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ABSTRACT

Energy-storage systems and their production have attracted significant interest for practical applications.
Batteries are the foundation of sustainable energy sources for electric vehicles (EVs), portable electronic
devices (PEDs), etc. In recent decades, Lithium-ion batteries (LIBs) have been extensively utilized in large-
scale energy storage devices owing to their long cycle life and high energy density. However, the high cost
and limited availability of Li are the two main obstacles for LIBs. In this regard, sodium-ion batteries
(SIBs) are attractive alternatives to LIBs for large-scale energy storage systems because of the abundance
and low cost of sodium materials. Cathode is one of the most important components in the battery, which
limits cost and performance of a battery. Among the classified cathode structures, layered structure
materials have attracted attention because of their high ionic conductivity, fast diffusion rate, and high
specific capacity. Here, we present a comprehensive review of the classification of layered structures
and the preparation of layered materials. Furthermore, the review article discusses extensively about
the issues of the layered materials, namely (1) electrochemical degradation, (2) irreversible structural
changes, and (3) structural instability, and also it provides strategies to overcome the issues such as ele-
mental phase composition, a small amount of elemental doping, structural design, and surface alteration
for emerging SIBs. In addition, the article discusses about the recent research development on layered
unary, binary, ternary, quaternary, quinary, and senary-based 03- and P2-type cathode materials for
high-energy SIBs. This review article provides useful information for the development of high-energy lay-
ered sodium transition metal oxide P2 and O3-cathode materials for practical SIBs.
© 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. All rights reserved.
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1. Introduction

Due to the need for energy sources and rising energy consump-
tion, the demand for high efficiency, low maintenance, long cycle
life, proper protection, renewable energy, and low cost has
increased with regard to energy storage systems. Rechargeable
batteries are the best professional representations among various
electrical energy storage systems for storing energy and providing
power for electric automobiles and portable electronic devices. In
1990, the SONY company commercialized lithium-ion batteries
(LIBs) invented by Prof. J. B. Goodenough using graphitic material
as the anode and layered LiCoO, as the cathode [1-4]. LIBs have
been significantly improved and widely used in the fields of power
grid storage, electric vehicles, and personal electronic devices
owing to their long cycle life, high energy density, specific capacity,
low self-discharge rate, and environmental friendliness. Neverthe-
less, high prices and low availability of lithium resources are major
challenges for LIBs [5-8]. In this regard, room-temperature
sodium-ion batteries (SIBs) have attracted increasing interest and
are considered to be one of the most promising solutions for
energy storage systems because of their rich natural abundance,
worldwide distribution, and working mechanism similar to that
of LIBs, in addition to the low cost of sodium materials [9-12].

Recent investigations on SIBs have focused on the growth of
electrode materials. The anode materials are classified into three
types for SIBs: conversion, alloying, and intercalation. In addition,
Anode materials have achieved significant improvements in terms
of rate capability and capacity to date. Cathode materials play a
vital role in determining the lifetimes and energy densities of SIBs.
Generally, cathode materials for SIBs are classified into three types:
Prussian blue analogues, Polyanion compounds, and Layered tran-
sition metal oxides (Fig. 1) [13-18]. Prussian blue analogues are
favorable cathode materials with excellent electrochemical perfor-
mance for SIBs, although they exhibit temperature instability and
low tap densities during electrochemical reactions. Furthermore,
a low tap density affects the energy density of battery systems
[19,20]. Polyanion-type based compounds have a strong covalent
bond between the oxygen polyhedron (MO,) and transition metal,
which can create a structure, composed of a three-dimensional
framework or two-dimensional van der Waals bonding, leading
to quick alkali ion movement paths. Furthermore, it exhibits small
volume changes, oxidation stabilities when charging and discharg-
ing, thermal stabilities, and tunable operating voltages by inducing
local environments of polyanions, etc. However, high operating
voltages, which may affect electrolyte stability, poor electronic
conductivities, and complicated synthesis process are the main
challenges for SIBs [21,22].

Finally, layered transition metal oxides (NayTMO,, (x = 0 to 1,
TM = Mn, Ni, Fe, Co, Ti, etc.)) are promising and have undergone
substantial research as cathode materials for SIBs because of their
high specific capacity, high ionic conductivity, easy synthesis pro-
cess, simple structure, and environmental benignity. The layered
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structure promoted the rapid migration of sodium ions owing to
its distinctive 2D diffusion pathway. Moreover, the cation disorder
diminishes between the transition metal ions and sodium ions
than Lithium Li* (0.67 A) owing to the greater size of sodium ions
Na* (1.02 A). Compared to olivine and spinel, layered cathode
materials are a promising solution for high-performance SIBs
[1,23-25].

Previously, Liu et al. [1] extensively investigated that the single,
binary, ternary, and multi metal oxides, full cell, and battery man-
ufacture of the layered sodium transition metal cathodes for SIBs.
Xiao et al. [14] comprehensively explored that the morphology
design, coating technology, phase transition and suppression, air
stability, and composite structure of the layered oxide cathodes
for SIBs. Furthermore, Wei et al. [26] meticulously explored that
the single, binary, ternary, and multi component based O3 and
P2-types, and hybrid structure (P&O) of the layered transition
metal oxide cathode materials for SIBs. Besides, Liu et al. [27]
widely examined that the anionic redox activity, sodium-rich oxide
cathodes, sodium deficient oxide cathodes, mixed phase cathodes
of the layered transition metal oxides for SIBs. However this article
systematically scrutinized the classification of structure, synthesis
procedures, and issues & tactics of the layered cathode materials
for SIBs. In addition, the recent research progress on unary, binary,
ternary, quaternary, quinary, and senary based O3 and P2-type
cathode materials also discussed in detail.

In this review, we provide a brief overview of the most recent
advancements in the study of layered sodium transition-metal oxi-
des, particularly, layered O3- and P2-type cathode materials, for
SIBs. In particular, we focus on the structural classification, design
of the materials, the problems with the layered structure, and sev-
eral strategies for enhancing electrochemical performance. Layered
sodium transition metal oxides (Na,TMO,) are powerful candi-
dates for SIBs owing to their attractive properties.

2. Classification of layered crystal structure

In the 1980s, two-dimensional layered transition metal oxides
(NayTMO,) were evaluated by Hagenmuller and Delmas. Generally,
Alkali ions are stacked between layers of oxygen to form layered
structures. Polymorphisms were produced when sheets of edge-
sharing MeOg octahedra were placed along the c-axis in different
directions. Layered Na transition metal oxides can be classified into
four types: 03, P2, 02, and P3. The numbers 3 and 2 represent the
number of transition metal oxide (TMO,) layers with various types
of oxygen arrangements in each unit cell. The symbols O and P
denote the location of alkali ions (Na*) in the structure, where O
denotes that the sodium ions are located in the octahedral location
between the TMO, layers, and P denotes that the sodium ions are
situated on the prismatic site between the TMO, layers. The stack-
ing sequences of the oxygen layers in the 03, P2, 02, and P3 struc-
tures were ABCABC, ABBA, ABAC, and ABBCCA, respectively, as
shown in Fig. 2(a-d). Besides, the prime symbol (') denotes the
monoclinic distortion in the crystal structure. For example, P'3
and 0’3 signify the monoclinic distortion of the P3 and 0O3-
phases, respectively.

In the O3-type phase, the TMOg octahedra and Na* ions in the
crystal structures are associated in an edge-sharing manner. When
the x-value of Na,TMO; is high (x near 1), the O3-type structure is
stable. The transition metal and sodium ions are located at distinct
octahedral positions in the cubic close-packed oxygen array of the
0O3-type phase, and the ionic radius of transition metal ions
(<0.7 A) is substantially smaller than that of sodium ions
(1.02 A). Edge-shared TMOg octahedra and NaOg sequence into
alternative layers along the [111] direction in O3-type materials,
creating TMO, and NaO, slabs, respectively. The three separate
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Fig. 1. Schematic illustration of types of cathode materials for SIBs.

TMO, layers, AB, CA, and BC, comprise a layered O3-type structure,
which is categorized as a 3R phase with the space group R-3m.
Generally, O3-type materials have higher sodium concentrations
than P2-type materials, making them ideal for full-battery
applications.

The phase transition from O3 or P3 to P2 is not possible during
electrochemical reactions in sodium cells because a high-
temperature heat treatment is necessary to break the TM-O bonds
and form the P2 phase. Additionally, O3-type materials commonly
undergo this O3-P3 phase transition during cycling and do not
break any O bonds. Vacancies are created in the crystal structures
when sodium ions are partially eliminated, which promotes an
energetically favorable prismatic environment, increasing the
interlayer distance as a result of the strong oxygen repulsion
caused by this extraction in the sodium layers. Moreover, sodium
ions diffusion occurred more quickly in the P3 phase owing to
the increased interlayer distance than in the O3 phase. Hence,
03-type materials frequently undergo complicated phase transi-
tions, leading to poor capacity retention, inadequate rate capabil-
ity, and severe structural deterioration. These disadvantages
hinder the use of 03-type materials in SIBs.

