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Abstract Sodium ion batteries have regained widespread attention in the field of large-scale electrochemical energy storage
by virtue of their widely distributed and low-cost sodium resources. Among many of the cathode materials (layered, tun-
nel-like, polyanionic type and Prussian-blue type, efc.), layered transition metal oxide materials have received extensive re-
search attention due to the features of high specific capacity, relatively good electrochemical reversibility, and rich and ad-
justable chemical composition. Sodium cobalt oxide is one of the most typical layered transition metal oxides. A lot of re-
search has been done about sodium cobalt oxide since the 1980s. Although compared with other energy storage systems (such
as lithium cobalt oxide materials which has the similar composition), sodium cobalt oxide does not take more advantage in
electrochemical performance (like rate performance, cycle performance, etc.), but it can be observed from the charge and
discharge curve that sodium cobalt oxide has undergone complex electrochemical processes, which means that it has a bunch
of information on the degradation mechanisms during the charge and discharge processes. The correlation studies of the fail-
ure mechanism during the charging and discharging processes of sodium cobalt oxide (including the structure changes and
the charge compensation mechanisms) are of great significance for the deep understanding of the layered oxide systems in
sodium ion batteries. Therefore, on the basis of introducing the common crystal structure types and the synthesis phase dia-
gram of sodium cobalt oxides, this article focuses on reviewing the structure changes (including phase transition and Na'/
vacancy ordering) and charge compensation mechanisms of sodium cobalt oxides with different crystal structures during the
charging and discharging. At the same time, the correlation between the mechanisms above and electrochemical performance
is discussed. This review aims to provide support for the in-depth study and establishment of the structure-activity relation-
ship in the electrochemical processes of layered transition metal oxide cathode materials.

Keywords sodium ion battery; cathode material; sodium cobalt oxide; structure change; charge compensation mechanism;

structure-activity relationship

1 == A A 2 R (G AT 2 S5
254 1 S B JEREAESR, 5 H T AR T R L B
P R R RE IR TR A SR IR PR AW g e i2 . vedRb s O R RZ B 2 060k, A

* E-mail: yyang@xmu.edu.cn; Tel.: 0592-2185753
Received June 9, 2021; published July 19, 2021.
Project supported by the National Key Research and Development Program of China (No. 2016YFB0901502) and funding project of the Top-notch Students
Scientific Development Pilot Program (Chemistry) of Xiamen University.
[ 5 & s TR L TS (No. 2016 YFB0901502)F1 & [ 1K 224k 2 2 BHR AR S A Ry 7 B8 H R B B B

1232 http://sioc-journal.cn © 2021 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences Acta Chim. Sinica 2021, 79, 1232—1243



F F R

),

RO B AE AR B A0 Y R4 A B
RTINS I B SE R N, R R R A
A R AR R E T B AR A R BB AR SRR T
AR, BT TR ERN S AT LG AR R 2R
ROV I @S AR N ROOC R, itk — BRI AT AL B Al it
BHEALI R ARYE. B B 20 e S ) i ke, B
HIT BT 55 1 PRI 1 AR R ATL B R 12 R PR AFF 8 A T 5
Kk, (28— A i s R R B A R
IR RUG F7, — 7 THD % 55 B8 i B R AE BRI 25 RUBE
53 HERE T UL RO B s AT RE 0, D3 — 7 THI R EE LS
T2 P ML 2R 2R SRR A R I 2R RS A AT AU 43 #
TR AR B T H IS R RN B T F It R, IR
RS A2 5 i) FEL VB R RN BOAS ) G B ZE i 7. B T I
AR JZ IR, W T AV AN [F) 25 40 28 284 B A4 L o T
Fo. Hrh BRI 6 )8 E ALY (LI, TMO,/Na,TMO,, TM
=48, 10 Mn, Ni, Co %5) R H LA & LR HTE
W e AR TR TE, W8 B sy b s
FRARIST, = o RO, HE A RIS, Bh S 7 Fe it o R
FRANG-13T ERERANI4T, SRR FR N0 1T, BRER IR S
SRR AR TR R, B A EE TR
R TR E RO R SRR N A TI
FINi (1) 7 Fhic i £ J@ (Til20, V121 Crl22], Minl23-24], Fel25),
Col5:10-11.201 - Nj[20.26 20 1 (] 2R Na MO, # B A i 1,
Al Na " @47 B, AR B WA NageMnO,
Nao ¢7Nig.33Mno 670, 5 Z A BT & BOTERT, 2 3F8E
P8 25 AR R B2 MOV L R M LA PO 22 A
HHFFRET TAE R 1 X 7% WANE T mth 2Rt
& J@ A TEAR A B R
R CH AN ES T Rt R I 6 R A IE AR R L

