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The energy storage mechanism and manufacturing equipment of sodium-ion
batteries (SIBs) and lithium-ion batteries (LIBs) are similar. However, SIBs offer
several advantages, such as low cost, abundant resources, environmental
friendliness, and high safety. Consequently, they have garnered significant
attention. SIBs are poised to be potential replacements for LIBs and represent
ideal candidates in the field of large-scale energy storage. Layered transition-
metal oxides (TMOs) are considered highly promising cathode materials due to
their high average voltage, high specific capacity, and ease of synthesis. This paper
provides a review of recent advances in layered TMOs for SIBs, includingNaxCoO2,
NaxMnO2, NaxFeO2, and their derivatives. Furthermore, the challenges and
prospects in the development of layered TMOs are also discussed. It is hoped
that this review will assist in the design and preparation of SIBs with superior
electrochemical performance and further facilitate their practical application.
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1 Introduction

Energy is the most pressing issue of the 21st century. The unregulated extraction and
widespread utilization of traditional fossil fuels, such as coal, petroleum, and natural gas,
have resulted in severe environmental pollution. With the increasing demand for electricity
and energy, it is imperative to explore new and environmentally-friendly energy storage
systems (Wang T. et al., 2018; Niu et al., 2023).

Currently, the most efficient electric energy storage devices, namely, secondary batteries,
have gained widespread utilization (González et al., 2016). These batteries are not only
employed in mobile devices but also in high-capacity batteries for automobiles and wind
power generation equipment. They significantly contribute to enhancing societal energy
efficiency. Therefore, there is a pressing need to discover low-cost energy storage devices that
can utilize abundant natural resources. Rechargeable batteries offer a viable solution for
large-scale energy storage (Gao et al., 2020; Guo et al., 2021; Wei et al., 2021).

Since their commercialization in 1991, rechargeable lithium-ion batteries (LIBs) have
earned recognition as the most successful and advanced energy storage devices due to their
remarkable energy density and long lifespan. Currently, LIBs hold a prominent position in
the field of energy storage (Liu et al., 2020). Indeed, the increasing demand for LIBs will
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inevitably result in a scarcity of lithium resources and a rise in
lithium prices. Calculations have indicated that the limited
availability of lithium resources poses a challenge for LIBs to
support the growth of electric vehicles and large-scale energy
storage industries. Additionally, the recovery and utilization rates
of lithium are currently suboptimal, leading to the gradual depletion
of lithium resources for battery production. The high cost and
scarcity of lithium ore (0.006 wt%) further restrict their
widespread application. Consequently, it becomes crucial to
explore alternative energy storage systems that offer abundant
resources and low costs (Wang Q. et al., 2020).

Recently, SIBs have garnered significant attention as a viable
alternative to LIBs due to their similar electrochemical mechanism
and cost-effectiveness (Armand, 1980; Ding J. et al., 2013; Xiang

et al., 2015; Fang et al., 2017). Moreover, SIBs demonstrate higher
stability and safety during the cyclic process due to the higher
standard electrode potential of sodium (−2.71 V) compared to
lithium (−3.04 V) (Ellis et al., 2012; Slater et al., 2013; Kundu et al.,
2015; Zhu et al., 2015; Wang et al., 2016). The structure and
principles of SIBs closely resemble those of LIBs. They consist of a
positive electrode, negative electrode, and electrolyte, allowing for
the storage and release of energy through the continuous insertion
and extraction of sodium ions in the electrode materials. The
concept of SIBs, often referred to as the “rocking chair battery,”
was initially proposed by the Armand team in 1980 (Armand,
1980). During the charging process, sodium ions are dissociated
from the cathode and intercalated into the anode through the
electrolyte. Simultaneously, electrons flow through an external

FIGURE 1
Crystal structure diagrams of (A) layered NaMO2, (B) olivine NaMPO4, (C) NASICON-type (D) fluorophosphates, and (E) Prussian blue analogues
(Wang T. et al., 2018). (F) The classification of layered structurewith the sheets of edge-sharingMeO6 octahedra and phase transition processes caused by
Na+ extraction (Su et al., 2013).
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circuit to the anode, maintaining charge balance. The discharge
process follows the reverse mechanism (Qian et al., 2013; Wen
et al., 2014).