The TMOsg octahedra and sodium ions in the crystal structures
are connected in an edge-and-face-sharing manner in the P2-
type phase. When the sodium concentration in Na,TMO, is in the
range (0.3 < X < 0.7), the P2-type structure is stable. The P2-type
layered structure includes two different types of TMO- layers, AB
and BA, and is categorized as the 2H phase with the space group
P63/mmc. Nal (Na.) and Na2 (Nay) are two different types of trig-
onal prismatic sites where sodium ions occur in the P2-type. Along
its edges, Nal associates with two of the adjacent slabs of the
TMOg octahedra, whereas along its faces, Na2 associates with the
six surrounding TMOg octahedra. Furthermore, owing to the glid-
ing of some TMOg octahedra sheets (7 /3 rotation), the P2 phase
typically transforms into the O2 phase, and when charged at a rel-
atively greater voltage, the crystal structure is significantly shrunk,
and the interlayer distance is reduced. The P2 to O2 phase change
leads to a severe capacity reduction and large volume change
(~20%) during electrochemical reactions. Thus, it is crucial to
determine how to enhance the structural stability of P2-type mate-
rials [26-39].
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There are three distinct TMO, layers AB, BC, and CA oxygen
stacking in the P3-type phase with a space group of R-3m. The
P2-type phase often forms after high-temperature calcination at
approximately 900 °C, whereas the P3-type phase is typically
formed under low-temperature calcination, for example, at
approximately 700 °C. Therefore, it can be assumed that the P3-
type cathode uses less energy. During the charge and discharge
processes, the P2-type and P3-type phases contained the same
Na positions as the prismatic sites, whereas the O3-type phase
always transformed into the P3-type phase. Furthermore, layered
P3-type materials exhibit an improved cycle life and rate perfor-
mance compared with O3-type materials because P3-type layered
materials have almost the same outstanding structural durability
as P2-type materials. In addition, P3-type phase-layered materials
have greater sodium content and discharge capability than P2-type
phase materials. However, when electrochemical reactions occur,
P3-type phase materials experience significant capacity decay
because of their asymmetric crystal systems. Additionally, because
of the large ionic radius of Na, the structure of the layered P3-type
phase is affected throughout the cycling process. In addition, most
layered-structured materials exhibit a poor cycle life because the
lattice oxygen of the layered materials is irreversibly converted
into oxygen [31,40-44].

3. Synthesis procedures of layered structure materials for SIBs

The material-preparation procedure is critical for developing
crystal shapes that can be used in high-performance SIBs. Several
material preparation methods are available, such as hydrothermal,
classical solid-state reaction, polyol, co-precipitation, sol-gel, com-
bustion, solvothermal, and spray-drying methods, to attain phase
purity, particle size, electrochemical performance, and the desired
morphology. Furthermore, the sodium ratio plays an important
role in the formation of O3 and P2-type layered structured materi-
als (Na,TMO,). In common, the O3-type structure is typically
formed if x > 0.7 and P2-type structure is usually formed if
x < 0.7. Generally, a solid-state reaction is widely utilized as a syn-
thesis method because of its easy preparation procedure and sim-
ple operation. For instance, Leng et al. [45] reported that the
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Fig. 2. Schematic illustrations of the layered structure (a) O3-structure, (b) P3-structure, (c) O2-structure, and (d) P2-structure.

stoichiometric amounts of Na,COs;, MnO,, TiO,, NiO, and RuO,
were grounded using a pestle and mortar, and using a high-
temperature furnace, the mixed powder was calcined at 900 °C
for 12 h under air environment. Finally, the layered 03-Na Mng 3-
Nig.4gRUg02Tig 20, cathode material was obtained. The prepared
cathode material delivered discharge capacity was 1553 mAh g™!
in the voltage range of 1.5-4.5 V at a 0.05 C rate. Hu et al. [46] and
Zhang et al. [28] prepared P2-type Nagg7Cug 1Nig225Mng 6750, and
03-type Na Nig>Mng 4sMgg 02Feq 30, layered cathode materials via
conventional solid-state reactions. Furthermore, to understand
how the type and level of elemental doping affect the electrochem-
ical performance of materials, the traditional high-temperature
solid-state method is extremely useful. However, in the solid-
state method, the calcination conditions and choice of precursors,
particularly the calcination temperature, significantly affect the
material. Additionally, this method makes it difficult to manage
the morphology and particle size of the materials, which cannot
entirely achieve atomic-level uniformity. Therefore, a solution
method was applied to prepare cathode materials with fine parti-
cle sizes and controllable morphologies.

To lower production costs and achieve high uniformity, the sol-
gel process is an excellent option for high-performance materials.
Stoichiometric amounts of the starting material were dissolved in
distilled water and mixed with citric acid in a sol-gel process.
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Citric acid was used as the chelating agent. The resultant mixture
was stirred at 80 °C to gradually transition to the sol-gel state.
The obtained gels were then heated for 12 h at 120 °C. Subse-
quently, the dried gels were ground, sintered for five hours at
500 °C, and then calcined for 12 h at 900 °C in the air using a
furnace to produce the final products. Li et al. [47] synthesized a
layered P2-type MnggNage7Mgo 1Nig.10, cathode material via the
sol-gel method with a discharge capacity of 124 mA h g '. A small
amount of co-substitution enhanced the structural and cycling
stability of the material. Material preparation using this method
has a low manufacturing cost. However, because of its exceedingly
slow reaction time, industrial production is highly challenging
[48-50].

The polyol method is a unique approach that allows for easy
access to nanoparticles with tailored shapes, sizes, and composi-
tions. In the polyol method, a stoichiometric molar ratio of the
starting materials is dissolved in a polyol solvent, such as diethy-
lene glycol. After 18 h, the solution was heated in a refluxed con-
denser to a temperature close to the boiling point of the polyol
solvent. The resulting solution was washed several times with ace-
tone, deionized water, and ethanol to remove the polyol solvent
and other organic compounds. The resulting particles were then
heated in a vacuum oven for 48 h at 150 °C. Finally, the resulting
powder was calcined at 600 °C for 1 h under an argon atmosphere
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in a high-temperature furnace to produce the final products.
Nanoparticle synthesis using this method is the most effective;
however, the material preparation period is too long and is very
difficult for industrial manufacture [51-53].

The co-precipitation method is a standard process for high-
performance materials because of its higher uniformity, more con-
trolled morphology, and consistent particle size. In the co-
precipitation method, the preparation of cathode materials typi-
cally involves two processes. First, stoichiometric amounts of the
raw materials were dissolved in deionized water to prepare a
1 M aqueous solution. Subsequently, the carbonate precursor was
dissolved in deionized water with ammonium hydroxide to form
another solution. The two solutions were simultaneously added
to a beaker at 60 °C for 12 h, using a syringe pusher. The pH of
the solution was maintained at this value. Subsequently, the
resulting precipitate was separated and rinsed several times with
deionized water. The obtained precursor was heated in a vacuum
oven for 12 h at 100 °C. The dried precursors were then mixed with
a carbonate source. Finally, to produce the finished product, the
mixed precursors were heated at 600 °C for 6 h and then calcined
at 900 °C for 12 h in air [54-56]. Co-precipitation was used by
Zhang et al. [57] to create a layered P2-Nags6[C0g.1MnggNig.1]02
cathode material that offered outstanding rate performance and
long-term cyclability for SIBs, as well as a high discharge capacity
of 188 mA h g~'. The prepared cathode material was more con-
trolled in terms of size and morphology than the solid-state
approach and exhibited greater homogeneity. However, the co-
precipitation approach is particularly challenging because of its
high synthesis cost and strict synthesis processes.

The hydrothermal method is a unique process that allows easy
access to nanoparticles of tailored sizes and compositions. Stoi-
chiometric amounts of raw materials were dissolved in deionized
water and stirred. The mixed solution was then transferred to a
Teflon-lined autoclave and heated to 180 °C for 12 h to undergo
hydrothermal treatment. The resulting solution was filtered, rinsed
repeatedly with ethanol and deionized water, and dried in an oven
at 100 °C for 12 h. Subsequently, to prepare for the outcome, the
resulting powder was pre-calcined at 300 °C for 3 h and then fur-
ther calcined at 650 °C for 6 h in an air atmosphere [58,59]. Alam
et al. [60] synthesized a layered O3-type NaMg,Fe;_,O,F (x = 0.5)
cathode material using a hydrothermal method, which offered
excellent cycling durability and a high discharge capacity of
171.35 mA h g~ ! for SIBs. Furthermore, Kaliyappan et al. [61] pre-
pared a layered P2-type Nag gg(Nig.13C00.13Mng 54)0> material using
a hydrothermal method, which offered excellent rate performance
and improved cycling stability with uniform size distribution and
shape during the charge and discharge processes. However,
Teflon-lined autoclaves are expensive and difficult to produce
industrially.

