[Mn0.6Ni0.4]O2 can also
be an effective strategy to decrease Na+/vacancy‐order su-
perstructures.154 Mg ions occupy both Na sites and
transition‐metal sites to generate “Na−O−Mg” and “Mg−O
−Mg” configurations, leading to an ionic oxygen 2p char-
acter. The oxygen 2p orbital is located at the top of the
O‐valence band interacting with transition metals, inducing
the occurrence of reversible oxygen reduction. The designed
Na0.7Mg0.05[Mn0.6Ni0.2Mg0.15]O2 shows a smooth voltage
distribution curve and a stable structure (Figure 10A,B).
After charging, a new P2 phase, instead of the O2 phase,
was found in Na0.7Mg0.05[Mn0.6Ni0.2Mg0.15]O2 in un-
substituted material. Several intermediate phases were ob-
served during high‐rate charge (Figure 10C), which is
different from low‐rate charge. The elemental‐related redox
couples and structural reorganization caused by the in-
troduction of Mg affect Na‐ion transport kinetics.

Most of the layered oxide cathodes undergoing oxygen
reduction may undergo an irreversible electrochemical re-
action and O2 release, resulting in rapid capacity degrada-
tion. Strong electronegative copper can stabilize the P2‐Na2/
3Mn0.72Cu0.22Mg0.06O2 with a sodium‐deficient structure to
achieve the reversible cationic and anionic redox
reduction.155 Mn3+/Mn4+, Cu2+/Cu3+, and O2−/(O2)n− all
participate in the redox reaction during Na+ extraction/
insertion. The strong covalency between copper and oxygen
promotes the cationic and anionic redox activity. The
P2‐Na2/3Mn0.72Cu0.22Mg0.06O2 shows stable cycle perfor-
mance with a retention of 87.9% after 100 cycles at 1 C as
well as excellent rate performance of 70.3mAh g−1 at 10 C.
Furthermore, P2‐Na0.66Li0.22Ti0.15Mn0.63O2 was developed
as a promising cathode, which combines cationic and an-
ionic redox activities.156 With the suppression of oxygen
loss and the Mn3+/Mn4+ redox reaction, Jahn−Teller dis-
tortion and irreversible O2 evolution are also effectively
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restrained in the Ti‐substituted layered Na0.66Li0.22-
Ti0.15Mn0.63O2. Ti substitution in the layered oxide cathode
has been confirmed to be an effective strategy to regulate
the cationic and anionic redox activities.

The phase transformation at high voltage (>4.3 V vs.
Na/Na+) and the dissolution of active species in the elec-
trolyte lead to the rapid degradation of the layered oxide
cathodes, which hinders their application. It is crucial to
design a reasonable interface modification strategy to obtain
stable high‐voltage SIBs. Ion‐conductive polyimide (PI) en-
capsulation was used to improve the electrochemical per-
formance of P2‐Na2/3(Mn0.54Ni0.13Co0.13)O2 by Kaliyappan
et al.157 The PI‐coated P2‐Na2/3(Mn0.54Ni0.13Co0.13)O2 cath-
ode delivered excellent cycle stability with a retention of 82%
after 100 cycles at 0.16A g−1 between 2.0 and 4.5 V, com-
pared to that of Al2O3‐coated P2‐Na2/3(Mn0.54Ni0.13Co0.13)O2

(70%) and the pristine (46%). It even demonstrated 70%
capacity retention after 500 cycles at a high current density
of 5 C. The ultrathin PI layer offers excellent surface pro-
tection, facile ion transport, and high ionic conductivity.
Besides, carbonized polydopamine‐derived (C‐PDA) coating
on P2‐type Na0.80Ni0.22Zn0.06Mn0.66O2 can yield higher dis-
charge capacity, better rate capability, and better cycling

stability.158 C‐PDA prevents the deposition of Na2CO3/
NaOH, which is advantageous to forming the cathode
electrolyte interphase layer. Furthermore, the dual‐
modification strategy of NaTi2(PO4)3 surface coating and Mg
substitution for transition metals was designed to inhibit
both the surface side reaction and phase transformation.159

The NASICON‐type NaTi2(PO4)3 coating layer plays an
important role in stabilizing the interface, preventing the
impact of HF, and promoting the migration of Na+. In ad-
dition, the dual‐modification strategy can also restrain par-
ticle crack and exfoliation. The dual‐modification P2‐type
Na0.67Ni0.33Mn0.67O2 shows a capacity retention of 77.4%
after 200 cycles at 1 C and excellent rate performance
(106.8mAh g−1 at 5 C). In conclusion, surface coating is a
feasible strategy to design and modify high‐performance
layered oxides for SIBs.