Cathode material of SIBs plays a key role in demonstrating the
electrochemical performance of SIBs. At present, the mainstream
cathode materials mainly include layered transition-metal oxides
(TMOs) (Jiang et al., 2014; Yang and Wei, 2020; Zhao X.-D. et al.,
2021), polyanionic compounds (Lv et al., 2020; Essehli et al., 2021),
organic cathode materials (Wang et al., 2014; Huang et al., 2017) and
prussian blue analogues (Zhu et al., 2019; Du and Pang, 2021). All of
them have appropriate spaces and channels for Na+ to transfer and
store, the corresponding crystal structure diagrams are exhibited in
Figures 1A–E.

In the battery system, the electrode material plays a critical
role in the performance of battery systems. With the growing

demand for new energy storage systems and the expanding
market for SIBs, the research on sodium-ion electrode
materials with excellent electrochemical performance has
become increasingly significant. The development of such
materials is crucial for determining and advancing the
industrial application of SIBs. Layered TMOs have attracted
considerable attention in this regard due to their high average
voltage and ease of synthesis. Various conventional methods for
positive electrode material modification, such as doping, surface
coating, and preparation of materials with different phase
structures, have been explored (Jamil et al., 2023).

This paper aims to summarize and analyze the current research
status of layered TMOs, potentially offering insights for selecting
practical layered cathode materials for the industrial application
of SIBs.

TABLE 1 Electrochemical performances of some layered TMOs for SIBs.

Cathode material Initial capacity
[mAh g−1]

Capacity retention
[%/Cycles]

Voltage
range [V]

Redox
pairs

Na0.74CoO2 Bhide and Hariharan (2011) 107 at 0.1 C ~96 (40) at 0.1 C 2.0–3.8 –

Na0.7CoO2 Rai et al. (2013) 125 at 5 mA g–1 70.5 (100) at 0.1 C - 3.2 V/3.3 V

Na2/3Co1/2Ti1/2O2 Yong et al. (2017) 100.6 at 0.1 C 98(50) 2–4.2

Na0.67Mn0.7Zn0.15Mg0.15O2 Noha et al. (2017) 67.2 mAh g−1 at 10 C 93.8 (100) at 1 C 2–4.5 3.65 V/3.7 V

Na0.67Co0.5Mn0.5O2 Zhu et al. (2016) 147 at 0.1 C 88.4 (100) at 0.1 C 1.5–4.3 3.6 V/4 V

Na0.67Co0.20Mn0.79Ce0.01O2 Wang et al. (2021a) — 92.3(100) at 0.1 C 2–4 3.5 V/3.6 V

Na0.65[Ni0.17Co0.11Mn0.72]O2 Bucher et al.
(2014)

187 at 12 mA g–1 74.4(500) at 600 mA g−1 1.5–3.8 3.45 V/3.55 V

Na0.67Mn0.6Ni0.2Co0.1Cu0.1O2 Chen et al.
(2020a)

131 at 0.1 C 86.7 (200) at 0.1 C 1.9–4 3.63 V/3.74 V

Na2/3Mn1/2Co1/3Cu1/6O2 Wang et al. (2018b) 89 at 100 mA g−1 83.5% (100) 1.6–4.3 –

Na0.67Co0.25Mn0.72Nb0.03O2 Wang et al. (2019) 127 at 0.1 C 75.3 (100) at 0.1 C 1.8–4.0 3.8 V/4 V

Na0.70Mn0.80Co0.15Zr0.05O2 Wang et al. (2018c) 173 at 0.1 C 88.0 (50) 2.0–4.0 3.5 V/3.6 V

Na0.67Co0.25Mn0.75O2 (Co3O4) Wang et al. (2020b) 136 at 20 mA g-1 83.4 (100) 2.0–4.0 3.45 V/3.6 V