The combustion method is a typical process for high-
performance materials owing to its speed, simplicity, low energy
consumption, and lack of special equipment. A stoichiometric
amount of the raw material was dissolved in deionized water. Gly-
cine was used as the fuel for the combustion reaction and was
added to the solution. The mixture was heated to 100 °C and stir-
red for 12 h to form a viscous slurry that evaporated water. The vis-
cous slurry was then combusted at 300 °C for 1 h in a furnace. To
obtain the final product, the resultant powder was calcined at
600 °C for 6 h in the air in a muffle furnace [62-67]. Nanthagopal
et al. [68] prepared a layered O3-type NaMngsFeqs0, cathode
material via a combustion method that provided a high discharge
capacity of 188 mA h g ! along with low-cost and earth-
abundant SIBs. Kumar et al. [69] synthesized a small amount of
transition metal substituted 03-NaCog 13sMng3Alg0>Nig 50, layered
cathode material via the combustion method, which increased the
structural stability and promoted electrochemical performance,
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with 90% capacity retention at a 0.1 C rate after 200 cycles. In addi-
tion, a small quantity of Al substitution enhanced the bond
strength between TM and O and increased the number of NaO, lay-
ers. Therefore, Na ions are easily intercalated during the electro-
chemical reaction between the positive and negative electrodes.
Nonetheless, the main disadvantages are the existence of a moder-
ately large quantity of carbon in the final product and poor control
of the morphology and combustion process.

The solvothermal method is also a standard method for high-
performance materials owing to its composition control, ease of
synthesis, and regulation of the resultant particle properties, such
as size, shape, high surface area, and dispersion. In the solvother-
mal method, a stoichiometric amount of the starting material
was dissolved in a mixed solvent of ethylene glycol and deionized
water. Urea was used as the nucleating agent for the solvothermal
method and was added to the solution. The mixture was then
placed in a Teflon-lined autoclave and heated for 24 h at 200 °C.
The resulting solution was rinsed multiple times with ethanol, ace-
tone, and deionized water before drying in a vacuum oven at 80 °C
for 12 h. To obtain the final product, the powder was calcined at
900 °C for 12 h in an Ar environment in a high-temperature furnace
[70-72]. Xiao et al. [73] prepared a layered P2-type NaggeMng 71-
Cog.0sLip 18Mgp 210, cathode material via the solvothermal method,
which provided excellent capacity retention and a high discharge
capacity of 166 mA h g~!. Additionally, the structural and cycle sta-
bilities of the synthesized materials were enhanced by substituting
a small amount of transition metal in the TMO layers. However, the
main disadvantages of this approach are the high temperature and
expensive equipment.

To create a mixed solution, a stoichiometric amount of the
starting material was dissolved in deionized water and stirred con-
tinuously using the spray drying method. The resulting mixed
solution was dried using a spray dryer to obtain a powder. During
the spray-drying process, the inlet and outlet temperatures were
200 and 100 °C, respectively, with a spraying speed of 250 mLh~".
Finally, the spray-dried powders are pre-heated at 300 °C for three
hours and then further calcined at 600 °C for six hours in an argon
atmosphere using a high-temperature furnace [74-76]. Qin et al.
[77] prepared O3-type layered NaNiy3.0.005ZN0.00sMny3Fe1/302
cathode material via the spray-drying method, which gives
123 mA h g~! of the discharge capacity with 87% capacity retention
at a 1 C rate after 200 cycles. During high-voltage cycling, a small
amount of Zn substitution in the TMO layer efficiently prevented
the formation of cracks and oxygen loss and enhanced the rate
capability and cycling stability of the prepared materials. More-
over, Wang et al. [78] synthesized a P2-Nay;3[Mny3Niq;3]0, cath-
ode material using a spray-drying method, and the prepared
cathode material exhibited superior reversibility between 2 and
4V with long-term cyclability. The main drawbacks of this method
are its fast drying times, ease of operation, and suitability for mass
production. However, spray dryers have several limitations.

Each approach has its unique relative benefits and a variety of
effects on the morphology, shape, purity, and size of the materials,
as well as a variety of requirements for production costs and the
environment. Consequently, preparation methods have been con-
tinuously developed to generate superior layered transition metal
materials.

4. Issues of layered structure materials

In layered structures, three important issues occur during
charge and discharge processes: electrochemical degradation, irre-
versible structural changes, and structural instability (Fig. 3). The
side reactions with the electrolyte in the aforementioned first
instance affect the electrochemical performance of the materials.
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In the second instance, 03, 0’3, 0’3, and P3 phase transitions often
occur in O3-type materials during electrochemical reactions,
whereas P2 and O2 phase transitions normally occur in P2-type
materials. The phase transitions of the materials were observed
using in situ (X-ray diffraction). Furthermore, because of this irre-
versible phase change, the cathode materials suffer from capacity
loss and structural degradation. Third, laminate materials are
extremely sensitive to the environment, which means that air-
borne CO, and moisture affect them. The following section dis-
cusses the main problems associated with layered-structure
materials with these features.

4.1. Electrochemical degradation

Water corrosion and irreversible structural changes occur in
layer-structured materials, which restrict the reversible capacity
and cause rapid capacity fading during the electrochemical reac-
tion. The electrochemical properties of layered cathode materials
are currently inadequate for large-scale energy-storage applica-
tions for the aforementioned reasons. In particular, Mn-based lay-
ered materials have some drawbacks, such as rapid capacity
degradation and structural strain caused by Jahn-Teller high-spin
Mn>* during the charge and discharge processes, and there is a
chance that Mn ions could dissolve in the electrolyte, although
they have low polarization and a high initial reversible capacity.
Furthermore, if Mn has the valence state Mn>", the Mn-0 bond will
extend in a particular direction, and significant structural distor-
tions will be caused by this crystal structure asymmetry. Moreover,
after the sodium ions are eliminated from the solid matrix, vacan-
cies appear, providing locations for H/H,0 insertion to generate a
protonated phase.

For the aforementioned reasons, the Na-ion diffusion pathway
could be obstructed, significantly reducing the Na-ion diffusion
coefficient [79-81]. Han et al. [82] evaluated a layered P2-type
Nay;3Mng gTig1Feg 10, cathode material for high-rate SIBs using a
ceramic technique. The prepared pristine cathode material exhib-
ited superior electrochemical performance, with a capacity reten-
tion of 88% after the 2nd cycle. Simultaneously, the moisture-
exposed cathode material exhibited a capacity retention of 70%,
which is very low compared with that of the pristine cathode
material.

4.2. Irreversible structural changes

Generally, during the charge and discharge processes, 03- and
P2-type structured materials undergo a series of phase changes
caused by the extraction of sodium ions from the sites, including
various stacking arrangements of the oxygen layers. The P2-type
phase is generally transformed into the O2-type phase during elec-
trochemical reactions because of the sliding of the TMOg octahe-
dral layers with sodium ion extraction. Because of these issues,

Electrochemical
degradation

Irreversible

structural changes

Structural
instability
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the crystal structure shrinks significantly, and the distance
between the layers is reduced. Furthermore, irreversible P2-02
phase transitions at high voltages cause rapid capacity deteriora-
tion and structural collapse of P2-type layered materials. More-
over, compared to P2-type structures, the O3-type phase
typically experiences more complicated phase changes, such as
structural transitions of O3 to P3, P'3, and 0’3 during the
sodiation/de-sodiation process. Na first stabilizes at the TMOg octa-
hedral location, which is shared via the edges in the O3-type phase.
When the Na ions were partially removed in the O3-type phase
and vacancies were formed, the Na in the middle of the prism
became energy stable. Subsequently, a wide prism center was cre-
ated by sliding the TMO, sheet without rupturing the TM—O
bonds. Consequently, the typical stacking of the oxygen layers
(03-type phase) changed from ABCABC to ABBCCA. This phe-
nomenon is known as the P3-type phase.

Yao et al. [83] evaluated a layered O3-type NaFeg 45Mgp05C00 5-
0, cathode material prepared via a simple solid-state reaction that
frequently underwent more complex phase changes, for example,
from O3 to P3, P’3, and 0’3, as evidenced by in situ XRD. In a study
by Liu et al. [84], a P2-type layered Na,;3Mny;3Nij;30, cathode
material was synthesized using the sol-gel technique, which suf-
fers from a single-phase transformation of P2 to 02, and the phase
change was identified using in situ XRD. Additionally, owing to the
single-phase change, the P2-type layered materials sustain better
structural and cycling stability than the O3-type layered materials
during the cycling proess. However, owing to their lower sodium
content, layered P2-type materials have a lower reversible capacity
than O3-type materials. Hence, owing to their low diffusion barrier
and moral structural integrity, P2-type layered materials consis-
tently demonstrate moral cycling durability and rate capability
compared to O3-type materials [85-88].