O3‐type oxides often suffer from the problems of a
narrow operation voltage window and low reversible ca-
pacity. Hwang et al.160 presented a cathode with varied
chemical composition from the inner end (Na[Ni0.75-
Co0.02Mn0.23]O2) to the outer end (Na[Ni0.58Co0.06Mn0.36]
O2), showing a radially aligned hierarchical columnar
structure in spherical particles. It delivers a discharge

(A)

(B) (C)

FIGURE 10 (A) Crystal structure evolution of P2‐Na0.7Mg0.05[Ni0.2Mn0.6Mg0.15]O2. (B) The “pillars” function of Mg ions in the Na layer
stabilize the layered structure. (C) Contour plot of the (002) peak evolution in the initial charge at various C rates (0.2, 1, and 10 C).
Reproduced with permission: Copyright 2018, American Chemical Society154
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capacity of 157mAh g−1 at a current density of 15mA g−1

based on the electrochemical reaction of Ni2+/3+/4+. They
further used this cathode and hard carbon anode to obtain
a full‐cell, which not only shows excellent stability with
80% (125mAh g−1) retention after 300 cycles and excellent
rate capability of 132.6mAh g−1 at 10 C but also shows
excellent low‐temperature performance at −20°C. The
unique chemistry of this cathode minimizes the contact of
the surface area with the corrosive electrolyte and enables
the Ni redox reaction. Meanwhile, a composition‐graded
layered oxide cathode with an average composition of Na
[Ni0.61Co0.12Mn0.27]O2 was synthesized by Sun et al., and it
showed outstanding performance and stability.161 Com-
pared with constant‐concentration (CC) Na[Ni0.61Co0.12
Mn0.27]O2 (Figure 11A), composition‐graded Na[Ni0.61-
Co0.12Mn0.27]O2 is a spherical particle assembled by many
spoke‐like nanorods, and the concentration of transition
metals inside shows a gradient distribution (Figure 11B).
As shown in Figure 11C,D, individual nanorods show
strong crystallographic texture and microcompression
tests confirm its mechanical robustness. This morphology
can minimize the porosity and improve the mechanical
strength of the particles, while promoting the transport of
Na+ into the particles. This hierarchical columnar Na
[Ni0.61Co0.12Mn0.27] delivers a high reversible specific ca-
pacity of 160mAh g−1 at 15mA g−1 and up to 130mAh g−1

at 10 C.

4.4 | Multiple metal oxides

To improve the comprehensive properties of layered
NaxMO2 cathodes, an efficient strategy is to introduce
multiple metal ions into a transition‐metal site, so as to

optimize the structure and obtain better electrochemical
properties. Minor quantities of Cu, Mg, Li, Ti, Fe, and so
forth, are introduced into oxide compounds to form novel
four or more transition‐metal oxides with unique
properties.

O3‐type layered Na(Mn0.25Fe0.25Co0.25Ni0.25)O2 (MFCN)
synthesized via a solid‐state method delivers an initial dis-
charge capacity of 180mAh g−1 and high energy density up
to 578Whkg−1 with excellent cycling performance at a
high‐voltage range.162 The evolution of an O3–P3–O3ʹ–O3"
reversible structure was found during Na+ deintercalation/
intercalation by in situ XRD, as shown in Figure 12A. The
number of active Jahn–Teller ions in MFCN is much lower
than that in the Na(Ni0.5Mn0.5)O2 (NM) system, with only
25% Ni in the MFCN cathode compared with 50% in the
NM cathode. A quaternary O3‐type NaCr1/4Fe1/4Ni1/4
Ti1/4O2 (NCFNT) layered material was investigated as a
cathode for SIBs by Cao et al.163 NCFNT shows a discharge
capacity of 129.2mAh g−1 at 0.1 C, with 95.4% Coulombic
efficiency, and it also shows excellent capacity retention of
77.1% after 300 cycles at 1 C. Irreversible phase transfor-
mation and the irreversible redox of Cr3+/Cr6+ during Na+

deintercalation/intercalation are the fundamental reasons
for capacity decay in the initial cycle, which is confirmed by
ex situ XRD and XAS results.