β-NaMnO2 Billaud et al. (2015) 190 at C/20 ~53 (100) 2.0–4.5 –

Na0.67MnO2 Caballero et al. (2002) 175 ~86 (25) 2.0–3.8 3.45 V/3.55 V

P2-Na0.67Mn0.6Ni0.2Co0.2O2 Wang et al. (2020c) 86 at 8 C - - 3.5 V/3.6 V

Na0.9Mn0.55Ni0.35Cu0.1O2 Kouthaman et al. (2020) ~168 at 0.1 C 2.0–4.0 2.15 V/2.57 V

Na2/3Li0.1Ni0.23Mn0.62O2 Chen et al. (2020b) 121.5 at 0.1 C 79.9 (100) at 0.1 C 2.0–4.3 3.6 V/3.7 V

Na0.67Mn0.6Ni0.2Cu0.1Co0.1O2 Zhao et al. (2021b) 62.6 at 20 C 82.07 (500) at 20 C 2.0–4.5 3.45 V/3.6 V

Na0.67Mn0.71Cu0.02Mg0.02Ni0.25O2 Kong et al. (2019) 160 at 20 mA g−1 86 (100) at 20 mA g-1 1.5–4.5 3.5 V/3.6 V

P2-Na0.58Ni1/3Mn2/3O1.95 Cai et al. (2020) 153 at 0.1 A g-1 14% (100) 0.1 A g-1 2.6–4.5 –

Na2/3Fe1/3Mn2/3O2 Ding et al. (2017) 227 at 20 mA g-1 ~28 (200) at 100mA g-1 2–4.3 –

Na0.67Mn0.5Fe0.5O2 Kumar et al. (2021) 243 at 26 mA g-1 ~67 (100) at 0.1 C – 3.5 V/3.6 V

O3-Na5/6Fe1/2Mn1/2O2 Yoda et al. (2020) 193 – 1.5–4.3 3.5 V/3.7 V

NaRuO2 Tamaru et al. (2013) 140 at 27 mA g-1 ~100 (20) at 13mA g-1 1.5–4.0 2.5 V/2.6 V

NaCrO2 Komaba et al. (2010) 90 at 50 C 87 (1,500) at 20 C 1.8–3.6 –
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2 Layered TMOs cathode materials in
SIBs

Historically, the development of cathode materials for SIBs
could actually be traced back to the 1970s, almost parallel to the
research of lithium storage materials, due to their similar atomic
structure and electrochemical characteristics. The early research on

cathode materials mainly focused on TMOs. In 1970 and 1972,
Fouassier (Delmas et al., 1981) published papers on crystal phase
diagrams of NaxMnO2 and NaxCoO2 materials. Subsequently,
Delams also began to study NaxMO2 layered oxides in 1978,
describing the internal structure and mechanism. Since then, the
theory of layered oxide phase structure has been completely
proposed (Jean et al., 1971; Mendiboure et al., 1985; Schulze

FIGURE 2
Electrochemical performance of Na0.71CoO2 (A) Charge/discharge profiles. (B) Cyclic performance at 0.08 C. (C) In-situ XRD results of the cathode
in the initial cycle. (D) Discharge profiles of Na0.71CoO2 in the first two cycles (E) Galvanostatic charge/discharge profiles of Na//Na2/3Co1/2Ti1/2O2.
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et al., 2008). Layered positive NaxMO2 had been studied by many
researchers and the crystal structure was classified into tunnel type
and layered structure according to sodium content. The layered
structure consists of a shared MO6 and sodium layer. According to
Demals et al., layered cathode oxides could be mainly classified into
P2 type, O3 type and P3 type. O or P represent different meanings of
coordination environments, n refers to the number of transition
metal layers.

The sodium content directly determines the structural phases.
The x value of O3 phase is in the range of 0.83–1.0, and the P2 phase
is between 0.67 and 0.80 (Xu et al., 2014; Li et al., 2016). The above
kinds of crystal structure are shown in Figure 1F (Su et al., 2013).
Table 1 summarizes electrochemical properties of layered transition
metal cathodes in SIBs which was reported recently.