4.3. Structural instability

The layered materials typically reveal poor air stability due to
surface sensitivity to environmental surroundings and ease of
insertion of the air moisture, apart from the structural transforma-
tions and sluggish kinetics. In terms of air stability, the reaction
processes of water on various crystal structures of layered oxide
cathode materials are different. For example, in the P2 type struc-
ture, water molecules can insert into the sodium layer to generate
a Na,TMO,.yH,0 hydrate phase. Nonetheless, layered structure
(Nay,TMO,) phase can be regenerated through heat treatment to
remove the water molecules [14].

Recently, Zuo et al. [89] prepared layered P2-type NagezMnO,
and P2-Nag 67Mng g7Nig 330, cathode materials for SIBs via classical
solid-state reactions. Moreover, using various characterization
techniques, such as in situ XRD, TOF-SIMS, solid-state NMR, and
first-principles calculations, the chemical and structural degrada-
tion mechanisms of the prepared layered cathode materials were

Elemental phase
composition

Small amount of
elemental doping

Structural design

Surface alteration

Fig. 3. Main issues and tactics of the layered materials for SIBs.
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thoroughly examined in diverse ambient atmospheres. Further-
more, Xu et al. [90] reported that the insertion of CO, into the Na
layers along the (003) planes of Na,TMO, led to the initial forma-
tion of Na,CO; nano seeds between the TM layers (layered-
structure materials). This initiates the extrusion of Na,COs; from
Na,TMO, and rapid structural degradation with surface cracks. In
addition, the particle shape, crystal orientation, and ambient
humidity were significantly associated with the extent and path
of Na,TMO, degradation. Surprisingly, degraded layered-structure
materials can be entirely modified via optimum recalcination,
resulting in enhanced air stability and electrochemical properties.

5. Tactics of layered structure materials

Recently, many researchers have evaluated methods to solve
these three main issues. To improve the electrochemical perfor-
mance of cathode materials with a layered structure, four key
strategies are available: elemental phase composition, a small
amount of elemental doping, structural design, and surface alter-
ation (Fig. 3). During sodiation and de-sodiation, a small amount
of elemental doping is regularly used to inhibit irreversible struc-
tural transformations. To reduce the side reactions that occur
between the electrolyte and particle surface, surface modification
is performed, and it is possible to protect the layered material from
atmospheric CO, and humidity. Researchers can modify the phase
and structure of electrode materials to obtain suitable cathode
materials.

5.1. Elemental phase composition

To date, most studies have evaluated the P2, 03, and P3 phases
in layered cathode materials. Owing to the irreversible phase
changes, the initial Coulombic efficiency is lower in P2-type mate-
rials. However, the sodium-ion diffusion rates are higher in the P2-
type layered materials. Layered P3-type structured materials have
greater interlayer spacing than P2-type structured materials,
which provides broader pathways for sodium ion diffusion and
exhibits enhanced rate performance. Furthermore, layered O3-
type structural materials have higher sodium content but poor
cycling properties during the cycling process. Therefore, research-
ers have devoted attention to studying better structures to obtain
excellent electrochemical performance. By incorporating the
advantages of the different phases, a composite material was
obtained that provides a novel approach for obtaining new layered
cathode materials with good electrochemical performance.

For instance, Zhang et al. [91] synthesized a layered P3/03
biphasic Nay;3Mny3Tiy3Niy;30, cathode material for SIBs using
the sol-gel method. The capacity retention of 69% at 0.1 C after
2000 cycles in the voltage range of 2.5-4.15 V with outstanding
cycling performance and high rate capability is provided by the
P3/03 biphasic cathode materials. Liang et al. [92] prepared lay-
ered P2—Na2/3Mn2/3Ni1/302 (NM), co—doped N82/3Ni2/9Mn5/9F61/9—
Mg1/902 (NMFM), and Na7/9Ni2/9F61/9Mn4/9Li1/9Mg1/902 (NMFML)
cathode materials via classical solid-state reactions for high-
energy SIBs. The novel P2/03 biphasic NMFML cathode material
successfully suppresses destructive P2-02 phase changes, alleviat-
ing internal stress at high voltages during electrochemical cycling.
Because of the combination of the stabilizing dopant materials (Li,
Mg, and Fe) and suppressed dissolution of active materials, the pre-
pared NMFML cathode material exhibited improved Na-ion diffu-
sion kinetics and enhanced structural durability. After 500 cycles,
the NMFML cathode material had an excellent capacity retention
of 72% at 1 C, a superior rate capability of 106.6 mA h g ' at 10
C, and a high initial discharge capacity of 170.5 mA h g!
(Fig. 4a-i). In addition, several layered biphasic-based cathode
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materials have been incorporated, such as P2/03 biphasic Nags7-
Mgo.15Mng 425F€0.42502  [93], P2/03 NagsgFegolig2Mngs0, [94],
P2 + 03 type NaO'GGMn0'71LiongOo'ogNileOzﬂ; COmpOSites [95],
P2/03-phase Nay;3MnggLip1sFeg20, [96], P2/P3 biphasic Nag-
Mnyg 67Lio 06Nio.22Mgo0.0602 [97], P2/O3 biphasic Nag;Fegsslio 11~
Mnyg36Tig.1702 [98]. Moreover, it provides an innovative method
for enhancing the performance of layered materials by combining
the distinct benefits of various phases. Although there are particu-
lar benefits to this modification technique, it is necessary to further
study the mechanism of interactions between various phases and
the preparation of composite materials.

5.2. Small amount of elemental doping

Because transition metal ions undergo irreversible migration
during the charge and discharge processes, the transition metal
ions in the layered structure can degrade their performance. This
may lead to irreversible structural transformations and distortions
of the materials. To solve these problems, a minimum amount of
electrochemically active/inactive transition metals (for example,
Ti, Mg, Al, Zn, Cu, F, and Li, etc.) doping into TMO layers (Na,TMO,)
has been demonstrated to be beneficial. The doping ions are classi-
fied into two types: cations and anions. Doping with a small
amount of transition metals has been demonstrated to be useful
for many-layered cathode materials owing to its enhanced struc-
tural and cycling stability, enhanced rate performance, increased
long-term stability, and improved operating voltage. Anion doping
is commonly used for polyanions, whereas cation doping is used
for both layered materials and polyanions. Furthermore, cation
doping is effective in generating predictable results only in a small
number of cases; however, anion doping has been shown to have
few side effects [99,100].

5.2.1. Cationic doping

Cationic doping is used to avoid irreversible phase changes and
improve the electrochemical properties of layered materials. The
connection between TM and O can be strengthened to some extent
by sharing oxygen with other transition metal elements, and the
Jahn-Teller distortion can be reduced to some extent by doping.
Hence, the phase changes were inhibited, and the mobility of
TMOg was reduced. Hu et al. [46] prepared a minimum quantity
of Cu-doped P2-Nagg7Cug 1Nig225Mnge750, cathode material for
SIBs via a classical solid-state reaction. Owing to the minimum
quantity of Cu doping in the Mn site, the percentage of Mn>* is
diminished, which alleviates Teller distortion. Therefore, the cath-
ode material has better structural stability and rate capability. In
addition, phase transitions and Na*/vacancy ordering changes were
further inhibited by Cu doping at high voltages during the electro-
chemical reaction. Consequently, the capacity retention and high-
rate performance of the prepared materials were improved.

Generally, P2-type layered-structure materials have a higher
interlayer spacing than O3-type layered-structure materials; this
is associated with the greater conductivity of sodium ions during
the discharge and charge processes. The interlayer spacing of the
layered materials was adjusted by elemental doping. Hou et al.
[48] prepared layered P2-type Naggz;Mnge7Nig330, and a small
amount of Mg-substituted manganese-based (Nagg;Mgo1Mngg7-
Nig»30;) cathode as promising SIBs. Owing to the shrinkage of
the TMOg octahedra and the reduction of the TM-O bond lengths
caused by Mg doping, the Na-ion diffusion layer expands during
cycling. Accordingly, sodium ions were easily intercalated during
the electrochemical reaction owing to the increased NaO, layer
thickness and the decrease in the TMO, layer thickness (Fig. 5a
and b). After 100 cycles, the Mg-doped Nag g;Mgg 1Nig23Mng 670,
cathode material sustained a discharge capacity of 85 mA g™!
and demonstrated an initial discharge capacity of 105 mA h g~'.
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Without the Mg-doped cathode, the discharge capacity was high,
but the cycling stability was poor, as shown in Fig. 5(c). Therefore,
a minimum amount of Mg doping in the TMO layers enhanced the
structural stability, cycling durability, and rate capability of the
prepared cathode materials cycling [47].

