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Abstract To achieve carbon peaking and carbon neutrality goals, increasing the share of non-fossil energy consumption and
accelerating the growth of clean, low-carbon and sustainable energy are highly desirable in developing a clean and diversified
energy supply system. In this retrospect, new energy vehicles have become an ideal substitute for the traditional fuel vehicles
due to their green, low-carbon, clean and sustainable characteristics, and have promising development in the future transpor-
tation industry. However, the continuously increasing demand for longer range and safety performance in electric vehicles has
challenged the state-of-the-art liquid-state lithium-ion batteries. At present, the conventional lithium-ion batteries based on
the traditional carbonate liquid-state electrolyte face many potential safety issues, such as leakage, volatility, combustion and
explosion. In addition, their energy density reaches closely to their theoretical upper limit. Therefore, breakthroughs in battery
storage technologies are urgently needed. Solid-state lithium-ion batteries, which are built with solid-state electrolytes and
Ni-rich cathodes/graphite (or silicon-carbon) electrodes are the most promising battery technologies combining high energy
density and improved safety property. An in-depth literature survey shows that considerable progress in the construction of
high safety, high energy density Ni-rich cathodes/graphite (or silicon-carbon) solid-state lithium-ion batteries have been
achieved recently. Hence, this review mainly summarizes the research progress and the development of Ni-rich cath-
odes/graphite (or silicon-carbon) solid-state lithium-ion batteries using inorganic solid electrolytes and polymer solid electro-
lytes. Moreover, the remaining challenges and future development trends of Ni-rich cathodes/graphite (or silicon-carbon)
solid-state lithium-ion batteries are also discussed and presented. It is expected that the current review would contribute to the
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further research and development of Ni-rich cathodes/graphite (or silicon-carbon) solid-state lithium-ion batteries.

Keywords high-safety lithium-ion battery; Ni-rich ternary cathodes; graphite (or silicon-carbon composite anodes); solid-

state electrolyte; interfacial chemistry
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Table 1 Performance of Ni-rich ternary cathodes/graphite (or silicon-carbon) solid-state lithium-ion batteries constructed with inorganic solid electrolyte
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Figure 1 (a) Schematic representation of the silicon nanoparticle (SiNP) and Si-C anode in liquid-state and solid-state Li-ion battery systems. (b) First
charge specific capacities and initial coulombic efficiencies of NCM9055/SE/Si-C full cells dependent on the N/P ratio. (¢) Cycling performance of
NCMO9055/Si-C full cells (N/P=2.0) with liquid electrolyte and solid electrolyte. (d) Discharge specific capacities and CE of NCM9055/SE/Si-C full cells
with different N/P ratios. Reprinted with permission from Ref. [20]; Copyright 2021, Batteries & Supercaps
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permission from Ref. [22]; Copyright 2020, Advanced Energy Materials
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with permission from Ref. [31]; Copyright 2021, ACS Energy Letters
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Figure 6 Cycle performance of LiNigsCo0g15Al0s0./SINW solid-state
coin cell. Reprinted with permission from Ref. [34]; Copyright 2020,
Journal of the Electrochemical Society