Table 1 Comparison of common layered transition metal oxide cathode
materials in sodium ion batteries

. I {71 Jahn-Teller B74%,
Mn BB, FoHF B B BRAR 125,
e '
Fe HARFIEM &,

RHEEFABE a8 REIERIR, &Bi FFER
E, AR, EM R
CER A I PURC S

NaMnOz

NaFeO,

Co EIAF AT, Mdkr,

MR HUE F ML AT ARG, RIS A,

P, BTRSRE MR, R F IR A
%

“The materials compared above are all in O3 type structures.

FE2 FhANES 7 R R A e, BEIR
IREL 2 2] T E AR R, FAE 20 T 80 AR,
256 TR AL O AOE N T A T Rt I B A R
132331, BERR BT D9 IR RHE B S 5 FL i b 1 LA 2
TV A5 BNESEB LB BRI, 5 A R A L,
BERRENI i R AL REAE I I e B =2, B TRIRAE B
I RAFE AR AT ALY, X EHRLAG 18R
BARISERRR . B 1 s 1RSI BRI TT A JRE I S A

NaCoO,

Acta Chim. Sinica 2021, 79, 1232—1243

© 2021 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

T iERE, FTLLE S 1981 4F Delmas SOV R A Hi i 4
FANFIEENTERE S 40 SRR EIDRET, BRI
RHZHET I RO RERL T N T OB TE, #6320y 21 i
LTI R SR N LT [ SRR AT, BB IR
AR T T SR R A ERT (R, IR RS T
INNEIESENE AW ER: T SR pUR S S O
BRI R S RO R IR T . AT, ANESTREN H £
ARy Rk, 2T BT S R AL SRS X B R AT
AL 2 R AR IR 20 A AR A 75 B R S —J5 i
BEoxt H TS O AR P A AR AL AT WF ST AT e 2 [
BHEERIRE; 53— J7 e X Na' -2 FriEf
AL R LR AT 0F 78 AR BE 5 D9 J2 IR O R < S A
YR BB ORI FUAR AR 0 JB B DRIk, T B R NS
BHIAH WAL, ASCERIR T ISR R i 1
M IE AR RHE 78 T8 R A o 0 5 g T 3 S R AT AL
WA FCERE, WHE T EIRALEE A S RE .

2 SHERNERIEE. RIS SBILFEE

2.1 HERIIE REE S E IR ALE

EHIR4M 2 B Na JZ2 M1 Co0, ZRX B HES A ). H
Na "7 AL 22 FE i RE AT i dtk, FLERE R, H5H
iy 2RI U < AR, BRI it Ak 45 4t
K Hi T Na/Co Ebfl. Delmas ZE4UAE 1980 4F % ixX tb 4k 4
HHAT T 035, BN P2, P3 A 02, O3 %5454, Hrh O/P 1R
Na' 58 &7~/ =R, $irRoR
CoO, ERE TR TEHSMELH M. HircfH
B IR NayCo0,(0.5<x< 1M Rk i A 45 1 = 24y,
j% : P2[10,12,36-37] N Pr3[10,37,42] N P3[12,37,42] . Or3[10,12,37] N
Q310237 AY - Hp 5“7 RN PRI AL.
2.1.1 AmiaA