Moreover, titanium (Ti) is a superior substituent for enriching
the electrochemical performance of layered-structure materials
compared to electrochemically inactive elements such as Mg and
Al, owing to the significant total charge variation that contributes
to capacity [101]. The layered P2-type NagsNig25Tig.15Mnge002
cathode material was prepared and its electrochemical perfor-
mance was examined in detail by Zhang et al. [102]. The structural
stability of the synthesized cathode material was improved using
the least amount of Ti doping at the Mn sites, which prevented
Mn>* dissolution and Jahn-Teller distortion. The doping of Ti by
inhibiting Na* vacancy ordering can smooth the charge and dis-
charge curves between the voltage ranges of 2-4 V. Besides, the
P2 and 02 phase changes of the prepared layered cathode materi-
als at high voltages can be prevented using the least amount of Ti
doping. Therefore, doping with a small amount of a transition
metal (Ti) significantly enhances the structural and cycling stabil-
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ity and improves the rate performance of the prepared layered P2-
type cathode material for SIBs [103-105].

5.2.2. Anionic doping

Another approach for tailoring layered cathode materials pro-
posed in SIBs involves doping with various anions, such as S, Cl,
and F. Li et al. [106] scrutinized P3-type NagsMng 75Nig250, lay-
ered materials for SIBs for the first time. This exhibited the viability
of the insertion of cations (Na*) and anions (ClOz) into layered
materials. In addition, the anion contribution provided partial
charge compensation for the entire cell redox process, which was
kinetically rapid and maintained. This idea provides innovative
concepts for increasing reversible capacities. Consequently, the
lowest amount of doping can reduce cation fraternization, reduce
oxygen release, prevent irreversible oxygen loss, effectively enrich
ionic conductivity, improve structural immovability, and improve
the electrochemical properties of cathode materials [107,108].

Wang et al. [41] synthesized layered P3-Naggs5Nig25Mng 750,
(NaMNO), F (ﬂuorine)—doped P3—Nao_GSNi0.25Mn0.75F0_1O]Vg
(NaMNO-F), and B (boron)—doped P3-Nao.ssNi0'25Mno‘75Bo'102
(NaMNO-B) cathode materials using a hydrothermal method for
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the development of SIBs. First, F doping maintains a strong bond
between TM and F and suppresses P3-O1 phase changes; thus,
the F-doped cathode material exhibits good cycling performance
during the cycling process. Second, B (boron)-B-doping stabilizes
the structure and suppresses the oxidation and reduction of oxy-
gen anions, and the cathode material can transition from the
unstable P3 phase to a more reliable P2 phase. Accordingly, the
B-doped cathode material exhibited a superior cycle life and rate
performance. Thus, enhancing the electrochemical characteristics
of layered cathode materials with the least amount of nonmetallic
doping is a potential strategy. The initial discharge capacities of the
layered NaMNO-B, NaMNO-F, and NaMNO cathode materials were
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150, 163.7,and 156.3 mA h g~! ata 0.1 current rate of 1.5 to 3.75 V.
The layered NaMNO-B, NaMNO-F, and NaMNO electrodes provided
the capacities of 115.7, 128, and 122.4 mA h g~' with capacity
fades of 0.085%, 0.13%, and 0.225% at 0.5 C after 200 cycles, respec-
tively. In addition, the current density returned to 0.1 C following
the increased rates, and the layered NaMNO-B and NaMNO-F cath-
ode materials almost recovered the maximum capacity compared
to NaMNO, as shown in Fig. 5(d-h). Hence, the F- and B-doped
cathode materials improve the cycling stability, rate capability,
and discharge capacity of SIBs.

It has been thoroughly demonstrated that, in Li-rich materials,
fluorination can delay the decrease in transition metal valence,
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reduce structural distortion, and prevent irreversible oxygen loss
[109]. Zhang et al. [110] prepared a layered O3-type F-doped
NaMny3Niy3Feq301.99F001 cathode material for SIBs via a one-
step solid-state reaction. F-doping regulates the ratio of Mn>*/4*
and the binding energy of oxygen; it can inhibit the Jahn-Teller
effect, and a greater sodium ion diffusion rate can be obtained
via F-doping. Accordingly, F doping improved the rate performance
of the prepared cathode materials and increased their cycling and
structural stability. In addition, F doping increased the ionic and
electronic conductivities of the prepared materials.

A suitable cation or anion can be doped into the electrode to
activate the redox activity of lattice oxygen, thereby increasing
the electrode capacity. For instance, Mg doping creates strong ionic
bonds with oxygen to increase the energy density of SIBs, initiate
the oxygen redox reaction and provide charge compensation.
According to the experimental results, the minimum quantity of
elemental doping can help avoid phase changes, decrease the
Jahn-Teller effect, diminish cation mixing, and enhance the ionic
conductivity to improve the electrochemical performance of the
layered materials. However, the effects of minor elements doped
in layered cathode materials are complex, and further study in this
area is required [111,112].

5.3. Structural design

Layered materials commonly have problems such as significant
volume changes and poor ionic conductivity during the charge and
discharge processes. The aforementioned issues can be resolved by
modifying the size of the cathode materials, producing distinctive
shapes, and developing hollow nano or micro structures. In gen-
eral, spherical particles of uniform size are a good option for
obtaining materials with greater tap density because they have a
greater volume energy density than irregular particles. For exam-
ple, Kaliyappan et al. [61] synthesized layered P2-type Naggg(-
Nig.13C00.13Mng54)0> (Na-NMC-180) spherical-shaped particles
with a uniform size of 5 pm via the hydrothermal method heated
at 180 °C as shown in Fig. 6(a-c). Ethylene, glycol, and urea were
utilized to control the tap density, particle size, and particle shape
of the prepared cathode materials, and the hydrothermal method
was found to be more practical and convenient than the co-
precipitation method. The Na-NMC-180 cathode material has a dis-
charge capacity of 120 mA h g~! at a 1 C rate, a voltage range of 2—-
4.7 V, and a sustained cycling durability of 90% after 150 cycles
(Fig. 6d). The prepared cathode material exhibits superior electro-
chemical performances with a high tap density of 2.34 g cm™ at
the high voltage of 4.7 V. Because of the homogeneous size of
the spherical particles, the layered cathode material has strong
cyclability and a higher energy density; it also promotes sodium
ion diffusion.

The anisotropic transition of the crystal lattice parameters
occurred because of the frequent sodium-ion extraction/insertion
of the cathode and the irreversible phase change during the elec-
trochemical reaction. Consequently, considerable strain and micro-
cracks are observed near the particle boundaries. Additionally, the
constant contraction and expansion of the lattice minimizes the
particle interaction. The rate capability and cycling durability of
the cathode material are reduced for the aforementioned reasons.
Single-crystal particles have good high-voltage stability compared
with polycrystalline particles and provide a solution for intergran-
ular cracks [113]. Su et al. [114] prepared a layered single crys-
talline  Nag;MnO,-nanoplate cathode material via the
hydrothermal method. The Nap;MnO, single crystal was con-
firmed by high-resolution transmission electron microscopy (HR-
TEM) and selected area electron diffraction (SAED), which revealed
a 100-crystal plane (Fig. 6e-h). Consequently, sodium ion insertion
and extraction were facilitated. The prepared cathode material had
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a high initial discharge capacity of 163 mA h g~'. The Nag;MnO,-
nanoplate cathode material exhibited good cycling and structural
stability and high rate performance after cycling.

Because of their significant sodium-ion storage sites and high
specific surface area, hollow nano/micro structured materials have
superior structural stability and high rate performance [115]. Mao
et al. [116] reported layered NaMng sNig 50, hollow microbar cath-
ode materials prepared via a co-precipitation method for SIBs. The
layered cathode material demonstrated excellent rate capability
with capacity retention of 70% after 500 cycles, and the voltage
decay was almost suppressed. Furthermore, Lu et al. [117] reported
that hollow microspheres reduce the ion diffusion length and
improve the contact area with the electrolyte. Volume change
and ionic conductivity issues can be partially resolved using hollow
micro/nanostructured materials. However, hollow nano/micro
structured materials have a lower tap density than solid particles,
resulting in a lower volume energy density. Thus, it is necessary to
achieve an appropriate balance between the electrochemical prop-
erties and energy density.

Furthermore, the electrochemical performance, structural and
cycling stability, vibration density, and rate capability of materials
are mainly associated with the crystal structure, surface morphol-
ogy, and particle size of the cathodes. Single-crystal structured
materials improve the structural and cycling durability of cathode
materials; however, there are some issues with the preparation of
single-crystal structured materials, such as an irregular shape and
size and particle aggregation. In addition, hollow nano/micro struc-
tured materials exhibit good electronic and ionic conductivities
and high specific surface areas. However, they have some draw-
backs, such as lower energy density and intensified side reactions.

