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Abstract: Layered oxide is a promising cathode material for sodium-ion batteries because of its high-capacity, high operating voltage, and
simple synthesis. Cycling performance is an important criterion for evaluating the application prospects of batteries. However, facing
challenges, including phase transitions, ambient stability, side reactions, and irreversible anionic oxygen activity, the cycling performance
of layered oxide cathode materials still cannot meet the application requirements. Therefore, this review proposes several strategies to ad-
dress these challenges. First, bulk doping is introduced from three aspects: cationic single doping, anionic single doping, and multi-ion
doping. Second, homogeneous surface coating and concentration gradient modification are reviewed. In addition, methods such as mixed
structure design, particle engineering, high-entropy material construction, and integrated modification are proposed. Finally, a summary
and outlook provide a new horizon for developing and modifying layered oxide cathode materials.

Keywords: sodium-ion battery; layered oxide materials; cycling performance; bulking doping; surface coating; concentration gradient;

mixed structure; high-entropy

1. Introduction

The growing environmental problems caused by increas-
ing fossil fuel consumption have gained considerable atten-
tion. Sustainable energy sources, such as wind, tide, water,
and solar, have been exploited to mitigate the energy crisis
and environmental pollution. These energy sources are re-
gional, intermittent, and climatic, so developing electrical en-
ergy storage technology to provide continuous, controllable
energy is a key link in sustainable energy applications [1].
Among these electrical energy storage technologies, lithium-
ion batteries (LIBs) have been successfully commercialized
in portable electronic devices and electric vehicles because of
their high energy density and excellent cycling performance.
However, the limited resources and uneven geographical dis-
tribution of lithium have raised concerns about cost and raw
materials availability. Sodium-ion batteries (SIBs), with a
similar “rocking chair” principle to LIBs, are considered an
ideal complementary technology to LIBs because of the
lower price and abundant reserves, suitable for electric
vehicles and large-scale grids.

As a critical component of SIBs, cathode materials de-
termine the electrochemical properties of SIBs. To achieve
high performance for SIBs, various types of compounds have
been studied as potential cathode materials, including layered
oxides [2], polyanionic materials [3], and Prussian blue ana-
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logs. Layered oxides have been considered the most prom-
ising materials due to their high-capacity, high operating
voltage, and simple synthesis. Layered oxides (Na,TMO,,
TM = Mn, Fe, Ni, Co, Cr, V, Ti, Cu, etc.) can be mainly
grouped as O-type and P-type according to Delmas’s nota-
tions, as shown in Fig. 1(a) [4]. O and P represent Na ions oc-
cupying the octahedral (O) sites and trigonal prismatic (P)
sites, respectively. The number after the letter refers to the re-
peating number of alkali-metal layers. For example, P2
means that Na ions occupy the P sites and the repeating num-
ber of Na ions layer is 2. Generally, layered oxides with a Na
content in the range of 0.3 < x < 0.7 show a P2 structure,
while an increasing Na content trends to an O3 structure. The
interactions between electrostatic cohesion force and electro-
static repulsive force change with Na content and show dif-
ferent interlayer distances. Thus, the ratio of ~1.62 between
the distance of the Na layer and the distance of the transition
metal layer has been used to distinguish P2 and O3-type
structures [5]. On this basis, considering the extent of the
cation electron density, the cation polarizability, and the ion-
ic potential anion, Zhao et al. [6] proposed cation potential to
elucidate the formation principle of different structures in
layered oxides, and it is shown that small differences in TM
or Na content will obviously lead to a phase structural change
(Fig. 1(b)). In terms of cation potential, a high Na content
represents a large mean Na ionic potential, which increases
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Na in octahedral (O) sites
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Fig. 1. (a) Schematic of the crystal structures for P2 and O-type layered oxides and (b) cationic potential and its use in Na-ion
layered oxides (d(O_NH)) and dgo v refer to the interlayer distance of the Na metal layer and the TM layer, respectively.

Dy - Dra

Deation = ————, refers to cationic potential, where Drm represents the weighted average ionic potential of TMs, Do represents

0 I

the ionic potential anion, PN, represents the weighted average ionic potential of Na. Na, and Na, refer to the Na sites that share the
faces with two TMOg octahedra and the Na sites that share only the edges with TM O, octahedra, respectively.) [6]. From C.L. Zhao,
Q.D. Wang, Z.P. Yao, et al., Science, 370, 708-711 (2020) [6]. Reprinted with permission from AAAS.

the shielding of the electrostatic repulsion between the TMO,
slabs and results in the transformation from the P2 structure
to the O3 structure. Cation potential is only suitable for pre-
dicting a single structure in one composition, not complic-
ated situations, such as an entropy-dominated phase and dis-
ordered compounds resulting from mechanical milling.

In the past several decades, various layered oxides with a
high specific capacity have been explored. O3-NaMnO,, a
typical single transition metal layered oxide, exhibited a dis-
charge capacity of 185 mAh-g ™' between 2.0 and 3.8 V and a
capacity retention of 71% after 20 cycles [7]. Electrochemic-
al performance can be improved by partial substitution of Mn
to form binary transition metal layered oxides. Komaba et al.
[89] synthesized ~ O3-NaNi,sMn, 50, and  P2-
Na,;[Fe pMn;,]O,. O3-NaNijsMn,sO, shows a capacity of
185 mAh-g ' in the voltage range between 2.5 and 4.5 V. P2-
Na,;3[Fe;nMn,,]O, material comprises only abundant and
low price elements and delivers a discharge capacity of 190
mAh-g"' with an average voltage of 2.75 V and a capacity re-
tention of 73% over 30 cycles. Rong et al. [10] reported an
anionic redox reaction of P2-Nay,[Li,4sMng+]0,, which
shows a capacity of 270 mAh-g™' and retains ~150 mAh-g"'
after 30 cycles in the voltage range between 1.5 and 4.5 V.
Wang et al. [11] reported O3-NaLi,;;Mn,;0,, which delivers
a reversible capacity of 190 mAh-g”' by unlocking anionic
redox and shows no discernible voltage fade over 40 cycles.
In addition to the abovementioned layered oxides, a series of
multi-transition metal oxides have been explored. Hwang

et al. [12] designed P2-Na,ss[Nij;Fey1Mngg]O,. It delivers a
capacity of 221.5 mAh-g" in the voltage range of 1.5-4.3 V
and shows capacity retention of 75% after 100 cycles. Wu
et al. [13] reported P2-Nag;Lig o3[ Mgo.15Lig0;Mng 75]O,, which
shows a capacity of 266 mAh-g'. Although the discharge ca-
pacity in partial materials improved substantially, the cycling
performance remains an inevitable issue. As commercialized
LIB cathode materials, lithium iron phosphate shows a capa-
city retention of 86% after 10000 cycles [14], and NCM523
shows a capacity retention of 77% after 5000 cycles [15].
Compared to these materials, the poor cycling performance
of layered oxide materials severely limits the practical ap-
plication of SIBs.

To improve the cycling performance of layered oxides,
this review focuses on challenges, such as phase transitions,
ambient stability, side reactions, and irreversible anionic oxy-
gen activity. Strategies for better cycling performance are il-
lustrated in this review: (1) bulk doping; (2) homogeneous
surface coating; (3) concentration gradient modification; (4)
mixed structure design; (5) particle engineering; (6) high-en-
tropy construction; and (7) integrated modification. It is be-
lieved that this review will help researchers to solve the crit-
ical challenges of layered oxide cathode materials.

2. Challenges of layered oxide cathode materi-
als during the cycling process

The cycling performance of layered oxide cathode materi-
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als is mainly affected by phase transitions, side reactions
between electrolyte/air and electrode material, and irrevers-
ible anionic oxygen activity. The phase transitions may lead
to volume changes and particle cracks, and the structure after
the phase transitions may be irreversible or partially revers-
ible. The side reactions between the electrolyte and electrode
material consumes the Na in the electrode and decreases cir-
culating capacity. Exposed to the air, the cathode material re-
acts with oxygen, water, and carbon dioxide, destroying its
original structure and forming harmful substances. Anionic
oxygen activity contributes to the capacity at high voltage,
but the irreversible oxygen loss will lead to severe capacity
decay and limited cycling stability. Understanding the chal-
lenges faced by the layered oxide cycle process can be tar-
geted to modify the cathode material to obtain longer life-
times. Challenges, including the phase transitions, side reac-
tions between electrolyte and electrode, the effect of air on
the cathode material, and irreversible anionic oxygen activity,
will be described in detail below.

2.1. Phase transitions

In the process of charge and discharge, with the intercala-
tion and deintercalation of sodium ions, the cathode material

Int. J. Miner. Metall. Mater., Vol. 31, No. 7, Jul. 2024

gradually forms different phases, and the irreversible phase
transition and its associated volume changes will harm cyc-
ling performance. Ex-situ X-ray diffraction (XRD) spectra
reveal the phase transition of P2-Nag ¢;Nij ;sFe;,Mng¢5s0,. The
structure change from hexagonal P2 to O2 occurs in the pro-
cess of charging at a working platform of 3.7 V, but the char-
acteristic peaks of O2 still exist at the end of discharge, indic-
ating the irreversible phase transition from P2 to O2 [16].
In the phase evolution of P2-Na,;(Fe;,Mn,,)O, during
charge and discharge, shown in Fig. 2(a), initial P2-
Na,;3(Fe ,Mn,,)O, shows a hexagonal phase with a Cmcm
space group [17]. Upon charging, P2-Na,s(Fe;,Mn;,)0,
maintains a hexagonal phase during the Mn®*'/Mn*" transition
and a solid solution-like two-phase reaction at 4.1 V. The P2
hexagonal phase forms an OP4 phase during the Fe*'/Fe*
transition when the voltage is higher than 4.1 V. Upon dis-
charge, the OP4 phase transforms to the P2-type hexagonal
phase and then returns to the P2-type hexagonal phase when
the voltage is below 2.0 V. The volumes of three structures at
42,2.7,and 1.5 V are 36.7, 41.6, and 42.9 A%, respectively.
The ~12% volume change between the OP4 and P2 phases
contributes to structural instability and poor cycling per-
formance.
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Fig. 2.

(a) Phase evolution of P2-Na,;(Fe;,Mn,;,)O, during charge and discharge [17]. (b) Schematic of the side reaction when

Na, TMO, is exposed to the air [20]. (c) Galvanostatic charge/discharge curves of the Na,;Ni;sMn,;0, electrode for the first cycle at
0.1 C and the corresponding XPS spectra of the Ni 2p and O 1s cores at various charge states and (d) in situ differential electrochem-
ical mass spectrometry (DEMS) analysis of oxygen release during the first charge for the Na,;Ni,sMn,;0, electrode [22]. (a) Reprin-
ted with permission from W.K. Pang, S. Kalluri, V.K. Peterson, ef al., Chem. Mater., 27, 3150-3158 (2015) [17]. Copyright 2015
American Chemical Society. (b) Reprinted with permission from C.L. Xu, H.R. Cai, Q.L. Chen, X.Q. Kong, H.L. Pan, and Y.S. Hu,
ACS Appl. Mater. Interfaces, 14, 5338-5345 (2022) [20]. Copyright 2022 American Chemical Society. (¢, d) Reprinted with permission
from Y. Zhang, M.M. Wu, J.W. Ma, et al., ACS Cent. Sci., 6, 232-240 (2020) [22]. Copyright 2020 American Chemical Society.