1973 4F, Fouassier 541 T Na,CoO» & HiAH I,
T8 H 30 v IR T A B RS AT 15 2] NaCoOs DY Fif
458, 0 a (03), a' (0'3), B (P'3)F1 y (P2) Na,CoO,. 2014
£F Ceder 25073 — B H 7 T Na,CoO, 72 S H & Al
K(450~750 ‘C, n(Na) : n(Co)=0.60~1.05), #1F 2a,
WMELF| 03, 0'3, P'3 Al P2 %Y Na,CoO, A 45 1) I F AR A
B X3k [ 3 R R B A e B 8 (P AL 4H AN R &R
G TEIRG), HIIEEHRE FE KR, 03, 03 Fi
P'3 FIaifE & R g I LA x=1.00- 0.83 F1 0.67 [ 5E
e LU I, P2 FHAIARRE BEIAE OK, Na ™ & Sy [l x ]
LA 0.68 Z24LE] 0.76.
212 dhikEEH

03-Na,Co0; (0.77<x<1) N M) a-NaFeO, 454,
L2 A B A B R S A DU\ TR T 3K
HATECAL, AR T RHERR T X8 ABCABC, Z[EIH#EA
R3m, W1l 2b fiow. BT O3 A, O3 AHTESE# i
W A%, TR R T R BRI R S, S R

http://sioc-journal.cn 1233



o F 5 R

1988, Shacklette:
The first NIBs were demonstrated
» Cathode: P2 & P3-Na,Co0O,
» Anode: PPP and Na,Pb

1981, Delmas:

Four types of Na,CoO,

» 0.55<x<0.60 (P'3), 0.64<x<0.74 (P2)
» x=0.77 (0'3), x=1 (03)

—
—

== 1997, Terasaki: Na, s5CoO,

2003, Takada: Na,Co0, yH,0 (x<0.35, y<1.3)
--thermoelectric material

» Superconductivity H=200e <=
0 200 r 12
:' ~H=1000e . (a) .
saf £ : 1 oy
Z o G 100F 2 z e}
S o4 NaCo,0,| <
of 1 %2 0 : : o
T B B e ®  arisb
- 5 10 25 30 ! 80 7
Temperture/K 3
2004, Zandbergen: Electron Diffraction === @ 40 1
» Sodium ion ordering 5 0
E J
2011, Delmas: P2-Na,C00,--in situ XRD == 0 700 200 300
Temperture/K
[ o === 2013, Fu: P2-Na,C00,--XPS
[ » Co valence change
Il
, [ g 5
Alos 8 ©
2 % E. the first charging
_— B s t03.8V
S
2
£ . .
the first discharging
. c t02.0V
I MO S AW A S W A ) Y il
775 780 785 790
2014, Ceder: 03-Na,Co0,--in situ XRD Binding Energy/eV
» Phase changes 2021, Hausbrand: Na,CoO,--XANES
» Anionic redox
Biphasic domain i O1s OK
. [ Solid-solution region ' 050 @ o O (:)  nom
P'3+P3 Al @
* P3 ~NaossCo0; F0.55 —A3§7 j/?l\‘]
------- A, N
- e a o
o065 ) 17
S/ \ e A N, oo § A |2 |
§ : 3 NP 5
,g [o7s é’ g_Aas z 5 H 7)|/E\/|r\m E
E Y £ z|2| |5 [y ¢
o g A e | //\2
[ gle o 5
\ 0.85 __Ag;g g ’/:/\ e
+0.90 | 26
\ Fo.95 —Aag’ L
— : s . . 1}1.00 -_.Ay.éss | ! T~
70 72 74 76 78 80 34 32 30 28 26 24 et —_—
201() Voltage/V (vs. Na'/Na) Binding energy/eV Excitation energyleV

v

Bl 1 1981~2021 SEEHRRAARITIT A Ji i S A B ZER i ik e 540

Figure 1 The development history and important research progress of sodium cobalt oxide from 1981 to 2021354
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