2.1 NaxCoO2 and derivatives

As early as 1981, Delmas et al. (1981) pioneered NaxCoO2

system by solid state reaction between 500°C and 800°C under
oxygen atmosphere, four different phases were obtained,
including P′3 phase (0.55 ≤ x ≤ 0.6), P2 phase (0.64 ≤ x ≤ 0.74),
O′3 phase (x = 0.77) and O3 phase (x = 1) and they were all indexed
into layered structure. Unlike P3 phase and O3 phase, P2 phase not
only has lamellar displacement, but also involves rotation of (CoO6)
octahedron and Co-O bond rupture when the phase transfers to
P3 or O3. Thus, the P2 structure remains unchanged throughout the
electrochemical process. However, for O3 type NaCoO2, a reversible
phase transition O3−P3−P′3 in the electrochemical process can be
observed in Figure 2B. Jean et al. (1971) respectively synthesized
Na0.7CoO2 intercalation compound by using different preparation
techniques such as solid-stated reaction, sol-gel and hydrothermal
method. The results showed that the cathode material with uniform
ball-shaped morphology synthesized by sol-gel method
demonstrated the best performance. The contribution of Na+

ions to the conductivity was also confirmed, but the
corresponding electrochemical performance was not mentioned.
The electrochemical properties of Na0.71CoO2 were systematically
investigated. In the relatively narrow voltage range of 2–3.5 V, it
delivered 70.4 mAh g−1 reversible capacity at 0.08 C in the first week
with an initial coulomb efficiency of 90% (Figure 2C). At the
magnification of 0.08 C, the cyclic life was long and stable,
almost reaching 100% (Figure 2D). In-situ XRD (Figure 2E)
results showed that the diffraction peaks of (002), (004) and
(100) shifted with the insertion/extraction of Na+, indicating the
composition range of sodium has changed slightly. Carlier et al.
(2011) successfully prepared P2-type Na2/3Co2/3Mn1/3O2, the
discharge profile shown in Figure 2F presents nine different
platforms in the x range 0.5–0.9. When x = 1/2 and 2/3, a large
voltage step could be observed, indicating that Na+/vacancy was
arranged in the structure. When Mn4+ partly replaced Co4+, Na1/
2Co2/3Mn1/3O2 with well-ordered structure was formed. Moreover,
P2-phase Na0.74CoO2 prepared by Ding J.-J. et al. (2013) exhibited
107 mAh g−1 initial discharge capacity at 0.1 C with 94% reversible
capacity remained after 40 weeks under 2–3.8 V, showing good
cycling performance.

In recent years, Na0.7CoO2 microspheres using CoO3

microspheres as precursor self-template has been investigated

(Zhu et al., 2005). Due to its unique structure, the material
exhibited high reversible specific capacity (125 mAh g−1),
excellent rate property (64 mAh g−1 reversible specific capacity at
16 C rate). Sabi et al. (2017) prepared P2-Na2/3Co1/2Ti1/2O2 in air,
and compared the electrochemical behavior of the obtained material
with NaxCoO2. The constant current charge-discharge cycle
showed that the nine potential steps of NaxCoO2 were effectively
reduced by the substitution of Co by Ti (Figure 2E). In addition, the
substitution of Co by Ti has promoted the improvement of
electrochemical performance. The P2-Na2/3Co1/2Ti1/
2O2 delivered 100 mAh g−1 initial specific discharge capacity in
Na half cell between 2.0 and 4.2 V with 98% capacity retention after
50 rounds. Moreover, Huang et al. (2021) proposed a Mg/Zn co-
doping strategy to increase the interfacial spacing thus providing a
broad ion diffusion channel for rapid Na + insertion/extraction. The
modified material possessed a 67.2 mAh g−1 at 10 C. Zhu et al.
(2016) synthesized P2-Na0.67Co0.5Mn0.5O2 cathode, which was
easy to quickly diffuse Na+ and establish stable structure.