5.4. Surface alteration

The performance of batteries degrades because of low ionic con-
ductivity, side reactions between the electrode materials, a large
volume strain, irreversible phase changes, and the dissolution of
layered-structured cathode materials. To solve these problems,
the electrical and ionic conductivities of cathode materials can be
improved by surface treatment, which shields the active portion
of the cathode materials from the effects of CO, and humidity. Fur-
thermore, it reduces the side reactions of the electrolyte and elec-
trode materials and the insulation that forms on the surface of the
cathode material, such as Na,CO3 and NaOH [118-120].

In general, the performance of materials is significantly influ-
enced by coating uniformity and thickness. The materials have
lower ionic and electronic conductivities if the coating is uneven
or thick. Atomic layer deposition (ALD) and molecular layer depo-
sition (MLD) can be used to uniformly coat electrode surfaces with
metal oxides. These techniques have been widely used to enhance
the electrochemical properties of LIB and SIB cathodes. Ramasamy
et al. [2] evaluated a layered Al,03-coated P2-type NagsMng 5Cog s-
0O, cathode material prepared via a polyol method using atomic
layer deposition for SIBs. The Al,03-coated cathode material exhib-
ited a good rate performance and a high discharge capacity of
174 mA h g~'. The formation of the cathode electrolyte interphase
(CEI) layer on the surface was stabilized by surface modification
(Al,03 coating), which minimized electrolyte oxidation at higher
voltages by lowering the charge transfer resistance. In addition,
the durability and cell safety of layered cathode materials can be
maintained through interfacial engineering, even at higher
temperatures.

Kong et al. [121] synthesized layered P2-Nagg;FeqsMngs0,
(MF) and MgO-coated P2-Nagg7FeqsMngs0, (MgO@MF) cathode
materials for SIBs using the sol-gel technique. The MgO coating
alleviated the transformation of the interlayer spacing and irre-
versible phase changes during cycling (Fig. 7a-c). The MgO coating
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improved the ionic and electronic conductivities and reduced the
interfacial resistance. Moreover, the MgO coating hindered transi-
tion metal ion dissolution and minimized side reactions between
the electrode material surface and the electrolyte contact, which
increased the structural stability of the materials. Besides, the
capacity retention of the Nag g;Feq sMng 50, cathode materials ratio
was increased from 20% to 70% at a 1 C rate after 100 cycles of
MgO-coating and the rate capability of MgO@MF were obviously
superior compared to bare MF, as shown in Fig. 7(d and e).

Zhang et al. [122] prepared layered Nag44MnO, and 2.5 wt%, 2
wt%, and 1 wt% Al,03 coated Nag44MnO, single-crystal submicron
rods via a conventional solid-state reaction for SIBs. The
110 mA h g! discharge capacity was obtained by the 2 wt%
Al,05 coated Nag 44MnO, submicron rods at a 0.1 C rate in the volt-
age range between 2.0 and 4.5 V, and a capacity retention of 93%
was maintained after 200 cycles (Fig. 7f-i). The Al,03 coating effec-
tively stabilized the Nag44MnO, submicron rod structure, pro-
tected the surface of the produced material from electrolyte
contact, and inhibited volume expansion during cycling. After
500 cycles, the 2 wt% Al,03; coated cathode material was main-
tained at 79% capacity retention in the long cycling performance
with a current density of 4 C than pristine (45%). Therefore, it is
clear that surface alteration significantly enhances the electro-
chemical performance of cathodes [123].
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Moreover, small amounts of elemental doping and surface alter-
ation have received considerable attention as effective and simple
techniques for improving the properties of materials. Nonetheless,
during electrochemical reactions, surface modification is com-
monly used to reduce side reactions between the surface of the
electrode and the electrolyte; however, it cannot prevent structural
volume changes and irreversible phase changes. Therefore, surface
alteration and a minimum amount of elemental doping are typi-
cally utilized to improve the electrochemical characteristics of
sodium-based layered cathode materials. Furthermore, the issues
of poor electrochemical properties, irreversible phase changes,
and instability of the cathode materials can be resolved using the
elemental phase composition, a small amount of elemental doping,
structural design, and surface alteration of the layered materials
[124,125].

Besides, the thermal stability of the layered cathode materials,
which has been examined by a diversity of methods for example
differential scanning calorimetry, time-resolved X-ray diffraction,
and accelerating rate calorimetry. Nonetheless, thermal safety
related problems have not been effectively evaluated. Hwang
et al. [126] investigated that the thermal stability of the P2-
Na,CoO, cathode material for SIBs using real-time transmission
electron microscopy. The surface of Na,CoO, became porous as
the temperature increased due to the thermal decomposition to
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C0304, Co0, and Co with the reduction of Co. At the same temper-
ature, larger cutoff voltages increased the degree of thermal
decomposition. Significant changes in the morphology, as well as
the crystallographic and electronic structures, were observed at
the harshest conditions of 4.3 V cutoff voltage and 400 °C used in
this investigation, as a result of the reduction of Co to the metallic
state and the loss of oxygen, which are serious safety threats to the
battery system’s life. The electrode materials need to be thermally
stable because SIBs are being developed for large-scale applica-
tions, which raise the risk of heat management failure and the neg-
ative effects of unwanted excessive heat. Hence, in order to
increase thermal stability, the layered cathode materials should
be improved. In order to prevent the thermal degradation of lay-
ered cathode materials for SIBs, techniques including surface coat-
ing, adding and optimizing transition metal compositions into the
structure or controlling the crystal structure are thought to be
beneficial.

6. Recent research progress on layered materials for SIBs
Many researchers have extensively evaluated the development

of layered-type cathode materials for SIBs, especially layered struc-
tures such as unary, binary, ternary, quaternary, quinary, and
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senary-based 03- and P2-type cathode materials. Recent research
progress on the aforementioned layered materials is described in
detail below.

6.1. Unary, binary, ternary, quaternary, quinary, and senary-based
03-type cathodes

Lin et al. [127] prepared an oxygen-vacancy-enriched NaCrO-_,
(OV-NCO) cathode material and a NaCrO, (S-NCO) cathode mate-
rial via hydrogen reduction assisted by the spray drying method
and the conventional solid-state method for SIBs, respectively.
Ex-situ XRD and XPS demonstrate the exact process by which
oxygen vacancies limit hazardous phase changes and store the
majority of the overall capacity of O3-type exposed materials.
The OV-NCO cathode material provides a capacity retention of
80.2% and a discharge capacity of 116.6 mA h g~ ! at a 5 C rate after
400 cycles in the voltage range between 1.5 and 3.8 V. The S-NCO
cathode material provides a capacity retention of 42.5% and a dis-
charge capacity of 99.6 mA h g~! after 400 cycles in the voltage
range from 1.5 to 3.8 V at a 5 C rate. This suggests that the OV-
NCO cathode exhibits superior cycling stability to that of S-NCO
for high-rate SIBs. Jayachitra et al. [128] synthesized an activated
carbon-coated O3-NaFeO, (Ac-coated NIO) cathode material for
SIBs via a hydrothermal method. The carbon coating on the surface
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alters the NIO surface, reduces the charge transfer resistance,
improves the electron transport characteristics, and activates the
SEI layer. Consequently, the electrochemical performance of the
cathode material produced for SIBs was improved by the Ac-
coated NIO. Alam et al. [60] synthesized fluorine (F) added O3-
NaFegsMgys0, cathode material through the hydrothermal
method. The addition of fluorine stabilized the cathode material
even at higher voltages and improved its electrochemical perfor-
mance. For example, it offered a discharge capacity of
171.35 mA h g~! at 50 mA g~! with a capacity retention rate of
89% after 100 cycles in the voltage range of 2.0-4.5 V.

Xu et al. [129] prepared an O3-type layered NaFeq>Nig3Mng 50,
cathode material for high-energy SIBs using a solid-phase method.
Owing to the more stable transition metal oxide layer and the inhi-
bition of the Jahn-Teller effect induced by Mn>", the layered 03-
type cathode material had a capacity retention of 77% after 100
cycles and an initial discharge capacity of 139 mA h g~! between
2 and 4.2 V at a 0.1 C rate. Furthermore, owing to its higher Na* dif-
fusion rate and wider Na layer spacing, O3- NaFeg;Nig3Mngs0,
has a discharge capacity of 116 mA h g~! at 5 C. Therefore, the pre-
pared layered O3-type cathode material is a potential candidate for
commercial SIBs. Zhao et al. [130] synthesized a layered 2 wt%
NaTi,(PO4); coated O3-type NaFe;;Nij;3Mny;30, (2 wt% NTP-
coated NFM) cathode material using a co-precipitation method
for high-rate SIBs. The electrolyte decomposition and solubility of
redox-active metals were protected from hydrofluoric acid (HF)
assault by the 2 wt% NTP coating. The movement of Na* ions
may also have increased. In addition, Ti** was incorporated into
the crystal structure, which enlarged the interlayer gap, improved
the Na* diffusion coefficient, produced faster Kinetics, and
decreased the charge-transfer impedance. The 2 wt% NTP coated
NFM cathode material significantly enhanced the cycling perfor-
mance; for example, it exhibits a better rate capability and a capac-
ity retention of 77.5% after 100 cycles at 0.1 C.