FEREYMER Y, [ERFAGUENREE TS
R, T AR SR B A IR P T S L, G HR R R
HLFHI(Super P)RAR e IE SRS R HL S 3%, 2 SEBR A

1734

http://sioc-journal.cn

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

W BUINE) SP ORI T LA 4 S 78 K I R R LA R
Z AR, AR AT B2 S R X, & SR E
SN ERYERT, B S ZRE. 2021 4, Chang FIFARY
£ NCM622 1EM AN Gr-SiO, 6 M s Iin B BE fik 44 oK &
(SWCNDYE R4 B 3 AN, SWCNT FR AR IE K1
TAEHER, IEFBRIE RS BMZS, yiE ARt
B TR AR, em T BRI SRR RADL R
W3 T Tl 3 £ 05— 7S 3R I L 5 W) (PVDF-HFP) Hi i
AR E A R, £ 0.5 C R F#A 4.04 mAhe
em 2 P A=, EF 100 EEH 2 RFFE~80%,
PE R A~100%. 1ZHINFER] SWCNT BT INEE S
THARAT R SR (R R F AR A R PR 1 2 5 5
BHE, AL SWCNT B4 B3 ERRE R,
N/P LLAE M 0.87 1 ASSB 7 300 XI5 j5 R H 46.5%
PR RRFER, — & BT B AE i Ak ) 5 H
25 IE TN T H R i, 0 i ] A 2 R ) R A
P Ak P T A A o AN A AN N ) 3-( = R R A
FE) IR FLWN R (TMSPB), i 3 a4 = 0 1E B3R 1 2 R A1
BHHT. FE ) CEIPYL 78z F R M TAE I8 7 EIRAIR
U HLBE B 2N K A N O R AR R AR o R A R
JOR S THT 2 i 1D 5 ).

H AT O 28 H0E (0 3E R A7 5w 1] 4% 1 SR A ) [ 25
il JoR ) FE ) v A = 0/ A A (BRORE R e bL R [ A S
HI, X R AV MR A ST e D, TR s
ERAET B RS S 10 IE AR R, CASEI Bl 5
F R SR G A A A, R DR AT SR B % 1) SR A S
F AR JOTG A S (1) v R = [ A R v R e R IR AR DA
NCM523. NCM622 R, S bREVHMIR S mE =

Acta Chim. Sinica 2023, 81, 1724—1738



F F R

JEAEH T NCM811. NCMO9055) [ 2 MERF 58, Xk
BRI
32 RURESYESHBRMENSRE=T/AEE
k) St REEISEE Tt

BT AR JFE AL T A F AR T AL 1) L AR AE AR R
PR 2 TE)AS (R TR T2 04 1), F A 142 R
JR A T A T2 & B R, TR 3R A O R IR AA I R
AR, Ak, SR RG] RFISEA R, 5
NI B B A IR T T 7 TR O B, B S 7R AR 2%
PRI Yoy, (AR S AR R s, DLSEE
G O AR, R m R B b SRR 2017 4F,
He [IPABSIEETE T —Fofr v £ 22 14 RE AN 22 4 PR [ XUy e gt
& A Y LA (GPE), I/ 1 mol/L LiPFs (1)
EC/DEC/BRIR ' ZEE(EMC)(V & V2 V=111 DI
FELAA R (LE) 51 N2 5 DY B DU 74 4 BR 16 (PETEA), LAY
TR THE(AIBN) G| RS RTIRAATE 70 CF i [
ol &5 2] PETEA [MERR R AWM. 25 C T
846X 10 3 Secm = BT HL TR, WL L IR E &
S L ) R R

b AT ) 15 T S R AV AR R RS B R, 5
LiNisCoo.15Alo0s02 1EM « BRAE AR LS G202 T IHFp 2
Ah B I EET X ELAF TS, G036 3 BR, SIS H
fil R A I A B, GPE [ 26 H jth it it 535 15 1 75 B
FERiEm, HOrhimeEm kG, B RN
BRI MRS SRR I 7E iR A R R R
TS HR AR o 2 2 ) R AR R K ik 25%, TSR A
PETEA FEEEI 564 v AR 0 4 26 1 M it R LM LT ]
RS AR RAR A (<4%), TR R A& 1% F A T R A R )
P A T/ PR S TR (1 ) B B, kD> AR P 7 A

HE—2 %} LiNig3Coo.15Al0.0s02/GPE/Gr-Si 34T
BERNARLS, R IILE FEAR R T b (1) — 2 I 28 S5 M PR IR A4
SRBEEVE, ] AR E R A RRE, RO T F
(224, 47471 3, PETEA BB I &) s fif ot 230
HUE DR (D)= 4k 48516 e i g i 5 F AR S TH 1
R AFHEful; (2)FE IR THE U IR 2, ORFE T 9
AN BB R 254 52 35 MR S 2022 4F, Shi AIBABIE: T 2 5 4
IE(PANYZT 22 i, KRNI & T 2% T PETEA 2%
B AR, AR 0.77 1S S T IE A HU
5.15 V AL T 1. B 28 [ 2 AR 0 AURE Y T e s
LT I e A R GV, H 5 Rk Bk S i)
3 PURN 2 A Z 0t Hi it A2 T A CHOR SR 2 % SO 38))