Recently, in order to further optimize the Na + storage in P2 type
Na-Mn-Co-O cathode, cationic doping/substitution has been
studied deeply to regulate the layer spacing, suppressing active
Mn3+ ions and stabilizing the lattice structure. Wang X. et al.
(2021) synthesized Na0.67Co0.20Mn0.79Ce0.01O2 using solid-
state reaction, where Ce occupied the Mn-site. The capacity
retention was 92.3% after 100 cycles at 0.1 C and 91.7% after
400 rounds at 1 C. The cathode demonstrated excellent cyclic
performances. The work proved that small amount of Ce could
effectively enhance the stability, which alleviated the Jahn-teller
effect and guarantee the phase transition to be highly reversible.
Chen Y. et al. (2020) synthesized micron sized Na0.65
[Ni0.17Co0.11Mn0.72]O2 by coprecipitation, benefitting from the
spherical morphology, the material provided sufficient interface
between electrode and electrolyte solution, so the transmission
path of sodium ions and electrons was shortened, the as-
prepared cathode delivered 187 mAh g-1 initial capacity at
12 mA g-1. After 500 cycles, its abnormal capacity retention rate
reached 74.7% at a current density as high as 600 mA g−1.

Chen T. et al. (2020) designed and synthesized multilayer
directional lamination Na0.67Mn0.6Ni0.2Co0.1Cu0.1O2 with
P2 structure by a simple sol-gel method, a large three-
dimensional framework was gained, which enabled sodium ions
to diffuse. A reversible capacity of 131.3 mAh g-1 was acquired at
0.1 C, the outstanding retention rate of 80.0% at 1 A g−1 after
500 cycles was obtained. Such remarkable electrochemical
performance was attributed to high Na + mobility and low Na +
diffusion resistance. Pang et al. (2019) prepared P2 type layered
oxide Na2/3Mn1/2Co1/3Cu1/6O2. Due to the collaborative
improvement of polymetal ions, the electrode showed good cyclic
stability and excellent sodium ion transport performance. And the
capacity retention was still achieved at 83.5% after 100 cycles at
100 mAh g−1.

Besides the above efforts, some other transition metal elements
have been employed to modify the layered structures. Wang et al.
(2019) prepared Na0.67Co0.25Mn0.75-xNbxO2 with different x
value ranging from 0 to 0.045 through simple solid-stated
method. Because of Nb5+, the structural stability was greatly
enhanced and the charge transfer resistance was reduced. The
corresponding Nb-doped cathode exhibited 126.7 mAh
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g−1 initial discharge capacity and the cycling stability was obviously
developed than that of Na0.67Co0.25Mn0.75O2. Furthermore,
Wang Y. et al. (2018) prepared P2-type
Na0.70Mn0.80Co0.15Zr0.05O2 and suggested that Zr could
significantly increase the rate and cycling properties of P2 type
material, after 50 cycles, the capacity remained 88% of the initial
cycle.

2.2 NaxMnO2 and derivatives

The layered NaxMnO2 cathodes were firstly explored by Parant
et al. (1971) and Mendiboure et al. (1985) reproduced the crystal
chemistry of the NaxMnO2 system in 1985. In the x range of 0–0.44,

the structure was found to be three-dimensional, however, when x >
0.5 the structure turned to be two-dimensional. Due to different
synthesis conditions and stoichiometric ratios, the layered oxides of
Mn group are mainly divided into P2-Na0.7MnO2+y, monocline
O′3 type α-NaMnO2 and orthogonal P2 type β-NaMnO2

(Figure 3A). The sodium storage properties of these three
compounds were systematically studied in this paper. Shibata
et al. (2014) studied the diffusion of lamellar NaxMnO2 at
(0.49 < x < 0.75) and compared it with NaxCoO2. In 1994, Doeff
et al. (2002) prepared NaxMnO2. When x is less than 0.45, the
cathode material had a tunnel structure, such as Na0.44MnO2. When
x was greater than 0.45, the crystal structure of the cathode material
was generally layered. β-NaMnO2 has a layered structure which was
different from the traditional NaMO2 structure. The crystal shape of