2.2. Ambient stability and side reactions

Layered oxide cathode materials are sensitive to the H,O
and CO, in the air. The reaction between the electrode and

H,0/CO, generates a detrimental substance that deteriorates
performance [18]. Take Os-NaNiy;Mny;5Co,50,, for ex-
ample. The characteristic (104) peak of O;-NaNij;Mny ;s
Coy,150, gradually fades and disappears with increasing ex-
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posure time to air, while the characteristic peaks of Na,CO;,
Na,COs5'H,0, and NiO gradually appear and strengthen [19].
Xu et al. [20] kept the prepared O;-NaNi,;Fe;sMn,;0, in an
oven at ~150°C to avoid air attack and then immediately
transferred O;-NaNi,;Fe;sMn,;0, into a glovebox from the
oven. However, a small diffraction peak is still observed at
12.70°, corresponding to the H,O-intercalated hydrated
phase. This trace hydrated phase indicates that Os-
NaNi,sFe sMn; 30, is sensitive to H,O molecules. The au-
thor also revealed that CO, inserts into Na layers along (003)
planes and leads to Na,CO; formation between adjacent TM
layers, inducing fast structural degradation with surface
cracks (Fig. 2(b)). In addition to the air attack, the trace
amount of water reacting with NaPF; in the electrolyte gener-
ates HF, accelerating the dissolution of active metal ions [21].
Moreover, the dissolution of active metal ions accelerates
electrolyte decomposition, finally leading to the decomposi-
tion of electrode materials and a deterioration of electro-
chemical performance.

2.3. Irreversible anionic oxygen activity

Anionic oxygen redox contributes to charge compensa-
tion at high voltages, while irreversible oxygen activity ac-
celerates electrode material decomposition. Zhang et al. [22]
studied the chemical evolution in Na,;Ni;sMn,;0, by XPS
analysis. As shown in Fig. 2(c), O}~ species occur at point II
(charge to 4.2 V), corresponding to the emergence of the O 1s
peak at 530.5 eV in the XPS spectra. From point I to point II
(4.2 V), the O 1s peak intensity strengthens, indicating that
more O}~ species participate in the electrochemical reaction
at a high working voltage. The situ differential electrochem-
ical mass spectrometry (DEMS) in Fig. 2(d) shows no O,
generated when charged from the pristine state to 4.2 V,
while O, suddenly increases when charged from 4.2 to 4.3 V.
This irreversible evolution of 0> /0%~ /O, leads to a sever ca-
pacity loss. Jiang et al. [23] revealed that surface cracks, act-
ive metal ions dissolution, and surface oxygen release com-
bine to cause rapid capacity fading. House ef al. [24] re-
vealed that oxygen loss is not an inevitable consequence of a
high working voltage and oxygen redox. No O or Mg is lost
from Nage;Mgj25Mny7,0,, even at 5 V, because oxygen is
still coordinated with 2 Mn*" and 1 Mg*". This coordination
state ensures oxygen stays in bulk. In contrast, oxygen loss
can be observed from Na, L1, ,sMn, 750, when the local co-
ordination around oxygen is below 3. Thus, the author insists
that oxygen loss is triggered when a high degree of alkali-ion
deficiency leads to coordination around oxygen of less
than 3.

3. Methods for improving cycling performance

To address the abovementioned challenges, many meth-
ods have been explored. Here, seven common methods are
introduced: bulk doping, homogeneous surface coating, con-
centration gradient modification, mixed-phase designing,
particle engineering, high-entropy material designing, and in-

tegrated modification.
3.1. Bulk doping

Bulk doping is the most widely used method for improv-
ing the performance of layered oxide materials. Here, we in-
troduce bulk doping from three aspects: cationic single dop-
ing, anionic single doping, and multi-ion doping.

3.1.1. Cationic single doping

Lattice distortion caused by large lattice strain, abnormal
bond length change, and anisotropic volume change leads to
severe capacity fading in the cycling process caused by the
Jahn—Teller effect of transition metals [25]. The influence of
the Jahn-Teller effect on the material properties of layered
oxides can be effectively mitigated by doping [26-27].
Cationic ions, including Nb*", Mo**, Sb™', Ti*", AI*", Cr’*, B¥,
Mg*, Ca*, K', and Li", are commonly used in bulk doping
[28-29]. Fang et al. [30] introduced the electrochemical inert
ion B*" at the interstitial site in Nay¢Fe,sMn,sO, to mitigate
the Jahn-Teller effect. Mn K-edge X-ray absorption near
edge structure (XANES) spectra during charge and dis-
charge are shown in Fig. 3(al) and (a2). Compared to
NFMO-P, NFMO-B showed a considerably shift during
charge process, indicating more Mn was involved in charge
compensation. The edge peak of pristine NFMO-B appears
considerably sooner than that of NFMO-P because the intro-
duction of B*" cations lowers the valence state of Mn to
achieve charge balance. The extended X-ray-absorption fine
structure (EXAFS) spectrum shows the Mn-O peak at 1.5 V
of NFMO-B shifted from that of NFMO-P, indicating a
lower valence state of Mn at low voltage after B** doping
(Fig. 3(a3) and (a4)). The lower valence state of Mn can mit-
igate the Jahn-Taller effect and improve cycling perform-
ance. As the schematic illustration shown in Fig. 3(a5), the
Mn e, energy level splitting induced by the Jahn—Teller ef-
fect was mitigated by the introduction of B**. As shown in
Fig. 3(a6), NFMO-B maintains a capacity of 114 mAh-g™" in
the voltage range of 1.5-4.0 V at 1 C after 100 cycles, a capa-
city retention of 89%. In contrast, the capacity retention of
NFMO-P is only 64%, which is 24% lower than that of
NFMO-B.

In addition to mitigating the Jahn-Teller effect, doping
can improve internal structural stability. As a water-sensible
material, P2-Na¢;Co,,0Mny0, (pristine) shows two water
phase peaks near 12.6° and 25.4° when charged to 4.0 V be-
cause of abundant Na" deinterlace, leaving enough space for
water molecules to embed. Yang et al. [31] synthesized Ce*'-
doped P2-Na¢,Cog20Mng79Ce0010;, (NCMC) through the
solid-state method. The shrinkage of the TM—O bond length
indicates a stronger electrostatic attraction between the trans-
ition metal ion and the oxygen ion, corresponding to the
stronger Ce—O bond energy and improved structural stability.
Meanwhile, the shorter Ce—O bond suppresses water mo-
lecule embedment into the sodium layer. Compared to the
70% capacity retention of the pristine sample at 1 C after 400
cycles, NCMC exhibits a capacity retention of 91.7% (Fig.
3(bl)). Doping ions function as a pillar and can also improve
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Fig. 3. Ex-situ XANES spectra of the Mn K-edge at (al) pristine, (a2) 4.0 V, and (a3) 1.5 V; EXAFS spectra of the Mn K-edge of
(a4) NFMO-P and (a5) NFMO-B in different Na* extraction/insertion states; (a6) Cycling performance of the NFMO-P and NFMO-B
cathodes at 1 C [30]. (b1) Cycling performances of pristine and NCMC at 1 C [31]. (c1) Formation energy as a function of the posi-
tion of the chromium ion in O3-Na,CrO, and O3-Na,CrgSb140,; (c2) Operando XRD pattern of Na,;,CrgSby140; [37]. Gas re-
lease of (d1) P2-Nay ¢, MnysNi2C0,150, and (d2) P2-Na, ;;Mng ¢Nij,Mg 150, during the initial cycle [38]. (al-a6) H. Fang, H.C. Ji, J.J.
Zhai, et al., Small, 19, 2301360 (2023) [30]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. (b1)
Reprinted from J. Phys. Chem. Solids, 148, X.H. Yang, Y.Z. Wang, J.L. Wang, J.Y. Deng, and X. Zhang, Superior cyclability of Ce-
doped P2-Na, s,C0y,0Mny g0, cathode for sodium storage, 109750, Copyright 2021, with the permission from Elsevier. (c1, c2) Re-
print from Energy Storage Mater., 46, W. Ko, M.K. Cho, J. Kang, et al., Exceptionally increased reversible capacity of O3-type
NaCrO, cathode by preventing irreversible phase transition, 289, Copyright 2022, with the permission from Elsevier. (d1, d2) Re-
print from Nano Energy, 60, Y.F. Wen, J.J. Fan, C.G. Shi, et al., Probing into the working mechanism of Mg versus Co in enhancing
the electrochemical performance of P2-Type layered composite for sodium-ion batteries, 162, Copyright 2019, with the permission
from Elsevier.

structural stability. Qin efal. [32] reported nonelectro- (NMF-Zn0.005), where Zn** serves as a pillar for the stable
chemical active Zn?'-doped O3-NaNigs,sMn,sFe; 321000505 structure during the cycling process. The fewer cracks and in-
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hibited oxygen loss at high voltages result in better cycling
stability of NMF-Zn0.005, which exhibits a capacity reten-
tion of 86.53% after 200 cycles at 1 C. Moreover, doping can
effectively inhibit irreversible phase transitions and trans-
ition metal migration and improve phase transition reversib-
ility [33-36]. Ko [37] reported Sb*'-doped
Nay7,Crog6Sbg 1405, as shown in Fig. 3(cl). First-principles
calculations indicate that Cr migration to Na layers is ther-
modynamically stable in NayCrO,, while Cr migration to Na
layers is thermodynamically unstable in NayCrygeSbp 1404,
illustrating that Cr will not prevent Na' diffusion in
NayCrygeSby 140,. These results agree with the ex-situ XRD
results, in which diffraction peaks, including (003), (006),
(101), and (012), shift monotonically during the Na deinter-
calation/interaction process of NayCrygsSby 40,, indicating
the reversible O3/P2 transition without O'3 phase formation
(Fig. 3(c2)). Because of its high reversible phase transition,
Nay7,Cr6Sb 140, exhibits a capacity retention of 78.64%
after 200 cycles at 2 C. The challenge from side reactions can
also be mitigated by doping. Wen et al. [38] reported a com-
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plete replacement of Co with Mg in Nag ;;Mny sNig,C0g150,.
As shown in Fig. 3(d1) and (d2), compared to Na,sMnges
Nip2Cop150,, less CO, from electrolyte decomposition is de-
tected in P2-NaysMngsNip,Mg, 50, by an online DEMS
test after Mg®" doping, indicating that the side reaction
between electrode and electrolyte is mitigated. The stable
surface ensures a substantial improvement in capacity reten-
tion at 0.1 C over 100 cycles from 62% for Na¢;Mny sNiy,
Coy 50, to 94% for P2-Nay ¢;Mn 6sNip Mgy, 1505.

