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Fig. 1 XRD patterns of NCM96, NCM96@0.8wt%WO; and
NCM96@1wt%PTA

B, FAREA 510 um, RELBEE. B3
4 435 7 NCM96@0.8wt%WO, F1 NCM96@1wt%
PTA B EDS-mapping B %. A AEH, W ITHR
M P/W TEHEIHT. &5 XRD S ER, 157
WO, SR PTA MR T — MR AT W
BEMP/W B8BME, XTF PTA X4, P TRER
BERE, MeEWITERNEST, XM THYH
fio

3]& 1 NCM96. NCM96@0.8wt%WO, 1 NCM96@1wt%PTA M &S
Table1 Cell parameters of NCM96, NCM96@0.8wt%WO;and NCM96@1wt%PTA

Sample a(A) c (A)
NCM96 2.8733 14.1815
NCM96@0.8wt% WO, 2.8760 14.1890
NCM96@1wt%PTA 2.8760 14.1883

B2 (a) NCM96. (b) NCM96@0.8wt%WO, F1 (c) NCM96@1wt%PTA fJ SEM B
Fig. 2 SEM images of (a) NCM96, (b) NCM96@0.8wt%WO; and (c) NCM96@1wt%PTA



Journal of Electrochemistry, 2023, 29(10), 2204281 (4 of 8)

B 3 NCM96@0.8wt%WO, #J EDS-mapping El1%
Fig. 3 EDS-mapping images of NCM96@0.8wt%WO,

B 4 NCM96@1wt%PTA ) EDS-mapping B
Fig. 4 EDS-mapping images of NCM96@1wt%PTA

3.2. HA{LEIERE

AT EE WO, 1 PTA B & 8K & ER
MR Em, RN NCM%6. WO, 8B K
M B NCM96@0.8wt%WO, #1 I 1 PTA & B &
T B NCM96@1wt%PTA #f #1 HY B 1k 2 M BE HE 1T
THREMR, FUiX T NCM%6@0.8wt%WO, F
NCM96@1wt%PTA # KL =& (60 °C) THIFR 1L

FlERE. B5MFR2 AERTHINAER. E5(@)
BRT=MHMH0ICTHEBEFRRBEMZ. M
h 7 L& H NCM96. NCM96@0.8wt%WO,
NCM96@1wt%PTA #f £ 2 5] & & 218. 223
222 mAhg' ERE. —MHM N EENERTERE
i, NCM96@0.8wt%WO F1 NCM96@1wt%PTA
MR EBERAESERS T NCM% # &,

NCM96@0.8wt% WO, 1 NCM96@1wt%PTA H
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B 5 NCM96. NCM96@0.8wt%WO, 1 NCM96@1wt%PTA HI (a) BB T B £ X (b) fEIREN 2%
Fig.5 (a) Initial charge and discharge curves and (b) cycle curves of NCM96, NCM96@0.8wt% WO, and NCM96@1wt%PTA

&2 NCM96. NCM96@0.8wt%WO, F1 NCM96@1wt%PTA KL MEAELLE:
Table2 Comparison of electrochemical properties of NCM96, NCM96@0.8wt%WO, and NCM96@1wt%PTA

Sample 0.1 C charge (mAh-g™) Discharge (mAh-g ™) CE 5C (100 cycles)
NCM96 238.4 218.4 91.6 73.2
NCM96@0.8wt% WO, 236.4 222.9 94.3 89.6
NCM96@1wt%PTA 237.9 221.7 93.2 90.3

HEBEECHERDH N 9M43% F1932%, WS
F NCM96 # R & B E S E 91.6%. Xz H
FEEBENH THRRERSHBREMNE R,
BOTHBEIREMSBREEEEMEIRE,
WmiEs TERTEMERE. B5 (b)) A=FHf
BESC THIEEAERE, TTRLEH, NCM96 #F
BE 100 BRIEHETERFERNA732%, M
NCM96@0.8wt%WO, 1 NCM96@1wt%PTA #7 #}
100 R EREFEEX S 57 89.6% F190.3%, HRHE
INMEREREI B EFRT. B WO, Bt NCM96 #1#}
5 PTA 221 NCM96 MR & B B L F M RE 31T
XEE, ZIFAEXNR S BN E LS 2R R mER
K, B BERESMHRNBERREE. S, &
PP RIER TR 100 BRERFERDERER, 7
IR TEMM A BN REZE A A Ko