The layered O3-type NaNi0A45Mn0A4MgOA05Ti0.102 (NMMT) cath-
ode material was successfully prepared via a classical solid-state
reaction by Zhao et al. [131]. Mg and Ti co-doping in the TMO lay-
ers suppressed multiple phase transitions (03-0'3-P3-P'3-03’) and
exhibited a single phase change (03-P3). The NMMT cathode has a
high discharge capacity of 86.6 mA h g~! after 100 cycles in the
voltage range of 2.0-4.5 V and a capacity retention of 82.3% after
200 cycles in the voltage range of 2-4 V at a 1 C rate. There are only
a few examples of the outstanding cycling performance of NMMT
cathodes. Co-doping can efficiently enhance the structural durabil-
ity and integrity as well as the cycling performance of the prepared
material for SIBs. Gogula et al. [132] prepared an O3-type NaNig s-
Tip3C00.1Sbg 10, cathode material for high-energy SIBs using a
facile solid-state reaction. Various oxidation-state transition met-
als such as Ni, Ti, Co, and metalloid Sb in the layered composition
lead to the creation of a cation-disordered structure, which
improves the redox, structural durability, electronic conductivity,
and working voltage. In addition, co-doping inhibited multiphase
changes during electrochemical reactions. Therefore, the prepared
03-type cathode material enhanced the structural and cycling
durability of SIBs.

Zhang et al. [133] synthesized a layered O3-type La-doped Na
(Nig.4Mng 4Cug 1Tig.1)1-0.001L20.00102 (NMCT-Lag go1) cathode mate-
rial for SIBs using spray pyrolysis. The diffusion coefficient of
sodium ions is increased by La-doping because it widens the inter-
layer space of the layered oxides. Owing to the higher bonding
energy of La-0, La doping inhibits the Jahn-Teller effect induced
by Mn3'. After 30 days in the air and soaking in water, the
NMCT-Laggo; could still maintain its original composition and
exhibited a reversible capacity of 129 mA h g . In addition, a small
amount of La substitution in the TMO layer improved the cycling
and structural stability. Consequently, La doping provides a quick
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and effective way to develop high-rate cathode materials for SIBs.
Tian et al. [134] prepared a high-entropy oxide six-component-
layered O3-type Na(Nio'zTio'zsnojLio']Feo'2C00'2)02 (NFCNTSL) cath-
ode material for SIBs using a standard solid-state reaction. High-
entropy oxides can efficiently inhibit phase transition, improve
structural stability and provide excellent long-term durability.
The improved electrochemical properties are caused by the disor-
dered distribution of (multi-component) transition metals in the
HEO, which inhibits the ordering of sodium vacancies and electric
charges, thereby avoiding phase changes and interlayer movement.

High entropy oxides (HEOs) are a novel technique to develop
advanced materials with unique features like traditional materials
with only one or many dominant elements cannot attain. HEOs are
multielement metallic systems that can crystallize in a single
phase, with distinct systems having various crystal forms, such
as spinel, single-phase rock-salt, and perovskite structures. In gen-
eral, five or more main elements share the equiatomic positions in
HEO, which can stabilize the solid-solution state. Because of their
exceedingly complex composition, these materials frequently
reveal excellent performances like high strength, high fracture
toughness, worthy energy storage properties, and good high/low
temperature performance, etc. For example, the HEO material, such
as the layered cathode O3-type NaNig2,C0g.15Cuq.12Fep.155n0 1-
Mgo.12Mng.1Sbg.04Tio.10, (NMCFCMSTS) material, was effectively
prepared via the traditional solid-state reaction by Zhao et al.
[135] for SIBs. The NMCFCMSTS cathode material has a better rate
capability with a capacity retention of 80% at a 5 C rate and long-
term cyclability at various C rates; for example, a capacity reten-
tion of 83% in the voltage range of 2-3.9 V after 500 cycles. More-
over, in the O3-type domain, which displays a highly reversible 03-
P3 phase-transition behavior, more than 60% of the total capacity
can be observed. Besides, The HEO of the NMCFCMSTS cathode
material provides a discharge capacity of 110 mA h g~ with a
greater rate capability and long-term cycle stability. According to
the above mentioned results, the high-entropy chemistry will open
new opportunities to tailor advanced layered structured cathode
materials.

Moreover, Peng et al. [136] synthesized a layered O3-type
NaNiostn0.502 (NNMO) and Al—doped O3-N3Ni0'45A10'1MHO_4502
(03-NNAMO) cathode materials for SIBs using traditional sol-gel
method (Fig. 8a-e). When a small amount of Aluminum (Al) is
doped, the TMO,, layer decreases and the Na layer increases, show-
ing that Al doping considerably changes the local chemical envi-
ronment. Hence, the sodium ions easily migrated during the
electrochemical reaction. The effect of local chemical environment
regulation is confirmed simultaneously to inhibit the complicated
phase transitions and decrease the sodium ions diffusion energy
barrier, which are the reason for the impressive enhanced electro-
chemical performances of the cathode materials. Besides, the TEM
image confirms that the 03-NNAMO material is composed of irreg-
ular nanoparticles. The O3-NNAMO cathode has a high discharge
capacity of 104 mA h g' and capacity retention of 82.6% after
100 cycles with good rate performance in the voltage range of 2-
4V at a 0.1 C rate. Therefore, Al-doping can efficiently enhance
the structural durability and integrity as well as the cycling perfor-
mance of the prepared material for SIBs. Furthermore, the recent
research overview of methods and electrochemical performances
of the layered O3-type unary, binary, ternary, quaternary, quinary,
and senary based cathode materials are listed in Table S1.

6.2. Unary, binary, ternary, quaternary, quinary, and senary-based P2-
type cathodes

The layered P2-NaCoO, cathode material was effectively syn-
thesized via sol-gel for high-rate SIBs by Boddu et al. [137]. The
well-ordered highly crystalline layered P2-NaCoO, structure was
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obtained and optimized the condition at 750 °C for 28 h using
high-temperature furnace without any impurities, which can
improves the sodium ion storage capacity. According to the condi-
tion, it revealed excellent electrochemical performance at different
current densities for SIBs. Wen et al. [138] prepared titanium (Ti)
and fluorine (F) doped P2-type P2-Nag;MnO, o5 cathode material
for long life and high capacity SIBs using typical solid-state reac-
tion. Ti and F co-doping considerably inhibits the irreversible phase
transitions, improves the electrochemical kinetics, decreases the
structural deformation, and enhances the structural stabilization.
High discharge capacity of 227 mA h g ! in the voltage range of
2-4.2 V at 20 mA g~ !, improved rate capability, and long-term
cycling durability with capacity retention of 96.2% at 1 A g ! after
200 cycles is all provided by the co-doped layered P2-Nag;MnO; o5
cathode. Therefore, high capacity and stable P2-Nag;MnO, o5 cath-
ode material is auspicious solution for practical SIBs applications.

Kim et al. [139] synthesized layered P2-Nagg;Cug33Mngg702
cathode for emerging SIBs using spray pyrolysis method. The high
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crystalline layered Nagg7Cup33Mngg;0, structure was obtained
and optimized the condition at 750 °C for 10 h; it can increase
the sodium ion storage capacity. The fast sodium ions transport
kinetics of Nagg7Cug33Mnge;0, led to good rate capabilities and
stable cycling performance for Na* storage properties and during
electrochemical reaction, no phase changes were observed. Fur-
thermore, the layered P2-type carbon coated cathode NaMng gLig »-
0, material was effectively prepared via classical SSR for SIBs by
Quyen et al. [140]. The carbon coating has decreased the resistance
and modified the surface of the NaMnggLig,0, cathode material,
which improves the cycling performance, capacity, coulombic effi-
ciency, and rate capability. Hence, carbon coated P2-type NaMng g-
Lig20, cathode material enhances electrochemical performance
during cycling process for SIBs.