In contrast to doping in transition metal sites, alkali ions,
such as Li" and K, are usually introduced into Na sites
[39-47]. Wang et al. [45] reported K-doped P2-Nay¢,Ko 056
MnO,, which exhibits a reversible capacity of 240.5 mAh-g ',
corresponding to an energy density of 654 Whkg . Fig. 4(a)
and (b) shows the structure evolution during charge and dis-
charge, in which P2-Na¢;,K05sMnO, shows only a revers-
ible two-phase transition. The volume variation in P2-
Na,Kgoss MnO, is 7.8%, smaller than 11.2% for P2-
NaMnO,. A schematic partial density of states (pDOS)
based on density functional theory (DFT) calculations shows
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that spin-down electrons near the Fermi energy increase, in-
dicating a stronger hybridization interaction between Mn and
O after K" doping (Fig. 4(c)). Meanwhile, DEMS detects no
oxygen evolution in the charging process in P2-Nag ;5K 056
MnO, (Fig. 4(d)). The reinforced Mn—O bonds suppress the
phase transition and improve the cycle stability during the
charge/discharge process (Fig. 4(e)). As shown in Fig. 4(f),
P2-Nag 1,Ko.0s56 MnO, exhibits a higher capacity retention of
98.2% after 200 cycles at 50 mA-g ', while the capacity re-
tention of the pristine electrode fluctuates. In addition, Wu et
al. [13] reported the dual-site doping in P2-
NaygsLig 03[ Mg 15L1907Mng75]O,, in which Li ions substitute
Na sites and transition metal sites. These two Li ions play dif-
ferent roles in P2-Nay ;Liy 3 [Mgg,15Lig07Mng 75]O,. Liya func-
tions as a pillar that prevents the detrimental phase trans-
formation and stabilizes the layered structure, whereas Lipy
forms Na—O-Li electronic configurations, which enhance the
capacity derived from the oxygen anionic redox. P2-
Nay 7Lig 03[ Mg.15L100;Mng 75]O, exhibits a specific capacity of
266 mAh-g' in the voltage range of 1.5-4.6 V, and the capa-
city retention is 80.9% over 50 cycles at 0.5 C, compared to
only 57.1% for the undoped cathode.
3.1.2. Anionic single doping

The anion site is an important part of the crystal structure.
The anion F~ is usually introduced into an O site to improve
the cycle stability of a layered oxide [48]. Hu et al. [49] de-
signed a substitution of partial O*" ions with F~ ions in P2-
NagsMgosMng;0, (NMMO).  P2-NagsMgosMng ;0 95F s
(NMMOFS5) exhibits a specific discharge of 205.5 mAh-g !,
higher than 182 mAh-g"' for NMMO. As shown in Fig. 5
(al), the higher oxidation peak of the dQ/dV curve in NM-
MOFS5 indicates more oxygen redox reactions and cationic
Mn redox reactions because of the stronger Na—F bond. A
quantitative analysis of the Mn valence states based on the
ex-situ Mn L-edge soft X-ray absorption spectroscopy
(sXAS) spectra in total electron yield (TEY) mode is shown
in Fig. 5(a2) and (a3). When discharging to 1.5 V, 63.53%
Mn*" is detected in NMMOFS, higher than 47.93% Mn** in
NMMO. In other words, although Mn*" shows high solubil-
ity in electrolytes, Mn*" dissolution is suppressed after F
doping because of the strong Mn—F bond. Meanwhile,
89.22% Mn*" is detected in NMMOFS5 when charging back
to 4.5 V, which is near 88.93% in the pristine sample. A
quantitative analysis indicates that the redox reaction
between Mn*" and Mn*" is highly reversible, and the
Jahn—Teller effect is effectively suppressed after F~ doping.
Notably, excessive F~ harms electrochemical performance.
As shown in Fig. 5(a4), NMMOFS5 has a better cycling per-
formance than NMMO, while NMMOFS8 has a worse cyc-
ling performance than P2-NMMO. As mentioned above, the
decrease in Mn®" mitigates the Jahn-Teller effect and then
improves electrochemical performance [50]. Interestingly,
researchers have also reported that the Jahn—Teller effect can
be suppressed by eliminating the Mn’" high-spin state
without decreasing Mn®" content [51-54]. Kang et al. [55] re-
vealed that more Mn*" is reduced to Mn** with increasing F~
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content, and the atomic ratio of Mn*/Mn*" increases from
0.72 to 1.61 according to an analysis of Mn 2p spectra in Fig.
5(b1). Mn*" disrupts the Ni*’/Mn*" cation ordering by oc-
cupying Ni*" sites, which also suppresses the Jahn-Teller ef-
fect. Moreover, as shown in Fig. 5(b2), the ratio of surface
oxygen/lattice oxygen decreases with increasing F, indicat-
ing more lattice oxygen participates in charge compensation,
and the structural stability is improved after F~ doping. As
shown in Fig. 5(b3) and (b4), F-0.05 not only shows higher
rate capability but also maintains an impressive capacity re-
tention of 78% after 900 cycles.
3.1.3. Multi-ion doping

To use the synergetic effect from different elements,
multi-ion doping has been adopted to improve electrochem-
ical performance [56—61]. Kubota et al. [62] studied quad-
rivalent ion (Ti*") and bivalent ion (Cu**/Mg*"/Zn*") codop-
ing Nay;[Ni;uMn;,Me ,Tiy]0, (Me = Mg, Cu, Zn). The
Ti/Zn codoped sample shows a good cycling performance
with almost no capacity loss over 40 cycles. This lower capa-
city degradation is due to smaller volume changes. The Ti/Zn
codoped sample shows a smaller volume change of 7% com-
pared to 13% for the Ti-doped sample and 23% for the un-
doped sample. Although the cycling performance and rate
performance have been improved, the discharge capacity in
the first cycle of these codoped samples decreases. Lee et al.
[63] reported Ti/Ca codoped O3-NayoCag35Cr097Tip0;0,. Ca
doping leads to a stronger interaction between Ca*" and O,
resulting in less volume expansion during the electrochemic-
al reaction. Charge density calculations reveal that Ti*" can
attract more electrons and prevent the formation of unstable
Cr*", suppressing Cr migration. This reinforced structural sta-
bility not only ensures good cycling performance (81.2% ca-
pacity retention after 1000 cycles at 10 C) but also ensures
good performance in pouch cells, good thermal stability, and
ambient stability. Zhang et al. [64] reported Li/Ti codoped
NayoLi;oNiyMnsgTi; 90, (LNMT), which exhibits a more
stable structure and better electrochemical performance. Li"
and Ti*" can disorganize the NiMn ordering, and the Li/Ti
codoping can maximize the disruption. The transition layers
interact with Na layers, and the change after codoping can be
reflected by the Na layers. As shown in Fig. 5(cl), the stable
structure of LNMT can be explained by the Na' rearrange-
ment mechanism. After Li/Ti introduction, a more thermody-
namically stable Na, site induces more Na' ions to occupy
Na, sites, leading to the rearrangement of Na” ions and a dis-
ruption of Na'/vacancy ordering. This disruption decreases
the formation energy in Na sites, corresponding to a more
stable structure (Fig. 5(c2)). During the charging process, a
newly ordered structure forms in Na;oNi;sMn,;0, (NM),
hindering the Na" kinetic process. However, the structure re-
mains disordered throughout the charging process in LNMT.

In addition to the multi-cationic ion codoping, cationic and
anionic codoping are also adopted widely [16,65—66]. Zhou
etal. [67] reported F/Ti codoped P2-Nag4Nij3;Mngs,
Tip30,9Fo; (NaNMTi0.30F), in which Ti-doping can disor-
ganize Na'/vacancy ordering, and F-doping can reduce po-
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Fig. 5. (al) dQ/dV curves of NMMO, NMMOF2, NMMOFS, and NMMOFS at a current density of 0.05 C; (a2) Mn L-edge TEY
spectra (solid lines) and fitted spectra (dashed lines); (a3) quantitative analysis of the valence state of Mn based on the fitting results;
(a4) cycling performances of NMMO, NMMOF2, NMMOFS, and NMMOFS in the voltage range of 1.54.5 V [49]. XPS patterns of
the NayMn,;Niy;0,-.F, samples of (b1) Mn 2p and (b2) O 1s. rate capability at different current densities (b3) and the cycling per-
formances (b4) of different samples [S5]. (c1) schematic of the process of Na* rearrangement; (c2) calculated formation energies of
Na, and Na; sites (Na, and Na; refer to the Na sites that share the faces with two TM O, octahedra and the Na sites that share only the
edges with TMOy octahedra, respectively.) [64]. In-situ XRD patterns of (d1) NaNMO and (d2) NaNMTi0.30F during the first
charge/discharge process [67]. (al-a4) Reprint from Nano Energy, 99, H.L. Hu, H.C. He, R.K. Xie, ef al., Achieving reversible
Mn**/Mn*" double redox couple through anionic substitution in a P2-type layered oxide cathode, 107390. Copyright 2022, with per-
mission from Elsevier. (b1-b4) Reprint with permission from W.P. Kang, P. Ma, Z.N Liu, et al., ACS Appl. Mater. Interfaces, 13,
15333-15343 (2021) [55]. Copyright 2021 American Chemical Society. (c1, c2) Reprint from Nano Energy, 100, T.L. Zhang, H.C. Ji,
X.H. Hou, ef al., Promoting the performances of P2-type sodium layered cathode by inducing Na site rearrangement, 107482, Copy-
right 2022 with permission Elsevier. (d1, d2) Reprint from J. Energy Chem., 67, P.F. Zhou, J. Zhang, Z.N. Che, et al., Insights into the
enhanced structure stability and electrochemical performance of Ti*/F~ co-doped P2-Nay;Ni,33Mny ;0 cathodes for sodium ion bat-
teries at high voltage, 655, Copyright 2021 with permission Elsevier.

larization. The P2—-0O2 phase transition is suppressed during Na" diffusion. In contrast, the O2 phase does not appear in
the cycling process, as revealed by in-situ XRD measure- NaNMTi0.30F (Fig. 5(d2)). Moreover, upon further char-
ments. As shown in Fig. 5(d1), charging NaNMO to 4.2 V ging to 4.4 V, the P2—OP4 phase transition occurs, indicating
generates the O2 phase, leading to a high energy barrier to the suppression of Na'/vacancy ordering. Nie efal. [68]
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demonstrated that K/F codoping in K sNay,MnO; osF s
promotes the reversible lattice oxygen redox reaction. From
the cyclic voltammetry (CV) test, the peak position differ-
ence near 4.2 V decreases, and the peak shape becomes more
symmetric after codoping, indicating that anion redox be-
comes more reversible after codoping. In addition, the Na
layer spacing is enlarged after codoping, lowering the Na"
migration energy barrier. Because of the collaborative effect
of K" and F, K;0sNageMnO, 45Fg s exhibits a good dis-
charge capacity of 140.2 mAh-g™" at 0.1 C, and the capacity
retention is improved to 73% over 100 cycles.

3.2. Homogeneous surface coating

Homogeneous surface coating mainly has two functions:
(1) mitigating the side reactions between the electrode and
electrolyte/air and (2) improving the ionic conductivity of the
cathode material. Metal oxides, phosphates, and polymers are
the most common surface coating materials [69]. Here, ho-
mogeneous surface coating can be divided into two categor-
ies: (1) inorganic materials surface coating and (2) organic
materials surface coating.