6 f13% 3 A NCM96@0.8wt% WO, H
NCM96@Iwt%PTA # 5 & (60 °C) B 1k F & IR
R, X F NCM%6@0.8wt%WO,, M B 6 1 &
INEREMX AT AR E, MK 100 BRERFEXA
74.4%0 Xt F NCM96@1wt%PTA # %, ME 6
FEEAMERENIK AT IAS L, ML 100 BRERFE
H 80.5%, EETF NCM6@0.8wt%WO, ##}, i
HP/WITEZEBERTWETREE.

3.3. BHST
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HTHETEL, BB DIBEIRAREEE
(1/25/50/100), #EEFBRMFTEHZE 425V H HE#
B8h, AF#HITT BAFZMETIE EIS) MK (
7 B S2), FmEERMET(R) MEREI (R 1Y
WEERPAPER4MEKS2 . BEFRLFER
S2 ° A & H, NCM96. NCM96@1wt%PTA #
NCM96@0.8wt%WO, #1 £L#Y R, TE IR L FE A Y
Tfk. XfF NCM96 ##L, 100 BERE R, EE
Z18, R, {EM 54.16 Q F+ZE 582 Q. MHEEZ T,

NCM96@1wt%PTA # R BN 52 R & R BE T
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Fig. 6 Cycle curves of high temperature electrochemical properties

of NCM96@0.8wt% WO,
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&3 NCM96@0.8wt%WO, Fl NCM96@1wt%PTA HIER (60 °C) ML IEAELLE:
Table 3 Comparison in electrochemical properties of NCM96@0.8wt%WO; and NCM96@1wt%PTA at high temperature (60 °C)

Charge capacity Discharge capacity . s
Sample 3rd (mAh-g”) 100th (mAh-g) Capacity retention (%)
NCM96@0.8wt% WO, 211 156.9 74.4
NCM96@1wt%PTA 208.8 168.1 80.5
(a) 600 - (b) 600 -
NCM96 " z;u, NCM96@1Iwt%PTA | Lo
5004 A s0th 500 A S0th
o v  100th v  100th
£ 400 Fitting results = 400+ Fitting results
= =
<3001 = 3001
200 Y 200-
Wo ] Ret e
100 100 A

0 100 200 300 400 500 600 700 800

Z'(Ohm)

0 T T T T T T T
0 100 200 300 400 500 600 700 800
Z'(Ohm)

B 7 %5 1/25/50/100 BEfEIRRS BRI FR L SZFEHTIE (EIS HiZE, MNIERABIAEERAE ) (2) NCM96; (b) NCMAY%@1wt%PTA
Fig. 7 Electrochemical impedance spectra at 1/25/50/100 cycles (the insets are an equivalent circuit used for the fitting) (a) NCM96; (b)

NCMA96@1wt%PTA

R4 EIIREHAREEALE (R,) FERBME (R,) HEER

Table 4 Fitting results of surface film resistance (R;) and charge transfer resistance (R) during cycling process

Sample Resistance/Q) Ist 25th 50th 100th
R; 7.49 247 1.70 1.28
NCM96
R 54.16 147.3 286.7 582
R; 14.48 3.45 2.71 1.75
NCM96@1wt%PTA
R 66.6 111 194.8 327.8
R; — 1.96 1.29 1.98
CM96@0.8wt% WO,
R — 4.7 63.1 151.5

BEMAPBLABE, 7 100 XBEFREM 66.6 Q1 E
327.8 Q, X F NCM96@0.8wt%WO, &1 £}, FH
FUENIM 25 BR 42.7 Q #iNZE 100 B 151.5 Q,
BKIEE &/ EISNIKERFKE, WO, f PTA
REGQBYERIE T NCM6 IEREIATFE A
ERETNNEK. XATNEARFREASENS T
NCM96 EHRSERERAERIR NN ELZE, BIKT
S EETHRERD HF ZRXERRENEMR, 12
= 7RISR EEERE .