Zhang et al. [141] synthesized the single crystal hexagonal
prism like P2-N.o66 Zn0_07Ni0,26Mn0_6702 (MC—NNZM) layered cath-
ode material for SIBs using combined co-precipitation and molten-
salt method. The effective TMO, slab gliding suppression, which
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results in a significant reduction in the volume change of MC-
NNZM during electrochemical reaction, is shown to be the cause
of the good electrochemical properties of MC-NNZM at high volt-
age. Thus, irreversible intergranular cracking and dislocations
caused by mechanical stress can be significantly decreased in
MC-NNZM, in contrast to the layered oxides composed of ran-
domly oriented crystal planes. Additionally, the cathode has supe-
rior ionic/electronic transport performance because the robust
single-crystal structure inhibits the continual accumulation of
resistive side-products on the material surface caused on by elec-
trolyte dissolution. In addition, the MC-NNZM provides a discharge
capacity of 122.1 mA h g~! with the capacity retention of 95.8%
after 100 cycles at 10 mA g~ '. Therefore, the P2-type layered oxides
electrochemical performance will be further enhanced by single-
crystal particle size at high voltage. Deng et al. [142] synthesized
the layered P2-type Co (cobalt)-doped and Al; gCoq,03 coated
Nage7Mngg7Nig330, cathode material for SIBs using co-
precipitation method. The Co-doping increases the rate capabilities
but decreases the initial discharge capacity. Besides, the Al; gCog -
O3 coatings hinder the interfacial side reactions and sustain the
structural integrity of the cathode. The capacity retention of the
layered Co-doped and Al; gCog,03 coated Nagg7;Mnge7Nig 330>
(84.8%) is increased than pristine (65.8%).

The layered P2-type Cu and Li dual doped Nagg3CuggyLigo7-
Mnyg 57Nig 290, (NLCMO-2) cathode was successfully synthesized
through sol-gel method (citric acid assisted) for high energy SIBs
by Anilkumar et al. [143]. The Cu and Li co-doping improves the
electrochemical performances compared to pristine. By suppress-
ing the P2-02 phase transition, doping of Li and Cu acts as a struc-
tural support to stabilize the structure, increase the capacity at
high voltage, and improve the sodium content. The co-doped P2-
type cathode provides better discharge capacity of (110 mA h g~1)
with the capacity retention (85%) at 0.2 C rate after 200 cycles than
pristine. Hence, co-doping in the TM site provides a cost-effective,
stable, and high-performance cathode material for SIBs.

Furthermore, Ouyang et al. [144] synthesized layered K* (potas-
sium) doped P2-Nag g7;MngsCug 1Nig 30, cathode for high rate SIBs
using sol-gel method. In order to accommodate more sodium ions
and produce rapid ion transport channels, the greater atomic
radius of potassium ions occupies the sodium ions sites and
enlarges the interlayer space. Besides, the increased layer gap gen-
erated by K* doping correlates to multiple-layer oriented stacking
nanoflakes, which is extremely favorable for sodium ion transport.
The K* doped cathode material displays excellent rate capabilities
and cycling durability for instance, it have the capacity retention
(92.8%) after 100th cycles at 0.1 C rate than pristine. Additionally,
K" doped layered P2-type cathode material enhances stability of
the materials when exposed to air and water conditions and also
serves as a fortunate solution for promising SIBs.

The layered Ca (calcium) and Mg (magnesium) substituted P2-
type cathode material Nagg4Cap.03(Mng.esNio.17C00.17)0.0M80.102
was successfully synthesized via co-precipitation method for SIBs
by Su et al. [145]. The Mg substitution enhances the structural
integrity of the P2-type cathode by preventing P2-02 changes dur-
ing charge and discharge. Besides, the Minimum quantity of Ca-
doping in TMO sites enlarges the lattice spacing and increase the
reversible capacity of electrode. Consequently, it reveals that the
Ca and Mg co-doping can improve the cycle stability and rate capa-
bility of Nagg7Nig.17C00,17Mnges02 for SIBs. Moreover, Fu et al.
[146] prepared multicomponent P2-type layered Nay3Nig22-
Mng 67Ti0.02Alp.02CU0.0502 (NaNMTAIC) cathode material for SIBs.
The small amount of Al (aluminum) substitution in TMO site
decrease Jahn-Teller distortion. The small amount of Cu (copper)
substitution in TMO site provide new redox center. The small
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amount of Ti (titanium) substitution in TMO site expands the inter-
layer distance. The NaNMTAIC P2-type material has outstanding
high-rate performance and ultra-long cycling stability; for exam-
ple, after 900 cycles at 10 C rate, it has a reversible capacity of
66 mA h g~!. Hence, Al, Cu, and Ti substituted layered P2-type
cathode material is suitable for high performances SIBs. Addition-
ally, the layered P2-Nagg7Nig23Mgo1Mngg;0, (NMM) and P2-
Nag 67Nig23Mgo.1SNg,02Mng 6502 (NMMS2) cathode materials were
successfully prepared via a classical solid-state reaction by Yuan
et al. [147]. The P2-NMMS2 material delivered the discharge
capacity 110 mA h g~' and capacity retention of 80% after 500
cycles. After the high rate cycles, the current density returned to
10 mA g~ ' and the NMMS2 restored maximum capacity, implying
that the NMMS2 cathode improved the sodium ion transport kinet-
ics (Fig. 8f-i). Besides, Mg and Sn co-substitution in TMO layer con-
siderably improve moisture stability, Na* diffusion, and structural
reversibility. Due to robust TMO, slabs with expanded lattice spac-
ing and strong SnO bonds, the P2-NMMS2 cathode demonstrated
outstanding rate capability and cyclic stability. Therefore, the pre-
pared layered P2-NMMS2 cathode material is a potential candidate
for commercial SIBs.

Furthermore, recently, the layered structured P2-type
Nag.67(Mng 55C00.24Nig 21)0; (low-entropy), Nag 67(Mng 45Tig.1Nig.15-
C00.24Mg0.,03)02 (medium-entropy), and Nageg;(Mng45Tig1Nio 18-
C0¢.18Mgo.03Alp.04Fe002)02 (high-entropy) cathode materials were
effectively synthesized through a traditional solid-state reaction
for SIBs by Wang et al. [148]. In the potential ranges of 2.6-4.6 V
and 1.5-4.6 V, it was discovered that the high-entropy cathode
material exhibited superior reversibility during cycling. Con-
versely, in the case of low-entropy, rapid capacity fading was
observed and moderate capacity decay for medium-entropy. Com-
bining ex-situ XRD and operando, it was found that after many
cycles, all materials tend to undergo a solid-solution reaction,
accompanied by a weakening of the P2 — 02 phase transition.
The high entropy cathode material serves to mitigate phase transi-
tion and sustain structural stability compared to low and medium-
entropy. Overall, the high-entropy approach is an auspicious way
for enhancing electrochemical properties of the P2-type layered
cathode materials for practical SIB applications. Moreover, the
recent research overview of methods and electrochemical perfor-
mances of the layered P2-type unary, binary, ternary, quaternary,
quinary, and senary based cathode materials are listed in
Table S2. According to the above mentioned results, the small
amount of transition metal substitution in TMO layer improved
cycling and structural stability of the O3 and P2-type layered cath-
ode materials during electrochemical reaction by suppressing
phase transition, increasing ionic conductivity, and decreasing
Jahn-Teller distortion. Therefore, minimum quantity of TMO sub-
stituted layered O3 and P2-type cathode materials are promising
solution for SIBs systems.

Finally, the layered O3 and P2-type transition metal oxide cath-
ode materials exhibits high specific capacity, outstanding rate
capability, and worthy structural and cycling stability. Besides,
03 and P2-type layered cathode materials have the benefits of easy
synthesis process, plentiful and low-cost raw materials, non-toxic,
and ecological friendly for SIBs. However, additional optimization
of their energy density, cycle life, coulombic efficiency, and air sta-
bility is still required for practical applications.

7. Conclusion and perspectives

The research on layered Na transition metal oxide cathode
materials for SIBs was extensively discussed in this review article.
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The structural classification, material preparation, difficulties, and
strategies for O3 and P2-type cathode materials were discussed.
The main problems with layered O3 and P2-type cathode materials
include numerous phase changes, poor air stability, and poor elec-
trochemical performance during electrochemical reactions. More-
over, many appropriate tactics have been designed to solve the
above-mentioned problems, for example, modification of elemen-
tal phase composition (the mixed prismatic and octahedral bipha-
sic phase), small amounts of elemental doping (Ti, Mg, Al, Zn, Cu, F,
and Li), structural design (hollow nano or micro structures), and
surface alteration (AL,O3 coating and MgO coating). Furthermore,
the current research progress on layered unary, binary, ternary,
quaternary, quinary, and senary-based O3 and P2-type cathode
materials for SIBs was systematically evaluated.

Nevertheless, many factors must be addressed, particularly in
terms of cost-effectiveness. The enhancement of the energy den-
sity should be the primary goal of future research on layered
sodium transition metal oxide cathode materials for SIBs, offering
a steady sodium storage performance over a higher voltage range
and greater specific capacity via oxygen redox reactions. Research-
ers across the world are constantly evaluating the best methods for
manufacturing novel materials to produce batteries with low cost,
long cycle life, and high energy density. Further optimization is
required for other components in battery systems, including the
electrolyte, separator, and anode. Although there are still many
obstacles to overcome, we believe that layer-structured cathode
materials may be useful in promoting the widespread use of inex-
pensive SIBs for large-scale energy storage applications in the near
future.
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