3.2.1. Inorganic materials surface coating

Al,Os, ZnO, MgO, ZrO,, and CeO, are commonly used
metal oxide coating layer materials whose function is to mit-
igate side reactions between the electrode and electrolyte
[70-74]. Chang etal. [75] synthesized Al,Os;-coated P2-
Na,sFe;,Mn;,0, (NFMO@AILQ;) using ultrasonic spray
pyrolysis followed by the high-temperature solid-state meth-
od. When NFMO is exposed in the air (relative humidity of
~15%) from 15 to 30 days, the diffraction peak intensity of
Na,CO;-H,0 generated from the reaction between NFMO
and CO,/O,/H,0 increases obviously. Electrochemically in-
sulated Na,CO;-H,O deteriorates the diffusion kinetics and
leads to aggravated polarization. The Al,O; layer success-
fully coated on the surface of NFMO is proved by a high-res-
olution transmission electron microscopy (HRTEM) image
(Fig. 6(al)). Exposed to the air under the same conditions as
NFMO, NFMO@AIO; has diffraction peaks almost un-
changed in position and intensity compared to the spectrum
of the primary sample, indicating that it maintains the
primary crystal structure (Fig. 6(a2)). The concentrations of
Na,CO; and Na,CO5;-H,O on the surfaces of NFMO and
NFMO@ALO; are confirmed by ICP. NFMO@AL,O; stored
in the air for 30 days shows a Na" concentration far smaller
than that of NFMO, indicating that the Al,O; layer effect-
ively inhibits deterioration from the air. Under the protection
from ALO;, the capacity of NFM@AIO; after 40 cycles is
124.24 mAh-g', corresponding to a capacity retention of
84.7%, higher than that of NFM (Fig. 6(a3)). Although metal
oxides can prevent direct contact between electrolyte and
electrode and mitigate the dissolution of a redox-active metal
into the electrolyte, the poor ionic conductivity of metal ox-
ides is unfavorable for rapid Na* diffusion. Shao et al. [76]
designed a Na,Zr,Si,PO,-coated P2-Nag,Kg56MnO,
(NKMO@NZSP-2) using the wet chemical method. The Na*
super ionic conductor (NASICON) Na;Zr,Si,PO,, shows a
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stable framework and three-dimensional Na* channel, boost-
ing ionic conductivity at the electrode/electrolyte interface.
As shown in Fig. 6(bl), The HRTEM image shows various
lattice fringes from NKMO and NZSP, confirming that NZ-
SP is intimately coated on the NKMO surface. Because of the
erosion of HNO; in the synthesis process and the exchange of
Na'/K" with H, Mn®" is oxidized to Mn*, which is con-
firmed by an XPS measurement. As shown in Fig. 6(b2), the
Mn’*-to-Mn*" ratio is higher in NKMO than in NKMO@NZ-
SP-2, indicating a decreased Jahn—Teller effect after coating.
In addition, the diffusion coefficient is enhanced by NZSP
coating, meaning that NZSP provides a faster Na“ diffusion
channel for NKMO. NKMO@NZSP-2 exhibits good elec-
trochemical performance, with an initial capacity of 195.5
mAh-g™" and a capacity retention of 71.71% after 50 cycles
(Fig. 6(b3)). Moreover, NKMO@NZSP-2 shows a good
low-temperature cycling performance, with a capacity reten-
tion of 76.11% after 100 cycles at —20°C.
3.2.2. Organic materials surface coating

Organic materials have also been widely used for surface
coating because of their high electrical conductivity [77-78].
Lin ef al. [79] coated PMAA-AN (copolymer nanolayer of
methacrylic acid and acrylonitrile) on the NaggLig e
Nig33Mny 6,0,.5 (NLNM) surface by solution polymerization.
An amorphous ultrathin organic nanolayer is evenly covered
on the NLNM surface (Fig. 6(cl)). As shown in Fig. 6(c2)
and (c3), compared to NLNM, 0.5wt% PMAA-AN@
NLNM exhibits less potential deviation of Mn*/Mn*" and a
smaller peak intensity decrease in Mn**/Mn*" and Ni*"/Mn*",
indicating that the PMAA—AN layer can enhance interfacial
stability and slow voltage decay. Electrochemical impedance
spectroscopy (EIS) shows that 0.5wt% PMAA-AN@NLNM
has a lower charge transfer resistance, indicating that the
PMAA-AN layer can improve kinetic performance. At high
voltage (~4.5 V), Ni*" readily forms byproducts in the elec-
trode/electrolyte interface, while XPS shows that the Ni*"
content decreases with increasing coating content because of
the tight lock between strongly coordinating groups of
PMAA-AN and transition metal ions (Fig. 6(c4) and (c5)).
The decrease in Ni* content indicates that the dissolution
of active metal and side reactions are suppressed by
PMAA-AN coating. As shown in Fig. 6(c6), the robust co-
ordination induced by the strong electro-donating groups of
organic PMAA-AMN ensures the better cycling perform-
ance of 0.5wt% PMAA-AN@NLNM.

3.3. Concentration gradient modification

Concentration gradient modification refers to construct-
ing a layer with a content gradient from the outer surface to
the interface/bulk, which can be divided into the full concen-
tration gradient type and surface concentration gradient type
[80]. This concentration gradient structure provides a stable
outer surface and a high-capacity bulk composition. Gao
et al. [81] synthesized concentration gradient Na ;Nig 1sC0g 14
Mn,;0, (CG-NCM) through coprecipitation and high-tem-
perature calcination. The composition changes the gradient
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Fig. 6. (al) HRTEM image and corresponding FFT images of Regions 1 and 2 of NFMO-ALO; samples; (a2) XRD patterns of
NFMO-ALO; materials before and after storage in air; (a3) electrochemical cycling performance at 0.1 C [75]. (b1) HRTEM images
of the NKMO@NZSP-2 sample in different regions; (b2) high-resolution Mn 2p XPS spectra of NKMO and NKMO@NZSP-2; (b3)
cycling performances of NKMO and NKMO@NZSP-2 at 500 mA-g' [76]. (c1) scanning electron microscope (SEM) and transmis-
sion electron microscopy (TEM) images of 0.5wt% PMAA-AN@NLNM. CV curves of (c2) pristine NLNM and (c3) 0.5wt%
PMAA-AN@NLNM at the 1st and 100th electrochemical cycle; (c4) Ni 2p XPS spectra of samples with different components of the
organic polymer when charged at 4.5 V; (c5) distribution diagram of Ni ions with various valences when first charged to 4.5 V; (c6)
capacity retention at 0.2 C of different samples [79]. (al-a3) Reprinted from Trans. Nonferrous Met. Soc. China, 32, Y.J. Chang, G.H.
Xie, Y.M. Zhou, et al., Enhancing storage performance of P2-type Na,;Fe;,Mn,,0, cathode materials by Al,O; coating, 262, Copy-
right 2022, with permission from Elsevier. (b1-b3) Reprint from Electrochim. Acta, 442, Y.Q. Shao, X.X. Wang, B.C. Li, ef al., Func-
tional surface modification of P2-type layered Mn-based oxide cathode by thin layer of NASICON for sodium-ion batteries, 14915,
Copyright 2023, with permission from Elsevier. (c1-c6) Reprint from J. Power Sources, 552, J.L. Lin, Q. Huang, K. Dai, et al., Mitig-
ating interfacial instability of high-voltage sodium layered oxide cathodes with coordinative polymeric structure, 232235, Copyright
2022, with permission from Elsevier.

from the core Nay4sNig g C0goMng O, to shell NaggsNigs3; tolerance of structural deformation. The EIS test shows that
Cop2;Mng 4,0,. The CG-NCM plate particles are smaller and the contact resistance of CG-NCM is lower than that of
smoother than NaggsNig6C0g14Mng;,0, (NCM), indicating NCM, indicating a rapid diffusion process. Hwang et al. [82]
that CG-NCM has a higher diffusion rate of Na" and a better designed a radially aligned hierarchical columnar structure
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(RAHC) in spherical with the bulk composition of
Na[Nig75C0p0:Mng,;]O, and the surface composition of
Na[Nig53C0006Mng36]O,. Atomic absorption spectroscopy
shows that the average chemical composition of the product
is Na[Niy 6/C0095Mny35]O, (bulk). The element distribution of
the columnar structure is confirmed by electro-probe mi-
croanalysis, with Mn and Co increasing from the bulk to the
surface, while Ni decreases. RAHC delivers a capacity of 157
mAh-g”', higher than 145 mAh-g ' for the bulk. In contrast to
the fast capacity fading of the bulk (capacity retention of
49.2% over 100 cycles at 0.5 C), RAHC exhibits a discharge
capacity of 125.7 mAh-g " after 100 cycles, corresponding to
a capacity retention of 80%. In addition, the full cell embed-
ded with RAHC and hard carbon shows excellent low-tem-
perature performance, with a full cell capacity retention of
92% at —20°C. Bao et al. [83] constructed a Mn*" concentra-
tion gradient spherical P2-Nay ¢;Nij33C0033Mng 330, using the
coprecipitation method. The energy dispersive X-ray spec-
troscopy (EDS) mappings of the concentration gradient
sample show that the Mn concentration is higher and the Ni

Fig. 7.
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a slight decrease in these peaks. Thus, the structural stability
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Nay 67Nig33C0033Mny330,. Furthermore, compared to P2-
Nay67Nij 33C0033Mn 130,, the Mn-rich surface in the concen-
tration gradient sample can mitigate Ni dissolution, contrib-
uting to better cycling stability, with a capacity retention of
84.5% over 100 cycles at 100 mA-g . Guo et al. [84] syn-
thesized NaMnTi,Nip;0, (NMTN) with a Ti-rich surface
and a Mn-rich layered bulk (NaMn,zTiy;Ni,;0,) by solid-
state reaction. The chemical composition was scanned by
elemental-resolution
(EELS), as shown in Fig. 7(al)—(a4). The Ti content in-
creases from the bulk to the surface with a two-fold differ-
ence; Na, Mn, and Ni are homogeneously dispersed in the
bulk; and the contents of Na and Mn decrease in the range of
7.33-9.42 nm (the yellow-dash region). This surface recon-
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rich layered bulk (brown core); (a6) cycling performance of the NMTN electrode at a rate of 0.5 C [84].
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struction builds a structure with a Mn-rich layered core and a
Ti-rich spinel shell, as shown in Fig. 7(a5). The Ti-rich spinel
shell effectively inhibits the side reaction between the elec-
trode and air/electrolyte. The electron conductivity, ionic
conductivity, and structural stability are enhanced by this
overlayer. Therefore, NMTN exhibits good electrochemical
performance. The discharge capacity of NMTN is 186
mAh-g”', and the capacity retention of NMTN over 100
cycles is 85% (Fig. 7(a6)).