49 DG K W T S v b A Ji] A 4 8 7 vt () I R 4R T F
FL 7 IA).

EA SRR — 2 BRI LA LA B AR
AR, AHH T RERIAAAE, It B AR R K 2 AH B
AR, WEAEFR DU SR . DR G o] ph fik 7™ 2
PRFR RIS HE I B AR R, — B 7 AL ok
FEM )8 2021 4F, Yang [ B0V 5 A4 i A ST R A
PEFNZE fif ek ORI AR AL, Bevt T 456 RO BRI R
H(LiDFOB) @ N7 AN FIE A R A7 & T2 okl . H
RS 7] EC/BRIR — HBR(DMC)E I H I 1 mol/L
LiPFs. 1% (w) LiDFOB 1 2% (w)$J& 5% Z /% (PVA-
CN) J5L A [ A6 il 15 5 S P WA o, B S BRI /e 25 C
A RIS TSR EIE 726X 1073 Seem 1 45 itk —
R ININ T LiDFOB ¥ HELM 5 AT LA AR R R Al 1)
PRFAR A RIS, Rk m] AR i) TE AR A4 ) o f B il 11
TR, RE BRI R e, SR T IR AR e
PERE(E 7a). BRULZAb, AhATTHE H TS A0 i Ao 2
(DHMAHPEJSTE 60 C FREF 24 h ER MRS, A

2 Al current collector
CEl film (—\
LiPFg PVA-CN/ LiDFOB
PVA-CN

LIDFOB LiF-rich

A EEOI

SEl film

Cu current collector

(o
(]

IGPE-A
a8 — 28 — 10C — 0¢

——410T —— 20T 30T

P I Q—

©

ty / mAh g1
o B
8 8
PR
g & 8 &
Coulombic efficiency / %
Voltage / V

—s—BLE
——IGPE 7
—v—IGPE-A

o

Specific capaci
©
8

)
~
3

°

30 60 90 120 150

L - - L Discharge capacity / mAh g!

Cycle number

3
3

B 7 (a)& LiDFOB #RINFIN PVA-CN L 5 &4 B i i (IGPE-A)
SR S (b)>R A IGPE-A 4H 4% (1 NCM523/Gr-Si 8] 2588 25 1 Hiith
FERIR(S5 C) PRI IERE. (o)l F RSB 2. HBRAR T2
#HR[40]; 2021 FRALFTA , ACS Appl. Mater. Interfaces

Figure 7 (a) Schematic diagram of the interface between PVA-CN gel
polymer electrolyte and electrode with LiDFOB additive. (b) Cycling
performance of the NCM523/Gr-Si solid-state lithium ion batteries with
IGPE-A at 55 °C. (c) Discharge curves at low temperatures. Reprinted
with permission from Ref. [40]; Copyright 2021, ACS Applied Materials
& Interfaces

Table 3 Electrochemical performance of four 2 Ah-class pouch batteries (Ref. [38])

: P Foy SR
A B AR RE % F/(Whekg 1) - - - -
0.5C 78/1 C JiHH, 280 &, 45 C 0.5 C 78/5 C JitH, 200 P&, 25 C
NLG: LiNigC0q,15Aly,0s0,/LE/Gr 210 75.7% 51.4%
NPG: LiNigsC0g15Alo0sOo/GPE/Gr 215 86.4% 92.5%
NLGS: LiNi5Co0q.15Alo.0s0,/LE/Gr-Si 225 68.9% 55.9%
NPGS: LiNigsCog15Aly0s02/GPE/Gr-Si 228 83.9% 81.2%
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Figure 8 (a) Schematic diagram of the electrode-electrolyte interface
within the pouch cells with LE and PEGDA-PE. (b) Cycling performance
of NCM811/LE/Gr-Si and NCM811/PEGDA-PE/Gr-Si multilayer pouch
cells. Reprinted with permission from Ref. [43]; Copyright 2023, Energy
& Environmental Materials
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