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Figure 1 (a) Comprehensive performances of layered oxides, polyanionic compounds, and Prussian blue cathodes [9]. (b) The conformation of
layered oxides [13]. (c) Structure and ion diffusion pathways of O3 and P2 phase oxides [14] (color online).
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Figure 4 (a) The electrochemical performance of NaNi, sMn, 50, [35]
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Mg/Ti co-doping [48]. (f) Changes in crystal interlayer spacing (left), cycling stability (middle), and air stability (right) of NaNij, sMn, 5O, after Cu/Ti

co-doping [46] (color online).
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Figure 5 (a) Volume changes of Na[Ni,sMn,s]O, and Na,¢3Cay;[NigsMng5]O, during charging and discharging processes [54]. (b) Schematic
diagram of corrosion of electrolyte on cathode material and protective effect of F doping on the cathode material [58]. (c) Comparison of in-situ XRD
and SEM images of NMS55 and F5-NMS5S during the cycling [58] (color online).
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Figure 6 (a) “Queue order” superstructure of O'3-NaMn,(Aly,0, [69]. (b) Electrochemical performance of O'3-NaMn,4Al,40, [69]. (c)
Electrochemical performance of O3-Na, ;Nij 3551450, [70]. (d) The “MNis” Superstructure of NaNi,;M;;0, (M=As, Sb, Bi) [72] (color online).
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Figure 8 (a) In-situ XRD results of O3-Na,o[Cuy,,Fe;3Mng 4]0, [96]. (b) XANES results O3-Na, o[ Cuy,Feg3Mng 45]0, [96]. (¢) The influence of
Cu content on the elemental valence states and electrochemical performance of Cu/Fe/Mn systems [97]. (d) The influence of element composition of
Cu/Fe/Mn system on material properties [98]. (e) The effect of different Na contents on the energy difference between P3—O3 phases and phase
transition during charging and discharging in O3-Na,[Cu, sFe,3;Mn, s,]O, cathode materials [99] (color online).
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Figure 9 (a) Phase transition of NaNi, ;,Cu ;Mg 1,Fe 15C0, 1sMny  Tij ;Sng ;Sby 040, during cycling [106]. (b) Lattice changes of HEO424 after Na
extraction [108]. (c) Thermal stability test results of HEO424 [108]. (d) Phase transition of Na,;Li,Fe;Co,Ni;sMn;;0, during charging and
discharging process [109]. (e) Performance of Na gsLij osNig5CugosFeq1sMng 490, as the cathode of solid-state batteries [111] (color online).
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Figure 10 (a) Schematic illustration of crystal representative P2/0O3-type layered oxides and cationic potential of representative P2- and O3-type Na-
ion layered oxides [112]. (b) Changes in ionic potential of O3 NasLi,/,7Nig,7;Mn,; », Tl 70, after Ti doping [113]. (¢) Operando XRD patterns of O3-
NasjsLiy»7NignsMny 27 Tign,0, recorded between 2.0 and 4.4 V [113] (color online).
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WBEFHE LRI i YEH ZE R
N ) R E L, B IER S 2. RS
EREN Al,05, TiO,, MgO, CuO, SnO, i, IO I kT2 [44.,86,118,121,122]
. AIPO,, NaTiy(PO,);, Na,Zr;Si,PO,,, &7 M SEMMFa et m, IRy 5
s Na3:XA1xPCZ)4, I\f‘af\AgP(2)4, 3NazPoS1 ’ Fis, {2 #ENa 9 L [124-126,128,130,131]
TeA WG IR, PPy RO ORY B, IR m MRl BT S5 [132-134]
SREEN AlF, b 2R Ve, B BRI AN LR [138]

1066



REFR: b 2024 5 S4B BT

J2, 5B LE PR e P [T ANE. 43 T AR P 3 g
BB AT, $em T IER PRSI R AR
EME. AT BEZEEE2wt%-NFMI1T#EHES C
TREFLMAE103 mAh g I ATELL R, 1 CIEFR 10005
B AT1A77%". 5NaTi,(PO,), 2K BM 1), Na,Zr;-
Si,PO,, & T SR FI/ENFM 111 IEMR (A8 2, #4552
WHENBIAEAR T, S T EE /B RO E S, TEHR
(145 b R M A e A B B R ),

fEH &R, miR S E0H 2 8 (NaOH L
Na,CO,) ¥ & FAE IE MR 2 [ Bt 4, 2218 BB A
A2 Ae ] R A 2T Sl S R TNk B AL
SN A SR 7 2 1 T A SRS A KA L. 5
41, WangZ! 5@ i {4k 249%, 7E03-Na[Nij ,Fe, ,Mny 4]0,
R RN T —)ZNay 5, ALPO,RZ. Na,y 5, AL PO,
P TR A 888 4 B Lo LA e v S R
SxUP [E AL 2 R B R T 2T fINabR B,
A T E# A E A% NG, AR R R TR I
HENakl, ML T Na Essl 7124, Ao Al
PR TR, SEEL TR ALS 22 (B 10d).
XL M SRR PRIV, B AR A T IEARA R 2R
ARG A, S5 TR E A R MR,
1 mol% NPO@NNFMOTE2.0~4.0 VHLEE 14, LA