3.4. Designing the mixed structure

The P2-type structure has an open prismatic diffusion
pathway that ensures a good rate performance, but the high
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operating voltage causes electrolyte decomposition and
structural degradation. The O3-type structure has a high Na
content that ensures higher capacity, but the easy reaction
between the electrode and H,O/CO, in the air dramatically
deteriorates electrochemical performance. To use the syner-
gistic effect between the P2 and O3 structures, designing a
hybrid phase has been considered an effective method for ex-
ploring long-cycle life cathode material, in which the com-
position of the hybrid phase can be regulated by the synthes-
is conditions and element content [85]. Xiao et al. [86] ex-
plored a series of P2/0O3 hybrid cathode materials according
to the phase diagram of Na,Mn,Ni, ,O,, as shown in Fig.
8(al). The capacity retentions of Na0.85NMT, Na0.85NMC,
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(al) Synthesis phase diagram of Na,Mn,Ni, ,O, at a sintering temperature of 900°C; (a2) in-situ XRD pattern of P2/03-

Na(.85NMF [86]. (b1) phase ratio for P2 and O3 at different Fe contents; (b2) cycling performances of different samples at 1 C [87].
(c1) schematic of phase proportions at different Ti contents; (c2) HRTEM image of NMT3; (c3) cycling performances of NM, NMT1,
NMT2, NMT3, and NMT4 [88]. (al, a2) Reprint from Nano Energy, 89, B.W. Xiao, X. Liu, M. Song, ef al., A general strategy for
batch development of high-performance and cost-effective sodium layered cathodes, 106371, Copyright 2021, with permission from
Elsevier. (b1, b2) Reprint from J. Power Sources, 553, J.M. Feng, D. Fang, Z. Yang, et al., A novel P2/0O3 composite cathode toward
synergistic electrochemical optimization for sodium ion batteries, 232292, Copyright 2022, with permission from Elsevier. (c1-c3) Re-
print from Energy Storage Mater., 50, L.Z. Yu, Z.W. Cheng, K. Xu, et al., Interlocking biphasic chemistry for high-voltage P2/03 so-
dium layered oxide cathode, 730, Copyright 2022, with permission from Elsevier.
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Na0.85NMF, and NaNMF after 500 cycles are 91%, 90.6%,
86.2%, and 80.6%, respectively. The in-situ XRD of P2/0O3-
Na0.85NMF is used to understand the structural stability of
the P2/03 phase. In the yellow region shown in Fig. 8(a2),
the diffraction peaks of the P2 structure overlap with those of
the P3 structure, and the presence of the P2 structure in-
creases the energy required for layer gliding. During dischar-
ging, diffraction peaks of the P2 phase reappear. It is likely
that the P2 phase exists throughout the charge/discharge pro-
cess, leading to the high stability of Na0.8SNMF. Feng et al.
[87] synthesized a series of P2/03-NaggyLiy 3NigFe,
Mny47-,0, (Fex-LNM) by regulating iron content through a
high-temperature solid-state method. The proportion of O3
increases with the iron content, as shown in Fig. 8(bl). A dis-
tinct phase boundary between P3 and O3 can be observed us-
ing HRTEM. Compared to P2-LNM, Fe0.10-LNM not only
has a higher discharge capacity of approximately 172.02
mAh-g" and a higher initial coulombic efficiency of approx-
imately 85.39% but also maintains a good capacity retention
of 88.6% over 100 cycles (Fig. 8(b2)). Yu et al. [88] pre-
pared P2/03-NaygsNip3,Mng - T1,0, (NMT,) by tuning the
Ti* content. With increasing Ti* content, the proportion of
the O3 structure increases Fig. 8(cl). In Fig. 8(c2), the
HRTEM image shows different planar distances. The planar
distance of 0.56 nm corresponds to the (002) crystal face of
the P2 structure, and the planar distance of 0.54 nm corres-
ponds to the (003) crystal face of the O3 phase. NMT3 ex-
hibits a higher specific capacity of 94.1 mAh-g™' after 200
cycles at 1 C, corresponding to a capacity retention of 80.6%
(Fig. 8(c3)). This good cycling performance is due to the pre-
vention of ordered Na'/vacancies and increased structural
stability after introducing Ti*".

3.5. Particle engineering

Particle engineering includes single-crystal construction,
active facet construction, and morphological manipulation.
Single crystals show less particle cracking and surface area,
which helps achieve better air stability and cycling perform-
ance. Darga and Manthiram [89] prepared single-crystal
NaNijsMnys0, (MS-SNMO) particles using sodium chlor-
ide and metal oxides as raw materials by the two-step molten
salt method. For comparison, the author prepared polycrys-
talline NaNiysMn,s0, (PC-SNMO). After 200 cycles, MS-
SNMO and PC-SNMO maintain 69% and 35% capacity re-
tention, respectively. As shown in Fig. 9(al) and (a2), be-
cause of volume expansion, PC-SNMO particles crack
severely along the boundary as primary particles push against
each other. MS-SNMO patrticles show less cracking because
fewer particles push against each other during the volume ex-
pansion process (Fig. 9(a3) and (a4)). Cracking results in
more surfaces being exposed to electrolytes, exacerbating ca-
pacity degradation. As shown in Fig. 9(a5), MS-SNMO ex-
hibits a capacity retention of 69% after 200 cycles, higher
than 35% for PC-SNMO. Lamb et al. [90] synthesized two
O3-type Na(Nig3Fey,Mng3)O, single crystals using hydrox-
ide and oxide as raw materials by the molten salt method and
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prepared a control sample by the solid-state method. The ca-
pacity retention of the control, hydroxide, and oxide samples
over 100 cycles is 61%, 67%, and 76%, respectively (Fig.
9(bl)). The control sample shows a spherical secondary
particle morphology, and molten salt-synthesized samples
show a microsized platelet-like morphology with a narrow
width. This narrow width of the single-crystal sample re-
duces the side reactions occurring along the edge planes, in-
dicating less total surface degradation. Moreover, the single-
crystal sample shows less capacity loss when exposed to 50%
humidity air for two weeks, as shown in Fig. 9(b2), further
proving that a smaller exposed edge plane benefits ambient
stability. The active facet construction has been adopted to
improve electrochemical performance because of its faster
diffusion kinetics [91]. Xiao etal. [92] designed
Na[LijsNig3MngsCuy ;Mg 05]O, with exposed {010} active
facets using the thermal polymerization method followed by
the high-temperature method. Compared to the 205.8 nm
thickness of {010} in O3-NaNi,sMn,sO,, Na[Lig¢sNig3Mng s
Cuy ;Mg 5]O, exhibits a thickness of {010} of approxim-
ately 384.7 nm, providing more Na® diffusion channels.
Na[LiysNig3MngsCug ;Mg 05]O, shows 91.9% capacity re-
tention over 600 cycles and maintains a stable coulombic ef-
ficiency. Zhang et al. [93] synthesized hexagonal-prism-like
single-crystal P2-Nay sNig26Z090;Mng;0, with a high pro-
portion of {001} planes through coprecipitation followed by
the molten salt method (denoted as MC-NNZM). For com-
parison, the author synthesized the same composition by the
traditional solid-state method (denoted as S-NNZM). As
shown in Fig. 9(cl) and (c2), above 3.8 V, the intensity of the
oxidation peaks of MC-NNZM is lower than that of S-
NNZM because of the suppression of the P2—-OP4 phase
transition and side reactions. The reduction peaks of MC-
NNZM overlap well with the first three cycles and are sharp-
er than those of S-NNZM, indicating better intercalation kin-
etics in MC-NNZM. MC-NNZM exhibits a capacity reten-
tion of 95.8% over 100 cycles, higher than 79.8% for S-
NNZM (Fig. 9(c3)). The SEM images of S-NNZM and MC-
NNZM after 50 cycles are shown in Fig. 9(c4) and (c5), S-
NNZM shows more delamination cracks and dislocations,
while MC-NNZM shows only fewer gliding lines. Moreover,
MC-NNZM shows a smaller increase in peak intensity asso-
ciated with the Na—F, C-O, C=0, and O—C=0 bonds after 10
cycles (Fig. 9(c6)—(c9)), indicating that the interfacial stabil-
ity has been improved by optimizing the crystal orientation of
the single-crystal structure.

Apart from the construction of single-crystal and active fa-
cets, morphological manipulation is a useful method for im-
proving the cycling performance of layered oxide cathode
materials. Spherical particles with uniform size distribution
can substantially improve the tap density and produce better
electrodes because of their excellent flowability and dispers-
ibility [94-95]. Wang et al. [96] compared the electrochem-
ical performances of spherical NaCrO, (s-NaCrO,) and irreg-
ular NaCrO, (i-NaCrO,) (Fig. 10(al) and (a2)). s-NaCrO,
synthesized using the hydrothermal method has an initial dis-



J.P. Wu et al., Cycling performance of layered oxide cathode materials for sodium-ion batteries 1733
,T;n 140 0.2C,2-4V,25°C
< 120
<
£ 100 69%
> 80 .
S 60} epc %
0 50 100 150 200
(bhH =~ (cl) (c2) Cycle number

;ﬂ 130 o Control = 500 — Isteycle o 300 — Ist cycle

< 120 125% NaOH hydroxide 1000°c | = 400 AN > 200 N

:E/ ol 4 125% NaOH oxide 1000°C T_cn 300 :S—NNZM 790 100 | MC-NNZM

5 100 g 100 < ot

8 =2 0k £

= 90 ;. = = -100}

S 80 s 5 M0y 5 200}

= ~~ g 200t 3

8 70 L L L L = _300 L L L L L L = _300 L L L L L L

& 0 20 40 60 80 100 2.0 2.5 3.0 3.5 40 45 2.0 2.5 3.0 3.5 4.0 45

Voltage / V Voltage / V

b2) 40 (c3) ~ 200 §’
o 160 % o 100 P
> 3.5 =z RN =180 8
% = 120} o S-NNZM 5
£ 30 ST [ 60 &
g z 805, 40 .2
2.5 F etk g 40f 100mA-¢ 120 E
— Control-air =] 2.0-44V 2
20 .Smgle cr}/s&al-alr X 1 \ O 0 X X X 0 g
0 20 40 60 80 100 120 140 0 20 40 60 80 100 ©
Specific capacity / (mAh-g™) Cycle number
=] (c6 7 8 9
Ay (C)Fls (C)Cls (C)Fls (C)Cls
" < C-F c-C C-F
‘ A -
\ " 5 10th cycle 5 10th cycle 5 10th cycle 5
< 2 F i E < Na—F °
T - ~ ~ =i ~ a— ~
e e z 2 ‘\ z z
Z & 2 &
Q Q Q Q
k= Me 5 | Isteycle @ = f \ Ist cycle E | Isteycle @

692 688 684 680
Binding energy / eV

296 292 288 284
Binding energy / eV

296 292 288 284
Binding energy / eV

692 688 684 680
Binding energy / eV
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MC-NNZM. F 1s and C 1s XPS spectra of (c6, ¢7) S-NNZM and (c8, ¢9) MC-NNZM after 1 and 10 cycles [93]. (al-aS) Reprint with
permission from J. Darga, and A. Manthiram, ACS Appl. Mater. Interfaces, 14, 52729-52737 (2022) [89]. Copyright 2022 American
Chemical Society. (b1, b2) J. Lamb, K. Jarvis, and A. Manthiram, Small, 18, 2106927 (2022) [90]. Copyright 2022 Wiley-VCH Ver-
lag GmbH & KGaA. Reproduced with permission. (c1-c9) Reprint from Chem. Eng. J., 458, F.P. Zhang, Y. Lu, Y. Guo, et al., Highly
stabilized single-crystal P2-type layered oxides obtained via rational crystal orientation modulation for sodium-ion batteries, 141515,

Copyright 2023, with permission from Elsevier.