Ti‐contained multimetal oxide cathodes with a stable
structure are extensively studied. A small amount of Ti‐
doped O3‐Na[Tix(Ni0.6Co0.2Mn0.2)1− x]O2 was found to be
a high‐performance cathode material for SIBs.165 After Ti
doping, the primary particles aggregate to form denser
secondary particles, resulting in high tap density
(∼2.3 g cm−3) and enhanced mechanical strength. Com-
pact particles effectively avoid unwanted side effects by
reducing the volume of voids that can penetrate the

(A) (B) (C) (D)

FIGURE 11 Cross‐sectional TEM images and the corresponding EDAX mapping (selected area) of (A) constant‐concentration (CC) Na
[Ni0.61Co0.12Mn0.27]O2 and (B) spoke‐like nanorod assemblies (SNAs) Na[Ni0.61Co0.12Mn0.27]O2 particles. (C) Schematic diagram for
single‐particle microcompression tests and (D) corresponding results of Na[Ni0.61Co0.12Mn0.27]O2 and Na[Ni0.61Co0.12Mn0.27]O2.
Reproduced with permission: Copyright 2016, Wiley161
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electrolyte. Ti‐doped Na[Ti0.03(Ni0.6Co0.2Mn0.2)0.97]O2

shows obvious improvement in capacity, cycle stability,
rate performance, and thermodynamic performance. The
full cell composed of O3‐Na[Ti0.03(Ni0.6Co0.2Mn0.2)0.97]O2

and hard carbon delivers an excellent cycle retention of
77% over 400 cycles. Yang et al. successfully synthesized
P2‐Na0.560[Li0.041Mn0.642Ni0.221Ti0.095]O2 via a chemical‐
precipitation‐assisted solid‐state reaction.166 The codop-
ing of Li and Ti contributes to the stable release of lattice
stress and the stabilization of the lattice. After 100 cycles
between 2.5 and 4.5 V, it shows high capacity retention of
74.2% and high‐voltage retention of 95.9%. Besides, the
performance of P2‐type Na0.67Ni0.22Cu0.11Mn0.56Ti0.11O2

under water‐processing conditions was investigated.167 It
achieves an initial discharge capacity of 180mAh g−1

with an energy density of 544Wh kg−1 at 22◦C. The aging

tests demonstrate that it has excellent water resistance
stability and is almost unaffected by volume structure or
chemical changes. The water‐processed Na0.67Ni0.22-

Cu0.11Mn0.56Ti0.11O2 delivers stable cycling performance
with minor voltage decay.

As a cost‐effective element, Mg is widely used in the
electrochemical modification of materials. Mg‐substituted
Na0.67Mn0.65Ni0.2Co0.15− xMgxO2 compounds were in-
vestigated by Wen et al.164 In situ XRD results show that
Na0.67Mn0.65Ni0.2Co0.15O2 can maintain the P2 structure
even when charged to 4.3 V, which is due to the allevia-
tion of lattice parameters and cell volume changes, as
shown in Figure 12B. After the introduction of magne-
sium, obvious improvement in electrochemical perfor-
mance and less CO2 evolution were observed. P2‐type
Na0.5Mn0.6Ni0.2Cu0.1Mg0.1O2 has also been proven to be a

(A)

(B)

FIGURE 12 (A) In situ XRD patterns of the O3‐Na(Mn0.25Fe0.25Co0.25Ni0.25)O2 cathode (left), corresponding to the galvanostatic charge
and discharge curves (middle), and the lattice parameter evolution (right). Reproduced with permission: Copyright 2014, Elsevier.162 (B) In
situ X‐ray diffraction patterns of P2‐Na0.67Mn0.65Ni0.2Co0.15O2 and corresponding charge and discharge profiles. Reproduced with
permission: Copyright 2019, Elsevier164
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promising cathode with excellent stability, high operation
voltage, and high energy density for SIBs.168 Cu and Mg
cosubstitution suppresses the P2−O2 phase transition and
extends cell parameters to facilitate Na+ deintercalation
and intercalation. The P2‐Na0.5Mn0.6Ni0.2Cu0.1Mg0.1O2

cathode shows a reversible specific capacity of
126.1mAh g−1 at 0.1 C with 96.7% capacity retention after
100 cycles and 3.6 V high average discharge voltage. In
addition, the full cell matched with the hard carbon anode
delivers a reversible specific capacity of 70.8mAh g−1 with
a high energy density of up to 226.56Wh kg−1. Even after
200 cycles at 0.5 C, the full cell shows an excellent capacity
retention of 90.1%, indicating the possibility of its use in
practical applications.