140 mA g~ FEFR200 AT B WI 4G 7 B ¥180%, 5 CF
MEMEIR B A 128.7 mAh g fIEL A B SRI kot ok
I 4% FH - F-NaM PO, £1.7 ff/NaNi, ,Cu, ;Mn, 4 Tiy ,0,1E
B, B ARIE T — Al PO Sk 5 IE R Bk B
(P R, FENFMIL SR THEL 7 NaPO, 19 2 M 77 v
(E11e)!™. 5B OB ERE, XRERA-E R
REGURRAAS 5 B S 5 i B AE IER R R T FE R — )2
BISMKR R OEE, HERTAHEMNNIREY.
NaPO, A B E B FHSE-10"°S cm™), feftit
Na § 8, [FJH BH R HFSEER 4 5 5 IE AR 42 b, 2otk
JE I IEARM BHE S fase v, 5 R R A A fa e
AR R, 1E2.0~4.2 VIR 5 TAE L E XA A LA
1 CPEM150K, HEMAFREADEMERS T4
20%. ) FH 2 TH 5 Bk S TS5 Ao7 o 1 4k 02 2 6. 7 e — o
M HEAROSETE, FRKEIFRE S, K
SRIRIBFE 8 7 1) S S W] CRAIE % /25 38 ) ARG HE TR 428 ik
JZIESE, DS e AR 1 — S

4.3 WIEHRE

WAL e S e, S REM s UM B2
w, HERAE, 5 THE&E0S. EIEmM R
— AR, RERRAR S I B, ST IEAR M HTE, 2L

®oy-

Cycling In air

, 70 NaCOy

- A
wet chemistry ¢
NO3):™ method <

NFM424

Coprecipitation precursors " ('NH,,)ZHPO‘,

B (e) NaPOS ) A A2 (4% fioR )

s
'3 »
oA -
<C).§‘ A s & i3
<
i [~
B .
S _&_‘,;.*
ess § 7 f ® g
 —— T
g b “‘m o0 s
i | Pannnasc, e ol i
o s s o
ion 3 H
fon Tl S e e e
ility ¢ z = — o0 g
Rate Capability ¢ - e____|we
Cycling Stability ¢ g 5 e {eo S
s “ = ol
K !

§ Gaseous P,04
O NaOH/Na,CO; F 1 NaPO,

B NaNiysFe,Mn, 50,

Bl 11 (a) ALDIEAMIALOSHRZXNNMOIE M R 1 AT (b) TiO MR ZATI 5 40 NEMILLEGAE Y, (¢) AIPO, 07
IR AR 2 B AUNB[ Lig 0sMing 5oNig 30Cug 10Mgo 510, AT HLAL 21

(
E‘»[m]- (d) Na[NiOAFeQ2Mno,4]OzﬁﬁE&/‘F_-"A?T'él\klz,-3)cA1xPO4El':J

Figure 11 (a) The protective effect of Al,O; coating synthesized by ALD process on NNMO cathode [119]. (b) Effect of TiO, coating and Ti**
doping on NFM111 [121]. (c) AIPO, coating process and electrochemical performance of coating modified Na[Li ysMn 5oNi 30 Cug 10Mg05]O, [124].
(d) Schematic diagram of Na;_3 Al,PO, in-situ coating on the surface of Na[Ni, 4Fe,,Mn, 4]0, [128]. (¢) The coating process of NaPO; [131] (color

online).
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Figure 12 (a) Morphology of Na[Ni, ;Fe,,Mn,;]O, cathode particles synthesized by co precipitation method for polycrystalline, single crystal, and
metal oxide synthesis [146]. (b) Comparison of electrochemical performance and air stability of Na[Ni,;Fe;,Mn;]O, obtained by different methods
[146]. (c) Na[Nij, sMn, s]O, Comparison of morphology between single crystal precursor, single crystal cathode particles, and spherical polycrystalline
particles obtained by the co-precipitation method [147]. (d) Particle fragmentation of polycrystalline and single crystal Na[Ni, sMn, s]O, after cycling
[147]. (e) Comparison of cyclic stability between polycrystalline and single crystal Na[Ni,sMn,s]O, [147] (color online).
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Table 3 Summary of advantages and disadvantages of layered oxide synthesis methods
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Figure 13 (a) Morphology of NaCr,;Fe,;;Mn, 30, cathode particles synthesized by solid-state method [148]. (b) Morphology of [Ni, sMn, 5](OH),
precursor and Na[Ni, sMn, 5]O, cathode particles synthesized by hydroxide co-precipitation method [18]. (c) Morphology of Na[Nij5,Coy ,Mn,7]0,
cathode particles with transition metal concentration gradient distribution synthesized by co precipitation method [154]. (d) The structure of
Nay g[(Niy sC0g,Mny 3), 6(Nig 33Mny ¢7)0.4]O, composite cathode [156]. (e) O3-Nay sMny ¢sNi 5Aly ;Mg 05C00 050, “nanoflower” cathode synthesized by
hydrothermal method [157]. (f) Morphology and lattice stacking form of Na[Li, 4sNi, ;Mn, sCu,y ;Mg ¢5]O, cathode with exposed {010} crystal planes
synthesized by solvothermal method [160] (color online).
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Status and prospects of O3-type layered oxide cathodes for Na-ion
batteries: stability, reversibility, and reaction mechanism
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Abstract: In recent years, sodium-ion batteries (SIBs) have attracted wide interest. Research on high-energy, highly
reversible, low cost, and environmentally-friendly positive electrodes is crucial for the development of new generation
of SIBs. O3-type layered oxide has unique advantages in energy density, operating voltage, and synthesis cost, and is
currently the most concerned cathode material for SIBs. However, the development of the materials still meets some
challenges such as irreversible structural phase transitions during charge/discharge cycles, high Na® diffusion barriers,
and poor air stability. This article comprehensively overviews and evaluates the research status of O3-type layered
materials from the aspects of material design, phase transition evolution, electrochemical reaction mechanisms and
interfacial modification strategy, and the challenges faced in this field.
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