charge capacity of 118 mAh-g ' at 0.2 C, higher than that of i-
NaCrO, synthesized using the solid-state method. Because of
the high structural strength of its submicrospheres, s-NaCrO,
delivers a capacity of 98 mAh-g ' after 800 cycles, with a ca-
pacity retention of 90%, higher than 61% for i-NaCrO, (Fig.
10(a3)). After 1500 cycles at 20 C, s-NaCrO, still retains high
crystallinity, as shown in Fig. 10(a4). In addition to the
spherical morphology, particles with morphologies, such as
nanofiber, nanowires, and nanorods, also show excellent cyc-
ling performance [97-98]. Kalluri efal. [99] synthesized
Na,;3(Fe ,Mn;,)O, nanofibers (NFMO NF) by electrospin-
ning, as shown in Fig. 10(b1). This material shows an initial

discharge capacity of 195 mAh-g™' at 0.1 C, higher than 179
mAh-g' for Na,s(Fe,;,Mn,,)O, nanoparticles (NFMO NP,
Fig. 10(b2)) prepared using the sol-gel method (Fig. 10(b3)).
The capacity retention of NFMO NF after 80 cycles at 0.1 C
is 86.4%, higher than 60% for NFMO NP, as shown in Fig.
10(b4). Aragén et al. [100] reported P2-Na,;Fe;;Mn,;0,
nanorods and nanoplates using the emulsion-based method
(Fig. 10(c1) and (c2)). Compared to Na,;Fe;;Mn,;0, micro-
particles by the sol-gel method, nanorods and nanoplates
have a higher capacity retention (Fig. 10(c3)). This result is
due to the nanometric morphology, which helps reduce the
effect of structural transformation on reversibility. In addi-
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Fig. 10. SEM images of (al) s-NaCrQO, and (a2) i-NaCrO,; (a3) cycling performances of s-NaCrQO, and i-NaCrO,; (a4) XRD pattern
and TEM image of i-NaCrO, after 1500 cycles [96]. SEM images of (b1) NFMO NF and (b2) NFMO NP. (b3) charge—discharge
curves of NFMO NF and NFMO NP at 0.1 C. (b4) cycling performances of NFMO NF and NFMO NP [99]. TEM of (c1) nanorod-
NFM and (c2) nanoplate-NFM; (c3) cycling performances of micro-NFM, nanorod-NFM, and nanoplate-NFM; (c4) Nyquist plots of
NFM samples recorded after the first cycle at 0.05 C (R, and R, refer to the charge-transfer resistances at the interphase and the in-
ternal resistances at the surface layer, respectively. R, refers to the ohmic drop at the electrolyte. CPE, and CPE, refers to constant
phase element. W refers to Warburg element. C refers to Capacitance.) [100]. (al-a4) Reprint with permission from S. Wang, F.
Chen, X.D. He, et al., ACS Appl. Mater. Interfaces, 13, 12203-12210 (2021) [96]. Copyright 2021 American Chemical Society. (b1-b4)
Reprint with permission from S. Kalluri, K.H. Seng, W.K. Pang, et al., ACS Appl. Mater. Interfaces, 6, 8953-8958 (2014) [99]. Copy-
right 2014 American Chemical Society. (c1-c4) Reprint from J. Alloys Compd., 724, M.J. Aragon, P. Lavela, G. Ortiz, R. Alcantara,
and J.L. Tirado, Nanometric P2-Na,;Fe;;Mn,;0, with controlled morphology as cathode for sodium-ion batteries, 465, Copyright

2017, with permission from Elsevier.

tion, the nanorods show lower R, (charge-transfer resistance)
values (Fig. 10(c4)), illustrating that the activation barriers
imposed on Na" migration by the interphase boundary are re-
duced.

3.6. Designing high-entropy material

Recently, high-entropy layered oxides have been widely
studied because of the entropy-dominated phase stabilization
effects [101-103]. High-entropy refers to a multi-component
system with at least five elements in one Wyckoff position.
Murty, Yeh, and Ranganathan [104] introduced the classific-
ation of “high-entropy” for materials with molar configura-
tional entropy (Sinie) above 1.5R. According to the
Gibbs—Helmholtz equation, AG, = AHix — TASp, Where

AG,;, 1s mixing free energy, AH,,, is mixing enthalpy, and
ASyix 1s mixing entropy. When Seong > 1.5R, TAS 1s large
enough to overcome AH,,;, and dominate the free energy, in-
dicating that high temperatures favor the formation of high-
entropy materials [105]. Anand et al. [106] demonstrated en-
tropy-dominated phase stabilization effects through molecu-
lar dynamics simulations. AH,;, and AS,;, work synergistic-
ally for a stable system (AGy,;x < 0). AH,;, and AS,;, increase
with the types of cations, and AS,;;, dominates AG,,;; when the
number of types of cations is 4 and 5. In other words, TAS,x
is large enough in high-entropy material to make AG,;, neg-
ative.

One type of high-entropy, layered oxide, is composed of
different cations in equal proportions. Walczak et al. [107]



J.P. Wu et al., Cycling performance of layered oxide cathode materials for sodium-ion batteries

reported NaMny,Fe,,Co,,Niy,Tio,0, high-entropy layered
oxide, finding that the multi-redox reactions of Mn, Fe, Co,
and Ni contribute to a high average discharge capacity of 180
mAh-g" at 0.1 C. The as-prepared sample comprises 03(1)
and O3(2) phases, as detected at the beginning of the first
charging (Fig. 11(al)). After deintercalation of approxim-
ately 0.05 mol Na, the rhombohedral P3 phase can be detec-
ted. Meanwhile, the two O3 phases start to disappear. The
O3(1) phase is not detected until the charge voltage reaches
3.26 V, indicating that the phase transition of O3—-P3 is par-
tially reversible as shown in Fig. 11(a2). As shown in Fig.
11(a3), the capacity fades dramatically in the first 10 cycles
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because of the activation processes at the electrode/electro-
lyte interface. Surprisingly, the capacity decay from 10 cycles
to 100 cycles is only 0.3%, indicating the excellent electro-
chemical stability of NaMny,Fe,,Coy,Nij,Tig,0,. In addi-
tion to the high-entropy layered oxide comprising equal pro-
portions, high-entropy material comprising varying propor-
tions has also been reported. Zhou et al. [108] synthesized
Nay;Mng4Nip3Cuy, Feo, T, 10, 95Fo. high-entropy layered ox-
ide using the high-temperature solid-state method. It delivers
excellent capacity retention over a wide temperature range of
—40 to 50°C, as shown in Fig. 11(b1), the capacity retention
after 200 cycles at —40°C is 99.5% in particular. For the
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Fig. 11. (al) Galvanostatic tests of the Na|Na|Na,Mn,,Fe,,Co0,,Niy,Ti;,0, cell: charge/discharge curves under various current loads

in the range of 1.5-4.2 V; (a2) discharge capacity as a function of cycle number; (a3) long-term cycling for the Na|Na‘[NaMn,,
Fey,Coy,Niy,Tiy,0; cell under a C/10 current rate [107]. (b1) cycling performances of P2/O3-NaMnNiCuFeTiOF at different temper-
atures. in-situ XRD patterns during the initial charge/discharge process at (b2) 30°C and (b3) —40°C [108]. (al-a3) Reprint from En-
ergy Storage Mater., 47, K. Walczak, A. Plewa, C. Ghica, ef al., NaMn,,Fe,,Co,,Ni,,Ti,,O, high-entropy layered oxide—experimental
and theoretical evidence of high electrochemical performance in sodium batteries, 500, Copyright 2022, with permission from Elsevi-
er. (b1-b3) Reprint from Energy Storage Mater., 57, P.F. Zhou, Z.N. Che, J. Liu, et al., High-entropy P2/0O3 biphasic cathode materi-
als for wide-temperature rechargeable sodium-ion batteries, 618, Copyright 2023, with permission from Elsevier.
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phase evolution at 30°C shown in Fig. 11(b2) and (b3), the
O3-P3 phase transformation is detected at the beginning of
charging, and the O3 phase completely transforms into the P3
phase when the charge voltage is 3.31 V. In the voltage range
of 3.31-4.13 V, the solid solution reaction comprising P2 and
P3 is detected. On further charging to 4.3 V, P2 transforms
into the OP4 phase, and P3 transforms into the OP2 phase.
During the subsequent discharging process, all diffraction
peaks return to the pristine position, indicating that the phase
transformation is reversible. This phase transformation is also
observed at —40°C. When exposed to the air for 90 days, this
material also maintains good reversible capacity and cycling
performance. These above tests prove that high-entropy
layered oxides have remarkable storage stability.

3.7. Integrated modification

To exploit the synergistic effect of different strategies,
many integrated modification methods have been investig-
ated, such as bulk doping-integrated surface coating, bulk
doping-integrated concentration gradient modification, and
bulk doping-integrated particle engineering [109—110]. Bulk
doping-integrated surface modification is the most widely
used integrated method and has two main functions: (1) im-

NFM424 i
(NH,),HPO,

precursors

Fig. 12.
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proving bulk structural stability; (2) inhibiting side reactions
and improving moisture stability [111]. Zhao et al. [112] re-
ported NaTi,(PO,);-coated O3-NaNi,;Fe,sMn;;0, (NFM@
NTP), where partial Ti* ions were introduced into the bulk
phase accompanied by coating. TEM and HRTEM images
show a different lattice fringe between the bulk and surface,
indicating that NTP successfully adheres to the NFM surface
(Fig. 12(al) and (a2)). In the cathode—electrolyte interface
analysis conducted using the XPS spectra shown in Fig.
12(a3), the OH signal peak at 531.0 eV, resulting from the
reaction between the electrolyte and the electrode surface, is
detected in NFM. In contrast, fluoride in NFM@NTP has no
OH' signal and lower peak intensity, suggesting that the NTP
coating layer inhibits the highly corrosive hydrofluoric acid
attacks that cause electrolyte decomposition and the sub-
sequent dissolved detrimental substance. Moreover, the in-
troduction of Ti*" induces a larger interlay spacing, indicat-
ing better structural stability. Thus, NFM@NTP shows a
higher discharge capacity of 164.1 mAh-g"' and a better ca-
pacity retention of 77.5% at 1 C over 100 cycles. Wang et al.
[113] constructed multi-coating layers and bulk doping using
a one-step method, as shown in Fig. 12(bl). Driven by a
high-temperature process, AI’* can be introduced into the
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(al) TEM and (a2) HRTEM images of NFM-NTM2; (a3) XPS spectra of O elements for the NFM and NFM-NTP elec-

trodes after cycling. (b1) Schematics of the surface coating and doping for NFM424; (b2) STEM image of a particle cross-section of
modified Nay;_,Al,POg; (b3) cycling performance during 200 cycles at 1 C after the initial two cycles of activation at 0.1 C in the
voltage range of 2.0—4.0 V [113]. (al-a3) Reprint from Electrochim. Acta, 441, S.Y. Zhao, Q.H. Shi, R.J. Qj, et al., NaTi,(PO,); modi-
fied O3-type NaNi,;Fe,sMn,;0, as high rate and air stable cathode for sodium-ion batteries, 141859, Copyright 2023, with permis-
sion from Elsevier. (b1-b3) Reprint with permission from H.B. Wang, F.X. Ding, Y.Q. Wang, et al., ACS Energy Lett., 8, 1434-1444

(2023) [113]. Copyright 2023 American Chemical Society.
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bulk phase to build a robust bulk structure. Nas;_,ALPO,
(NAP) and NaNi, 4Fey,Mn, 4,0, (NFM424) compete for sodi-
um sources in the synthesis process, resulting in three com-
positions from surface to bulk. As shown in Fig. 12(b2), the
surface composition is NAP, the intermediate Na vacancy
phase is Na, [NiFe,Mn,Al]O,, and the bulk phase is
NFM424. NFM424@NAP shows a higher initial coulombic
efficiency due to less surface residual alkali, fewer side reac-
tions, and sodium vacancies provided by Na, [Ni,Fe,
Mn,Al]O,. As shown in Fig. 12(b3), the capacity retention of
NFM424@NAP over 200 cycles can be substantially im-
proved to 80% over the 65% capacity retention of NFM424.