Replacement of transition‐metal sites with electro-
chemically inactive Li allows the construction of stable
structures. P2 and O3 composite layered Na0.95Li0.15-
Ni0.15Mn0.55Co0.1O2 was proposed to be a competitive
cathode for SIBs.169 The novel P2+O3 Na0.95Li0.15-
Ni0.15Mn0.55Co0.1O2 delivers a large discharge capacity of
200mAh g−1. In the meantime, it also presents a large

discharge capacity of 134mAh g−1 at 1 C and 75% reten-
tion after 150 cycles at 0.5 C. The energy density of this
cathode is up to 640mAh g−1, which is comparable to that
of LIBs. Wang and coworkers synthesized a new P2‐type
Na0.66Li0.18Mn0.71Mg0.21Co0.08O2 cathode with nanosize
primary crystalline particles and secondary spheres with
uniform microsize via the solvothermal method and a
solid‐state reaction.170 It delivers high initial discharge
capacity (166mAh g−1) and superior retention (82% after
100 cycles at 20mA g−1). The in situ XRD patterns suggest
that a stable and highly reversible P2‐type structure is
maintained during the desodiation/sodiation process
(Figure 13A). To overcome the irreversible phase change
problem, our group designed and synthesized a P2‐type
Na0.8Li0.1Mn0.6Ni0.2Cu0.1O2 cathode via the coprecipita-
tion method.49 As an inert element, Li is embedded in
transition‐metal sites, playing the role of a structural
supporting site for lattice strain. The electrochemical
performance test results show that Na0.8Li0.1Mn0.6Ni0.2-
Cu0.1O2 delivers an initial discharge capacity of
135.1mAh g−1 at a current of 0.1 C with 83.1% retention

(A)

(B) (C)

FIGURE 13 (A) In situ X‐ray diffraction (XRD) patterns of Na0.66Li0.18Mn0.71Mg0.21Co0.08O2 collected during the initial charge/
discharge process. Reproduced with permission: Copyright 2019, American Chemical Society.169 (B) In situ XRD patterns of
NaNi0.12Cu0.12Mg0.12Fe0.15Co0.15Mn0.1Ti0.1Sn0.1Sb0.04O2 collected at 0.1 C in the voltage range of 2.0–3.9 V, and (C) transmission electron
microscope (HRTEM) image and energy dispersive X-ray spectroscopy (EDS) mappings for elements. Reproduced with permission:
Copyright 2020, Wiley171

CHEN ET AL. | 187

 26379368, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cey2.153, W

iley O
nline L

ibrary on [30/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



over 100 cycles. Even at 1 A g−1, it still maintains a re-
tention of 81.7% after 400 cycles with 84.7mAh g−1 dis-
charge capacity, indicating excellent rate performance.
The results of the GITT show high diffusivity of Na+, and
XRD results prove that the pure P2 structure is maintained
during the charge and discharge process.

DFT calculations demonstrate that cosubstitution of
one kind of heteroatom with comparable electronegativity
and another one with a different Fermi level can overcome
the problems of the spontaneous extraction of Na and
oxidation of transition metals in air.67 Based on the ad-
justment of the electronic structure and a combination of
transition metals, Wan and his partners modulated Na-
Ni0.5Mn0.5O2 via Cu/Ti codoping. Rietveld refinement,
electrochemistry, and XPS tests clearly demonstrate the
modulation. The as‐prepared O3‐type NaNi0.45-
Cu0.05Mn0.4Ti0.1O2 presents better air stability than Na-
Ni0.5Mn0.5O2, which possess longer circulation tome and
higher capacity retention under air exposure. Even after
being soaked in water, NaNi0.45Cu0.05Mn0.4Ti0.1O2 retains
its structure and capacity. The charge ordering and com-
plicated phase transitions are successfully suppressed dur-
ing cycling. Single‐phase P2‐Na0.67Mn0.6Ni0.2Co0.1Cu0.1O2

has also been proven to be a promising cathode with ex-
cellent electrochemical performance.172 It comprises of
multiple‐layer‐oriented stacked nanoflakes and presents a
large three‐dimensional frame, which facilitates the diffu-
sion of sodium ions. The slight volume shrinkage and stable
single‐phase structure Na+ extraction ensure the excellent
rate performance. Moreover, Cu‐Na0.67Mn0.6Ni0.2Co0.2O2

with surface doped with Cu excellent stability.173 The
copper‐rich surface layer inhibits side reactions at the
electrode/electrolyte interface and reduces the dissolution
of manganese during the charge and discharge process.