34. WO, 5 PTA i$x4 L

MEFHRLE) XRD 4 R 1 EDS-mapping
AR, MM RXNBRTESERTER

BN BEENE, MIEBREATNSEEATL. M
AMTRNEBEZERERLETIUEL, Bt
77 X NCM96 #48 E B AL LE R E M ER 5 /No
MERBEINEREMETTINEL, FmMSER X
NCM96 #HEHEIMEREHN A B &S, B
FREEREFREL, BRMEREERTKR. MFEF
MR EREIMEREHZRE, PTA B RIE
INMERELTF WO, sttEs L, B P/W WtRBE
ENMLAERERT W BTREEE.

4. &

XABEBEEE AN EEER=7T NCM9%
ERMEHITT PTAR WO, BBX M, IR T
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A B M 75 5E X NCM96 MR 454 25
RHEALFERENEM. RERFKHE, PTAM
WO, BEXMIRER, WHMP TR KRB I
AN NCM96 M EL@Ig AR, MeaFER TRABS
HNEEEH, Hh WO, 8BUMAETREES
¥, PTAGBXMNP/W N TEGELEH. Bk
2RO FTRE, PTAM WO, BBHREBXN
E NCM96 #T R R B 2R, EEFESH
HHERENRNEE XN EMRERERE. BT
WO, 8 & #J NCM96@0.8wt%WO, #1 £, PTA &
& 1) NCM96@1wt%PTA # R ZMEEF RN &R
MEE, 100 BRERFEFIE80.5%, HEZT,
NCM96@0.8wt% WO, #1#} 100 B & 2 R FENAE
74.4%.
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Abstract

With the rapid development of electric vehicles, enormous demands are made for higher energy density, better cycling
performance and lower cost of lithium-ion batteries (LIBs). As an important high capacity cathode material for LIBs,
the high nickel layered oxide material LiNi,3Coy;Mn,;0,(NCM811) can reach an energy density of 760 Wh-kg’l. The
ultra-high nickel ternary positive electrode material (LiNi,.,.,Co,Mn,O,, x > 0.90) has a specific capacity of more than 210
mAh-g”, and can realize higher energy density. Besides, an ultra-high nickel material uses lower cobalt content, and
reduces material cost. Tungsten oxide coating has been reported to effectively improve the electrochemical performance
of ternary materials, but no reports can be found for tungsten oxide coating modified ultra-high nickel cathode materials.
On the other hand, phosphate coating has been widely used in surface coating modification of high nickel cathode
materials to improve their electrochemical performance, but it is difficult to achieve uniform coating. Phosphotungstic
acid (PTA) can function as a double coating with tungsten oxide (WO;) and phosphate at the same time, which is
expected to achieve better electrochemical performance than single coating. In this work, LiNij4Co;,Mny,0, (NCM96)
was selected. The NCM96 precursor and PTA/WO; were dispersed in ethanol for mixing. After drying, the product
was mixed with lithium source and sintered, so as to achieve tungsten oxide and phosphotungstic acid coating. The
structures, morphologies and electrochemical performances of the PTA modified and WO, modified NCM96 materials
are compared. The results showed that, in the process of either PTA or WO, coating modification, W and P elements were
not doped into the lattice of NCM96 material, forming a relatively uniform coating structure, in which the WO, coating
modification led to single element coating structure, while the PTA coating modification led to P/W double elements
coating structure. Electrochemical test and analysis revealed that the two types of the surface modification methods had
no effects on the first cycle discharge capacity of the NCM96 material, while had effectively improved the long-term
cycling performances. By comparing the high temperature electrochemical performance of the WO, and PTA coated
samples, the PTA coated sample NCM96@1wt%PTA material exhibited superior cycling stability at 60 °C, indicating that
the P/W double elemental surface modification with PTA is superior to the W single elemental modification with WOs.

Key words: Lithium ion battery; LiNi,¢C0y0,Mn, 0O, positive electrode material; Surface modification; Tungsten oxide
coating; Phosphotungstic acid coating