4. Summary and outlook

4.1. Summary

This review focuses on the cycling performance of layered
oxide materials, the causes of cycling performance deteriora-
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tion, and strategies for obtaining better cycling performance,
which are discussed in detail. First, a phase transition may
lead to an irreversible phase change that causes the capacity
to decrease, and the volume change originating from this
phase transition accelerates crack formation. Second, the re-
action between active materials and CO,/H,O accelerates
structural collapse. The detrimental substance generated by
the side reactions between active materials and electrolytes
deteriorates the electrochemical performance. Third, the irre-
versible anionic oxygen reaction induces oxygen loss and
then leads to severe capacity fading. Thus, layered oxide ma-
terials suffer from the challenges of phase transitions, ambi-
ent stability, side reactions, and irreversible anionic oxygen
activity. Accordingly, seven strategies have been considered.
To illustrate why these strategies can improve cycling per-
formance, layered cathode materials modified by different
strategies are summarized in Table 1. From the comparison
and generalization in Table 1, the functions of the different

Table 1. Summary of layered cathode materials by different modification strategies
Synthesis Cycling
Method Cathode material Strategy details Electrolyte Discharge capacity Function Ref.
method performance
- . Stabilizing transition metal
N 1.0 mol-L™' NaClO .89
P2-Nay s;FeosMng s B”" doping at Solid-phase EC/TSEC (EC'aDECAZmI'l 152 mAh-g nge/: (1] (éO layers, suppressing metal 30]
B.0:0, interstitial sites  reaction . ’ " (0.1C,1.54.0V) yeles, ’ dissolution, and mitigating
in volume) 1.54.0V)
the Jahn—Teller effect
R . o .
P2-Nay o Con Ce™ doping at  Solid-state 1.0 mol-L™" NaClO, in 135.8 mAh-g ! 91.7% (400 Impro'vmg struqura!
. PC/FEC (PC:FEC =97:3 cycles, 1 C stability and mitigating the [31]
Mg 75Ce00105 Mn sites method . (0.1C,1540V) e Y satmg
g e in volume) 2.0-4.0 V) Jahn—Teller effect
B i 0, :
03-NaNignsMnyFe, s Zn® dopingat  Solidstate 0 MOPL NaClOsin =g 5 Ang 86.53% (200 Improving structural
.. EC:DEC (EC:DEC = 1:1 cycles, 1 C stability and phase [32]
Z600s0» Ni sites method ; (0.1C,2.040V) Y¢S 1% yandp
i in volume) 2.0-4.0V) transition reversibility
S 0.5 mol-L ™' NaPFy i _ .64Y
03-Nay»CrosSbos  Sb° 'doplng at  Solid-state PC /;n]fj)c ® C:I?E C(,:1n97: 3 174.69 mAh-g™' ZSC?;‘SA)Z(%?OO Suppressing Cr migration [37]
0, Cr sites method in volume) (0.05C, 1.54.1V) 1541 V) to the Na layer
. g ... . LOmol-L™" NaClOy i - L .
P2-Nag Mg Nip, ~ Mg* dopingat  Coprecipitati pe - c b ey, 1049 mARg!  94% (100 cycles, Suppressing interfacial 38]
. 0
Mgy ,150, Co sites on method FEC) (0.1C,2.043V) 0.1C,243V) side reactions
1! B o .
P2-Nao e sKoose K doping at Na _Solid-state 1.0 mol-L™" NaPF, in 240.5 mAh-g ! (20 98.2% (100 B Redu.c'mg the phase '
MnO sites method PC/FEC (PC containing mA-g’, 1843 V) cycles, S0 mA-g, transition and enhancing  [45]
2 5wt% FEC) g e 1.8-4.3V) oxygen redox reversibility
) . . . 1.0 mol-L™! NaPF, in 1 )
P2-Nay,Lip03[Mgy,s  Li" doping at Na Solid-state PC/FEC (PC with 2wt% 266 mAh-g™' (0.05 80.9% (50 cycles, Suppressing the phase [13]
. 0
Lig,;Mny 7510, and Mn sites method FEC) C,1.54.6V) 0.5C, 1.8-4.6 V) transition
Bulk dopin L i iticati _
pine 03-NaNi,;Fe;sMn;; F dopingatO  Coprecipitati 1.0 mol L Na.C104 M 1449 mAh-g™ (0.5 84% (100 cycles, Mmgatmg'the‘ J.a}.m Teller
. PC/FEC (PC with 5wt% effect and inhibiting the  [50]
O,.05F 005 sites on method C,2.04.0V) 2C,2.04.0V) . .
FEC) slip of the interlayer
1. I-L! 10, i itigati -
P2-Nay,Niy;Mn. F dopingatO  Solid-state 0 mo NaClO, in 106.7 mAh-g " 89% (400 cycles, Mitigating the Jahn{ Teller
. PC/FEC (PC:FEC =95:5 Y effect and suppressing [52]
0,05F00s sites method . (0.1C,2.04.0V) 2C,2.04.0V) . K .
in volume) biphasic reactions
1.0 mol-L ™" NaPF in 80.3% (1000
03-Naw o:Car +-CrO Ca®* doping at  Solid-state ~ EC/DEC/FEC (EC:DEC 171.9 mAh-g”' ‘I ’ (] 0C Suppressing Cr migration
BosLAngzs 2 Crsites method = 1:1 in volume and (0.1C, 1.5-3.8V) TySC e;’g v ’ to the Na layer
added 5wt% FEC) 338V) [63]
1.0 mol-L ™! NaPFj in
2+ 44 6 0, .
03-NapsCaposCros % 4T o lidstate  EC/DEC/FEC (EC:DEC 1448 mAhg' ~ S1-270(1000  Suppressing the
) codoping at Cr . cycles, 10 C, irreversible phase
Tio030, . method =1:1 in volume and 0.1C,1.5-3.8V) o
sites added Swt% FEC) 1.5-3.8V) transition
44 . . Suppressing the
Ti* t 1.0 mol-L™" NaCl 0
P2-NageNigyMings, 1 GoPINgal o L ot O MO aClosin - 40 3 mAhg ! 77.2% (300 irreversible phase
Ti O F Mn sites and F thod PC/FEC (PC:FEC =95:5 (0.1C,2.0-44V) cycles, 2 C, transiti 4 Na'/ [67]
103019F 0, doping at O sites methol in volume) .1C,2.0-4. 20-44V) ransition and Na“/vacancy
ordering
Hydroth 1.0 mol-L™" NaClO, in
o ydrotherma .
P2-Ky4sNaoe, gxe(si(;]:;l i’d "™ L method fECC/?)EECC/E];/II\/ICC/Ff f'l'l 2102 mAh-g 73% (100 eycles, iSr;l:fcrre;;llr::g;}l:;c [68]
MnOyosFoos doping at O sites zorlllt(e):sg 5 in volume and added (0.1€C,2.0-44V) 1C,2.044V) transition
1

5wt% FEC)
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Table 1 (Continued)

. . Synthesis . . Cycling .
Method Cathode material Strategy details Electrolyte Discharge capacity Function Ref.
method performance

Molecular 1.0 mol-L™' NaClO, in
Alucone coating layer EC/DEC (EC:DEC = 1:1
deposition  in volume)

P2-Nay ssMnysMgo i
O,@Alucone

163.1 mAh-g! 86% (100 cycles, Robust nature of the

(0.1C,2.044V) 1C,2.04.5V) alucone coating (72]

91.4% (100

s - .
Coprecipitati 1.0 mol-L™" NaClO, in 140 mAh-g ' (20 cycles, 100

Zr0, coating on followed PC/FEC (PC:FEC =19:1

Protecting the electrode

P2-Na,;3Ni;;sC i i
A23N116L 016 from dissolution and [73]

) . Ag' 2045V g ,2.0-
Mn;0,@Zr0; by sintering  in volume) mae ) T?\%) 2.0 stabilizing the SEI film
Ultrasonic
P2-NaysFe,,Mni, Al,O; coating ;l;rr?l]ysis 1.0 mol-L™ NaClO, in 146.7 mAl-g™ 84.7% (40 cycles, iljrr;)rf Ziiiti};ecilzfat;fiiz [75]
@) 3 PC (PC with 5wt% FEC) (0.1 C, 1.5-4.0V
O:@ALO; followed by T C (PC With Swi% FEC) (0.1.C, ) OLGISA0V) i €0, and HyO in air
sintering
Homogeneous O . Alleviating the
P2-Nay¢,K 056 . Wet 1.0 mol-L™" NaClO, in 1 69% (100 cycles
i R 2 Ah-g™' (1 ’ -
surface coating \jo oNazesi,  NOZRSHPOR  poical  PC/FEC (PC:FEC =95:5 200 MARE (10 h0 gt Jahn—Teller effectand ;)
coating . mA-g ', 1.8-4.3V) enhancing the Na
PO, method in volume) 1.84.3V) [P .
diffusion coefficient
1.0 mol'L™' NaClO, i
P2-Na,;(Mny s, ALO. coatin. Atomic layer EC/TSEC (EC‘aDECAZmI‘l 124.8 mAh-g ' (1 C, 70% (100 cycles, Alleviating interface side
Nig3C00.13)0,@ALO; 7 S geposition in volume) ’ " 2.045V) 1C,2.0-45V) reactions
[78]
5 1.0 mol'L™' NaClO, i
;21 NEZS(N;]S) 5@ olvi Polyimide X:nical EC/TS;C (EC'?)ECAZmI'l 151.6 mAh-g™" (1 C, 81% (100 cycles, Alleviating interface side
mi?jz 0.13)O>(@poly coating method in volume) . T 2.045V) 1C,2.0-4.5V)  reactions
P2-Nag;Li Soluti 1.0 mol L NaPF in Avoiding transition metal
- 1 olution - voiding transition meta:
Ni I?O/If: 86 @PM PMAA-AN olymerizati PC/EMC/FEC (EC:DEC 173.4 mAhg " (02 73% (300 cycles, dissoluﬁin and interfacial [79]
A;;N 067219 coating poly = 1:1 in volume and C,1.5-45V) 0.5C, 1.5-4.5V) d G
- on added 4vol% FEC) side reactions
Ni, Co, and Mn Conrecinitati 1.0 mol-L™' NaPFy in 51.4% (100
P2-Nay 6sNig 16 concentration on 1201 105} ed EC/DMC/FEC 162.5 mAh-g™ (30  cycles, 83.7 Providing a structurally 81]
Coy,4Mn, 50, gradient by sinteri (EC:DMC = 1:1 in mA-g', 1.54.1V) mAg' 15 stable surface composition
modification Y SIETNE o lume and added FEC) 4.1V)
Concentration
. . ipitati 0.5 mol-L™" NaPF i _ 9
gradient 0;-Na[Nig4Cog 05 Ni-rich core and Co;;ric P 1122111 EMISTX" C (EMZ'FEIZ 157 mAh-g' gos/oc( 110(5) cycles, Reducing the contact area 82]
modification  Mny15]0, Mn-rich surface o o OC . : (01C, 1.54.1V) 02127 with the electrolyte
by sintering  98:2 in volume) 4.1V)
o o
P2-Nay 6;Nig 167 Co-rich core and S;?;Tﬁ;&lzlu 142 mAh-g™' (20 Sj'.c?e/: (21(g)(r)nA~g . Restricting Ni ion [83]
Coy.16-Mng O, -ri Ag', 2045V i > di i
00.167Mn 670, Mn-rich surface by sintering mA-g ) 2.0-4.5 V) dissolution
- . The survival of the P2
1.0 mol-L™' NaPF _ 0
P2/03-NagsMnysNig, P2/03 mixed  Solid-state mobh SATI 30 mAhg! 86.2% (500 phase during charge and
EC/PC (EC:PC=1:1in cycles, 1 C,2.0- *. P [86]
Fe,,0, structure method 0.1C,2.04.0V) discharge, stabilizing the
volume) 4V)
structure
- . Providing a reversible
1.0 mol-L™" NaClO, 9
besioning e P23 Naowlions  P2O3mixed  Solid-state g (EC'Pg 10 18095 mAhg ! 3321):5&1(200 phase transition and -
CSIENME C - N soFen oMy 20, structure method X : : (0.1C,2043V) o1& reducing the residual
mixed weight) 2.043V) .
structure sodium salt on the surface
Interlocking effect
£0.6% (200 between the phase
P2/03-Nag 5Ny 34 P2/03 mixed  Solid-state 1.0 mol'L™' NaClO,in  126.6 mAh-g' '1 ’ " boundaries, mitigating the (8]
Mny 3;Ti3;0, structure method PC with 5vol% FEC (0.1C,2.2-4.4V) ;y;jsa V)’ severe structural strain and
- large lattice volume
change
03-NaNi, Mn. O Single-crystal ~ Moltensalt 1.0 mol'L™ NaClO,in ~ ~130 mAh-g”' 69% (200 cycles, Reducing strain and 89]
>0 construction method PC with 3wt% FEC (0.1C,2.040V) 0.2C,2.0-4.0V) particle cracking
03-Na(NigsFeo4 Single-crystal ~ Molten salt 1.0 mol-L™ NaClO,in ~ ~123 mAh-g™ (0.2 76% (100 cycles, Reducing interfacial side [90]
Mn,;3)0, construction method PC with 3wt% FEC C,2.04.0V) 0.2C,2.0-4.0V) reactions
Suppressing the
Thermal unfavorable multiphase
. o o Lo .
03-NaLiyosNin {010} active polymerizati 1.0mol'L” NaClO,in  132.6 mAh-g”™ (0.5 91.9% (600 transformat‘mn in the high
Particle My sCtig Mg 0:05 facet on method PC with 5vol% FEC C,2.0-4.0 V) cycles, 5 C, voltage regions and [92]
engineering : : : construction followed by ’ 2.0-4.0V) retaining a highly
annealing reversible O3-P3 phase
transition
Submicrospheres with
1.0 mol-L ' NaClO, in high structure strength
. Hydrotherma EC/DMC (EC:DMC= 118 mAh-g' (0.2 C, 90% (800 cycles, suppressing the stress and
03-NaCr0, Submicrospheres 1 method 1:1 in volume added 2.0-3.6 V) 10 C,2.0-3.6 V) strain induced by Na* 6]
1vol% FEC) intercalation/