For transition‐metal oxides, the general traditional
metal doping method involves replacement of the transition
metal with external metal ions to control the structure and
morphology of the target material. Unlike widely used
doping methods, Liu et al. introduced a high‐valence metal
(Sr2+) into sodium ion layers to modify layered oxides,
which provides a new strategy for the modification of
cathodes.174 P2‐Na0.57Sr0.05Mn0.6Ni0.2Co0.2O2 was con-
structed using a sol–gel method, and it consisted of
multiple‐layer oriented stacking nanoflakes. Owing to the
substitution of Sr2+ for Na+ ions, equivalent Na+/vacancies
are formed. Large‐radius Sr2+ is embedded in the Na ion
layers, which increases the layer spacing and provides
wide Na‐ion transport channels. Under the combined
action of the Na+/vacancies and wide ionic channels,
Na0.57Sr0.05Mn0.6Ni0.2Co0.2O2 presents excellent ionic diffu-
sion ability and low transport energy barrier (0.79 eV). It
delivers an initial specific capacity of 120.9mAh g−1 with
85.6% retention after 200 cycles.

As a new approach, high‐entropy oxides, which consist
of five or more major elements sharing the equiatomic
sites, are used to develop advanced cathodes with unique
properties. For example, a layered O3‐NaNi0.12Cu0.12Mg0.12
Fe0.15Co0.15Mn0.1Ti0.1Sn0.1Sb0.04O2 has been successfully
synthesized.171 It shows long‐term cycling stability with su-
perior 83% capacity retention after 500 cycles at 3 C. Highly
reversible O3–P3 phase transition occurs during the charge
and discharge process, which contributes more than 60% of
the total capacity, as shown in Figure 13B. Uniformly dis-
tributed elements show the successful formation of high‐
entropy oxides (Figure 13C). Entropy stabilization on the
host matrix yields the P2 structure, resulting in excellent
cycling stability and rate performance. For air‐stable layered
cathode, Na[Li0.05Mn0.50Ni0.30Cu0.10Mg0.05]O2 is a promising
candidate to promote progress toward commercialization
of SIBs.175 It delivers a reversible specific capacity of
172mAhg−1 at a current density of 0.1 C and 70.4% capacity
retention after 1000 cycles at 20C. When assembled with a
pristine hard carbon anode, promising application prospects
were demonstrated by high energy density up to 215Wh
kg−1 at 0.1 C. Besides, Lin and coworkers reported Na0.75-
Co0.125Cu0.125Fe0.125Ni0.125Mn0.5O2 with intergrowth of or-
dered P2 and P3 phases.176 It can achieve 100% capacity
retention at 0.1 C after 100 cycles and 85% capacity retention
at 5 C after 1000 cycles. Furthermore, other multimetal
layered oxides have also been extensively studied.177–179

5 | SUMMARY AND
PERSPECTIVES

In recent years, remarkable achievements have been
made in the research of metal oxide cathode materials for
SIBs. In this review, we have comprehensively sum-
marized progress in the research of oxide cathode elec-
trodes, as shown in Table 1. Moreover, the current key
issues and cutting‐edge solutions have been proposed.
Irreversible phase transition, insufficient specific re-
versible capacity, instability of material surface, and the
high cost of Co/Ni‐layered oxides are the main obstacles
at present. To overcome these issues, we propose a series
of strategies to obtain advantageous oxide cathode ma-
terials, including cation doping in the crystal framework,
inducing anion redox reactions, coating a protective layer
on the surface, exploring Co/Ni‐free materials, and so
forth. Among all the modification strategies, cation
doping is generally considered to be the most effective
one, which provides a conspicuous improvement in
electrochemical performance. For future research work,
an in‐depth investigation of the charge compensation
and phase transformation mechanisms should be per-
formed. Furthermore, the current performance
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evaluation of electrode materials is mainly carried out in
the half‐cell system with metallic sodium as the counter
electrode. It is difficult to use Na metal as the anode
material in practical applications due to its potential
safety risks and dendrite problem. As is well known, the
electrochemical performance of half‐cells is different
from that of full‐cells. The research of a full‐cell system is
crucial, as it plays a role in bridging half‐cells and prac-
tical application for SIBs. To design a full‐cell system
with high energy density, long cycle life, good safety, and
competitive cost, stable anodes, cathodes, and electro-
lytes should be rationally selected. Although limited re-
search has been carried out to assemble the full cell for
exploration, it is not enough for the application of SIBs.
Some major challenges remain to be overcome at pre-
sent, but the rapid progress in this area, coupled with the
continued attention of industry and academia, ensures
that the future of SIBs does look promising indeed.
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