FIGURE 3
(A) Na0.7MnO2 (P2) and α-NaMnO2 (O′3) structures β-NaMnO2. (B) Schematic representation of β-NaMnO2 in the Pmnm space group. (C)
Intergrowthmodel of α and β-NaMnO2. (D) In-situ XRD patterns of β-NaMnO2 in the initial cycle. (E) Rate and (F)Cycling performance of Na/α-NaMnO2 at
different current densities. (G) In-situ XRD results of Na0.58Ni1/3Mn2/3O1.95 between different voltage windows and the corresponding charge/discharge
profiles.
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the traditional layered structure (O3, P2, P3, etc.) depends on the
stacking order of the planar layers of the MnO6 octahedron. β-
NaMnO2 was consist of a serrated layered edge shared MnO6

octahedron, in which sodium ions was located at the octahedral
position as shown in Figure 3B. Figure 3C shows the symbiotic
illustration between α and β-NaMnO2 (Billaud et al., 2015). In
Figure 3D, when the 2θ value between 12o and 15o, the intensity of
(001) peak diminished, while the new peak at lower angles increased.
However, from the in-situ XRD data, it could be concluded that the
long-range structure collapsed significantly and many peaks
disappeared at low sodium levels. In most cases, the remaining
peaks showed significant broadening as many peaks disappeared. β-
NaMnO2 showed high capacity (about 190 mAh g−1 at 0.05 C), good
rate capacity (142 mA h g-1 at 2 C) and excellent cycling stability
(100 mA h g-1 at 2 C rate after 100 cycles) in Figures 3E,F (Huang
et al., 2021). Jo et al. (2014) synthesized pure α-NaMnO2 using solid
state reaction of Mn2O3 and Na2CO3. The material displayed
146 mAh g−1 initial discharge capacity and remained 136 mAh
g−1 after 20 cycles.

Na0.7MnO2 with the P2 structure displayed a high capacity of
200 mAh g−1. However, due to structural and chemical problems,
Na0.7MnO2 suffers from severe capacity decay during repeated
charging and discharging. Phase transitions (P2 to O2 or OP4)
in high voltage range (low Na+ content) and the transitions between
different Na+/vacancy ordered modes at specific Na+ stoichiometry
were the main causes of capacity loss (Baster et al., 2016).

Le et al. (2021) evaluated the effect of different 3Dmetals (Fe, Co
and Ni) replacing Mn on the electrochemical performance of P2-
NaxMe1/3Mn2/3O2 cathodes. The results showed that both NaxCo1/
3Mn2/3O2 and NaxFe1/3Mn2/3O2 had high specific capacities of larger
than 140 mAh g−1, while NaxCo1/3Mn2/3O2 showed better cyclic
performance and had a capacity retention rate of 83% after
50 rounds. In contrast, NaxNi1/3Mn2/3O2 exhibited an excellent
cyclic stability, but the specific capacity was relatively low, which
was only 110 mAh g−1 in the initial cycle. A kind of cathode material
Ni-Mn-based P2-type Na0.58Ni1/3Mn2/3O1.95 was synthesized by a
co-precipitation reaction, which displayed a high capacity of
153 mAh g-1 in the initial cycle. After optimizing the voltage
window to 2.6–3.8 V, the capacity retention increased from 14%
to 94.5% after 500 cycles. According to in-situ XRD, the existence of
oxygen anion group [O2]

x− (0 < x < 4) under high pressure was the
main cause of battery capacity attenuation in Figure 3G (Cai et al.,
2020). Arjunan et al. (2020) successfully prepared
Na0.67Ni0.23Zn0.1Mn0.67O2 electrode material by a conventional
solid-state method. When the cut-off voltage was exceeded
(≥4.2 V), the capacity and cycle performance were attenuated due
to stacking fault, and the substitution of Zn2+ ions acted as a
stabilizer in the P2-layer structure of Na-Ni-Mn-O system.