deintercalation
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. . Synthesis . . Cycling .
Method Cathode material Strategy details Electrolyte Discharge capacity Function Ref.
method performance
1.0 mol-L~' NaClO, in Entropy stabilization on
03- Nine-component Pb /EC/DMC ¢ the host structure
NaNij ,Cuqg ;Mg ;,Fe ions in the TM  Solid-state (PC:EC:DMC = 1:1:1 in 110.3 mAh-g™ 90% (200 cycles, facilitating the O3-type [102]
015C00.1sMng  TipSno;  site with varying reaction volﬁme .wi th 2vol°.A) ’ (0.1C,2.0-39V) 3C,2.0-39V) structure to a larger extent
Designing Sby 040, proportions FEC) and supporting the long-
high-entropy term cycling stability
material Five-component Reversible phase transition
03- " 1.0 mol-L™" NaPF, in - and the survival of the P3
. ionsinthe TM  Solid-state 180 mAh-g! 97% (100 cycles .
NaMn,,F N EC/DEC (EC:DEC = 1:1 X S
fi 1n,Fe2C00,Nig2 site with equal  method : ( (0.1C, 1.542V) 0.1C,1.5-42V) pll1a§e during ck}érge and [107]
Tip,0, . in volume) discharge, stabilizing the
proportions
structure
. ) Suppressing the
P2/03- PIZ/ Of mlxeg ot LOmOIL NaClOsin oo 88'?4’ (22(%) Jahn-Teller effect, the
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strategies can be summarized as follows: (1) Bulk doping can
effectively mitigate the Jahn—Teller effect by regulating the
valence state of Mn/Fe, and the doping ion can function as a
pillar to stabilize the structure. Meanwhile, interlayer slip, ir-
reversible oxygen loss, and irreversible phase transition can
be inhibited by bulk doping. (2) Surface modification can
form a protective layer to prevent damage from side reac-
tions. By experimental design, the residual Na content can be
converted into a protective layer. Some special coating lay-
ers, such as fast ionic conductors and conductive polymers,
can also improve ion/electron conduction. (3) Concentration
gradient modification builds a special structure providing a
stable outer surface and a high-capacity bulk composition. (4)
The mixed structure design shows an interlocking effect
between phase boundaries, mitigating the severe structural
strain and large lattice volume change. (5) Particle engineer-
ing can effectively reduce strain and particle cracking be-
cause of the special structure of single crystals, active facets,
and special morphology. (6) High-entropy material design
has attracted wide attention, while the mechanism of remark-
able performance is simply due to the entropy stabilization
effect or multi-ion synergistic effect. (7) Integrated modifica-
tion combines the advantages of different modification
strategies, and the mechanism of integrated modification is
simply due to the synergistic effect of different strategies.

In addition to the abovementioned challenges, other chal-
lenges relevant to commercialization should be noted, in-
cluding insufficient Na" in the P2 structure, low operating
voltage, and low-temperature performance. First, although
the P2 structure shows better stability and an open Na" diffu-
sion channel, the insufficient Na' reduces its initial charge ca-
pacity. This drawback limits the effective specific capacity in
the case of matching the anode material without Na™ [114].
Therefore, an efficient and low-cost presodiation technology

is required to promote the development of high-energy SIBs.
Second, at low temperatures, the conductivity of the electro-
lyte and the charge transfer rate at the electrode/electrolyte
interface decrease, whereas polarization and dendrites on the
anode increase [115]. These problems are factors in the poor
performance of applications in extreme environments. In ad-
dition, low operating voltage can result in low energy dens-
ity. Low operating voltage and low-temperature perform-
ance can be improved by exploiting electrolytes and optimiz-
ing electrode materials.

The challenges, strategies, and perspectives are schemat-
ized in Fig. 13. To satisfy the requirements of long-life and
high-energy density batteries, efforts devoted to layer oxide
cathode materials will never cease. We hope that this review
will provide inspiration for the design, synthesis, modifica-
tion, and application of sodium cathode materials, even in the
broader field of materials science.

4.2. Outlook

Recently, the commercialization of SIBs has attracted
widespread attention, and great effort has been made to de-
velop layered oxide cathode materials for SIBs, in which
cycling performance plays a crucial role. To meet applica-
tion needs, the following aspects must be investigated:

(1) Clarifying the mechanism of structural degradation
and capacity fading: Structural degradation is the main cause
of capacity fading for layered oxides, while the degradation
mechanism has not been well studied and clarified. The de-
gradation mechanism of cycling performance can be studied
using advanced techniques, such as in-situ synchrotron X-ray
diffraction, the pair distribution function technique, solid-
state nuclear magnetic resonance, electron paramagnetic res-
onance, X-ray absorption spectroscopy, and scanning trans-
mission electron microscopy. For example, in-situ synchro-
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tron X-ray diffraction can provide highly accurate and de-
tailed crystal structure information during charge and dis-
charge, and solid-state nuclear magnetic resonance can re-
veal the local structural environment, electronic structure,
and ion dynamics. This information helps in understanding
the degradation mechanism. Moreover, as an important part
of the cell, the influence of electrolytes, binders, conductive
additives, and separators on structural degradation has al-
ways been ignored. The structural change during the cycling
process should be clarified in detail with the change in the
abovementioned components to reveal the internal reasons
for structural degradation and propose the corresponding
strategies.

(2) Focusing on morphology and tap density: Particle
morphology and tap density are two of the vital factors influ-
encing the energy density and other electrochemical per-
formance aspects of SIBs. However, few reports are avail-
able on the morphology and tap density associated with the
electrochemical performance of SIB cathodes. Therefore, to
achieve higher energy density, various synthesis methods, in-
cluding coprecipitation and the sol-gel and solvothermal
methods, can be tried to optimize the morphology. Mean-
while, energy density does not increase with particle size; en-
ergy density and particle size are balanced. Hence, the rela-
tionship between energy density and particle size should be
studied in detail to optimize electrochemical performance.

(3) Constructing single crystals and active facets: Cur-
rently, few reports exist on the construction of single crystals
and active facets for layered oxides. Accurate control of the
proportion of active facets can improve the Na™ diffusion kin-
etics and the degree of cation disorder, so the precursor and
sintering process of the single-crystal should be studied in de-
tail. In addition, the relationships between intragranular
cracks and phase transition/particle size should be studied to

elucidate the mechanism of intragranular crack formation.
Moreover, particle engineering integrated with other meth-
ods can be tried to exploit high-capacity and long-cycle
layered sodium oxides.

(4) Focusing on surface modification design: The side re-
action between the cathode and electrolyte leads to the dis-
solution of transition metals and structural collapse, deterior-
ating electrochemical performance. A multifunctional sur-
face coating layer can not only mitigate the interphase side
reaction but also build a layer with good ionic/electronic con-
ductivity. This multifunctional coating layer can improve
cycling performance, discharge capacity, and rate perform-
ance. Therefore, how to design the experiment and build a
functional coating layer should be further studied.

(5) Designing long-life layered oxides based on the en-
tropy stabilization effect: High-entropy oxides have been a
new research interest because of their remarkable properties.
However, the improvement in electrochemical performance
is simply due to the multi-ion synergy of high-entropy
layered oxides, and the mechanism of the entropy stabiliza-
tion effect remains elusive. Therefore, to fully exploit the po-
tential of high-entropy layered oxides, the mechanism of en-
tropy-dominated phase stabilization effects should be elucid-
ated by revealing the relationships between the high-entropy
and phase/particle stability of cathode materials. In addition,
the entropy-stabilized effect affects the functional properties
of SIBs; therefore, the relationship between entropy and Na”
diffusion kinetics should be investigated. Moreover, a high-
entropy oxide model should be established by high-through-
put computational materials engineering and applied to
screening suitable elements and contents for the effective
design of high-entropy materials.

(6) Accelerating the commercialization of layered oxides
for SIBs: At present, research on SIB-layered oxide cathode
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materials is nascent. Modification strategies can learn from
LIBs, particularly in selecting doped ions, constructing coat-
ing layers, designing structures and components, and optim-
izing morphologies. The discharge capacity of sodium
layered oxides is lower than that of lithium-ion cathodes but
can be improved by anionic redox reactions. However, it is
still unclear how to construct anionic redox in sodium layered
oxides and how to maintain a stable structure in the case of
anionic redox. The construction of anionic redox reactions
and their influence on the reversibility of material structures
should be further investigated. Meanwhile, the electrochem-
ical performance of SIBs can be affected by electrolytes,
binders, conductive additives, separators, and anode materi-
als; these important cell components should be developed for
compatibility with sodium cathode materials. In addition,
commercialization challenges, including insufficient Na" in
the P2 structure, low operating voltage, and low-temperature
performance, should be considered. More importantly, the
manufacturing process must be further optimized to reduce
production costs for a competitive SIB.
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