In addition, Zhang et al. (2020) prepared Na0.91MnO2 as the
precursor material, and prepared Na0.67Mn0.67Ni0.33O2

nanoparticles by Ni doping under the same conditions, which
effectively improved the specific capacity. Furthermore,
Na0.67Mn0.67Ni0.33-xCoxO2 was prepared by Co doping. It was
found that the electrode material had more stable cyclic
performance. The specific discharge capacity in the initial week
delivered above 160 mAh g−1 at 0.1 C, and the specific discharge
capacity remained 120 mAh g−1 after cycling for 200 rounds. As the
current density increased to 1 C, the reversible capacity reached

90 mAh g−1. The results showed that Ni and Co co-doping could
effectively improve the specific capacity, rate and cycling stability of
electrode materials. Wang H. et al. (2020) systematically prepared
and studied the structure and electrochemical performance of P2-
type Na0.67Mn0.6Ni0.2Co0.2O2. The addition of La reduced Mn3+ the
amount of manganese trivalent ions in the lattice, alleviated Jahn-
Teller distortion, and enhanced Na+ diffusion kinetics. Even at 8 C, it
could deliver 86 mAh g-1 reversible discharge capacity. Xiao et al.
(2019) proposed Na2/3Ni1/6Mn2/3Cu1/9Mg1/18O2 layered oxide after
the morphology and structure optimization, it showed good
electrochemical performance under the cut-off voltage of 4.2 V.
Kouthaman et al. (2020) prepared Na0.9Mn0.55Ni0.35Cu0.1O2 oxide
with O3 structure, benefiting from the small amount of copper
which effectively improve the O3 structure, the electrochemical
performance was greatly enhanced.

Jiang et al. (2022) prepared P2-Na0.6Ni0.3–xMn0.7CuxO2 with
different copper content of 0–0.2 and the mechanism of improving
electrochemical properties was studied comprehensively. It has been
discovered that a small amount of copper can inhibit the P2-O2
phase transition, consequently stabilizing the crystal structure and
enhancing the cycling stability. The augmentation of the layer
spacing, resulting from copper doping, contributes to the
dynamics of charge transfer, thereby ensuring excellent rate
performance. Furthermore, copper substitution enhances the
moisture stability of the electrode due to the increased initial
potential in the charging process from the Cu2+/Cu3+ redox couple.

To mitigate the Jahn-Teller effect, interfacial instability, and
phase transition in Mn-Ni based materials with a P2 structure under
high pressure, research has been conducted on cationic doping/
substitution as a means to stabilize the lattice structure and enhance
the electrochemical performance. For example, Cu-Mg co-doping
(Chen T. et al., 2020), Li-doping (Chen et al., 2021) and Mg-doping
(Yoda et al., 2020) were proved to be effective to promote the cycling
stability of P2-type cathode material. In a recent study, the
substitution of copper and cobalt formed stable copper oxide and
cobalt oxide octahedrons, and the lattice structure was adjusted to
enhance the diffusion kinetics of Na+ in layered manganese-based
oxide Na0.67Mn0.6Ni0.1Cu0.20Co0.1O2 prepared by Zhao Q. Q. et al.
(2021).

2.3 NaFeO2 and derivatives

NaFeO2 is a traditional layered oxide which consists of a closed
oxygen array as a possible candidate material for rechargeable SIBs,
α-NaFeO2 was also regarded as “O3″ structure by Delmas. Qin et al.
(2021) synthesized Na2/3Fe1/2Mn1/2O2 through sol-gel method. The
optimum calcination temperature was 900°C. The material
displayed hexagonal plate shape with an average diameter of
2–4 μm, and showed 243 mAh g−1 initial discharge capacity at
26 mA g-1 with excellent cycling performance.

Sui et al. (2019) prepared Na2/3Fe1/2Mn1/2O2 by adopting simple
spray drying method at low temperature. The as-obtained Na2/3Fe1/
2Mn1/2O2 displayed good rate and cycling performances. The initial
discharge capacities was 217.9, 171.3 and 117.4 mAh g−1 at 0.1 C,
0.5 C and 2 C, respectively. This oxide was expected to be used as the
suitable cathode for SIBs. Ding et al. (2017) studied the
electrochemical properties of Na2/3Fe1/3Mn2/3O2 oxide in ionic
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liquid electrolyte which was heated to 90°C for the first time. At
20 mA g-1, the electrode demonstrated a 227 mAh g−1 initial
discharge capacity. Furthermore, Kumar et al. (2021) found that
the electrochemical performance of P2-Na0.67Mn0.5Fe0.5O2

decreased slowly due to surface reconstruction, ingrain cracks,
reduction and dissolution of transition metal and decomposition
of electrolyte, and suggested that element doping is an effective way
to solve the above defects.

Recently, Darbar et al. (2021) reported a titanium doping strategy
based on a wet chemical method to improve electrochemical properties
of Na0.67Mn0.5Fe0.5O2. Ti

4+ replaces Mn and Fe atoms in the material
and effectively reduced the Jahn-teller distortion. It was found that Ti4+

could increase the thickness of sodium layer and minimize the volume
strain in the layered structure, showing enhanced structural stability.
Yoda et al. (2020) synthesized O3-Na5/6Fe1/2Mn1/2O2 and Na5/6Fe1/
3Mn1/2Me1/6O2 (Me = Mg or Cu). Although the undoped sample
provided more than 150 mAh g−1 discharge capacity, its exhibited poor
wet-air stability and cycling stability in aprotic sodium batteries, but the
addition of copper and magnesium can improve the wet air stability.
The following effort results will provide ideas to improve the
electrochemical performance of SIBs.

2.4 Other materials

Wang S. et al. (2021)) designed a submicron O3-NaCrO2

microsphere (s-NaCrO2), which had a higher apparent Na+

diffusion coefficient. The as-prepared s-NaCrO2 showed
impressive electrochemical performances, which had a very high
reversible capacity of 90 mAh g−1 at 50 C. Moreover, when cycled at
a quite high rate of 20 C, it remained 87% of its initial discharge
capacity after 1,500 cycles. In addition, s-NaCrO2 had advantages at
high temperature (50°C) and low temperature (−10°C). Hamani et al.
(2011) observed that P2-Na0.7VO2 generated a very reversible
charge-discharge behavior of ~105 mAh g−1 within the voltage
range of 1.2–2.6 V Na2RuO3 reached 140 mAh g−1 with average
potential of 2.8 V/Na+. In the 20 cycles, the capacitance retention
and coulomb efficiency were close to 100%, indicating that the
electrochemical reaction has high reversibility. Siriwardena et al.
(2019) synthesized iron substituted Na1.33Ru0.67O2 (NRFOx) phase
by conventional solid-state method, NRFO5 showed the highest
specific discharge capacity of 110 mAh g−1 and 61 mAh g−1 at 0.2 C
and 2 C rates in the voltage range of 2.0–3.7 V. The results showed
that the level of iron substitution significantly affected the structural
stability and discharge capacity.

The exploration of layered Na2MO3 is of great necessity to
prepare new TMOs, although the structural evolution and
electrochemical performance optimization during Na+ insertion
and extraction still need to be further studied.

3 Conclusions and outlook

In this paper, we provide a comprehensive summary of various
layered transition metal oxides (TMOs) used as cathode materials
for sodium-ion batteries (SIBs), such as cobalt-based, manganese-
based, iron-based, and other related materials. While significant
research has been conducted on layered TMOs, there is still a need

for continuous improvement and further exploration of their
electrochemical properties and Na+ de/intercalation mechanisms.
For future exploration of cathode materials, we suggest focusing on
the following aspects.

(1) It is important to further explore the synthesis process and
conditions, establish mathematical model and theoretical
simulation to predict the performance of cathode materials,
and then continuously optimize the cathode materials that are
suitable for energy storage system.

(2) Advanced testing technologies such as in-situ XRD and
synchrotron radiation are needed to further study the charge
discharge process and Na+ de/intercalation mechanism of
cathode materials, and build the structure-activity
relationship between phase transformation process and
electrochemical properties.

(3) It is important to develop new kinds of electrolytes to alleviate
side reactions, thus preventing the dissolution of active
substances in electrolytes. This is an urgent problem to be
solved before the industrialization of SIBs.

(4) The electrochemical properties can be significantly improved by
doping metal ions, surface coating or structural design, and
further investigation of the relationship between structure/
composition and properties is still needed.

Finally, it is hoped that the summary of this paper can provide
some references for the design of new materials. With the in-depth
study of SIBs, it is believed that low-cost SIBs will be widely
employed in the field of large-scale energy storage.
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