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Fig. 1. Development history of lithium-rich cathodes in all-solid-state lithium batteries!'8-30.
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Fig. 2. Schematic illustrations of the electronic and ionic migration at the interface of Li-rich composite cathodel?!): (a) Conventional

carbon-free Li-rich solid-state composite cathode; (b) carbon-containing Li-rich solid-state composite cathode; (c¢) carbon-containing

solid-state composite cathode with modified Li-rich cathode materials.
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Table 1.  Representative of reported lithium-rich cathode all-solid-state lithium batteries.
S H 4 Wikl Tona wmtur
220, 0.1 C
. . . . 60 C, 2.0—43V 210,1C 90%-1 C,
Li,RuO;-LigPS;Cl-AB| Li;P5S;| Li-I ’ ’ ’
R | LizP3Sy| Li-In (1C=200mA/g) (after 10 activation 1000 cycles (18]
B cycles, 0.05 C)
ik Li; 5Nip.13C00.13Mng 5405~ LigPS5Cl- 30 C, 2047V
Yy conductive| LigPS;Cl| Li-In (1 C =250 mA/g) 1104,0.1 C - (19]
LigPS;Cl|LiNbO3-coated
- LigPS;CILINDO;-coate 27 °C, 2.0~ 48 V 170, 0.1 C 83%-0.5 C,
L 15Nio 21C00.15Mo 150 LigPS;CEVGCF] ' 200 10y /g ~160, 0.5 C 1000 cycles 1)
LigPS;Cl | Li-In B & » YR
Li,S03-coated Li; sMny 54,Coq 13Nig 1309~ 30 C. 2346 V 948. 0.1 C 81.2%1 C
LigTnClysF» -CNILiInCL Fy - (1C = 200 mA/g) 130, 1 C 300 cycles 122
LigPS;Cl|Li-In = & ’ yeies
it LisPO,-coated Li; 17Mng 55Nig 24C0p 0s0o 25 °C, 2.0 48 V 230.7, 0.1 C STI%02C,
LisInCl-AB|LisInCly- LigPSCl[In (1C = 200 mA/g) ~900, 0.2 C 100 cycles
LiNbO,-coated Li; 15Mng 53Nig 26:C00.055 0o 25 C,2 48V 991 0.1 C 49%010,
LizInClg|LisInClg| Li-In (1 C=200mA/g) T 100 cycles
30°C,3 40V 99%0.1 C,
LiyRuOs|LisPO,|Li (0.1 C=1.67 mA/cm?) 101.4,01C 30 cycles 24
—
L
30 C,2—48V 99%-0.2 C,
1;; Li;MnOs[LigPO,|Li (02C =117 pAjem?) ~ '80:02C 100 cycles (29
Li; sMng 567Nip.167C0p.06702- Ta-doped 80 C, 247V 296. 0.05 C 80%-0.05 C, (28]
Li;LagZryO;5-LisBOs| Ta-doped Li;LagZryO1o/Li (1 C = 200 mA/g) » 30 cycles

— AN E BT R SR R S FUAR T Lk,
TIZ MR A AR R Ak [ 285 P e o 7 4 1 2
AR ZY ol P 71 S N (S ¥ A i N o S D
FH P Ak 4 4 [ 2580 H b P AF 5T 1 AR A5 B2 811
KFE, X AT RESE R M /A e A o A
AAEAE ST R S | 2 [B) F g J2 RIOC R B S
e np i, T L AR R A B RO Bl T 2
2 WG v 5 A0 BL A T BT S5 [ R, 1
T ALy 4 1 25 B e, b () BE R AIF 9 RN S F AL 28 45 4
AR I3 A 4 [ S R b A 5 AR R
NEBLA L & AR HL 7 T B T B, AN
T VAR B fb ) 4 1 A R ol B S ek A
PRI T Lk i e R A e T 285 R b 118 2 355 )
FEEEHE T fif gl

2022 47, Wu 8¢ 18 kol 17— B e 1y
Li,RuO; 1E M A7 A 4 42 [ 25 48 L 3t LisRuOs-Lig
PS;Cl-AB| Li;P;Sy;| Li-In, 7£ 60 °C, 0.05 C(1 C =
200 mA /g, J5 SCUNTCRRIR UL BH | 34743 B e 451 46
) R R AR R A 257 mAh/g, FEHAE 1 C A
R 1000 KAEFR G HA 90% Mz m iR R, Hiifk
PR RE BHR 0 A PR RS A LA / P S S A A ]
0 B B AR AR S TR . B A 81 285 H A T
fif BT = AL B (A0 2 Ak | BER AR | BRI

WA ER ) HO AR & 78 2 AR 5 1B S E
{i#5% LiyRuOg Ml LigPS;Cl 77 AL i HL 748
e IR XA R A o A it — 28 A S R A AT
A, AT IK BIASE F i B4 . Ak, IniEl 3(a) B
N, O-K DG Y SEARAR S XA 2R U A 5 14
(mapping of resonant inelastic X-ray scattering,
mRIXs) 7R 2 AL O A EERI i P60 (T 1k
) PORFEAE, (RURAESE 11 IRFEHRAS T IR R 3,
FRFEREET 600 MMEX, IE T Li,RuO4 1 1]
WA AR JEIE VETE 600 IRTE IR S AT AR PR R4
XA AT 7873 FH Al 3 B R 5 S A i SRR I
A M G A PR R, DA TR S BTG S B A PR AR,
TEE.

IR A o M R s HA IR,
TR TR R AR E TR RN 2 42, BT 3
PR E R B, TR S AR T MRS AS,
SETE WL FERAS M, AR DL SR SO0 R
/oy e M (T oY 1 i RN S A 1
RELITAR, ATt B F Ak LA S TR L 71
PE BT HLIERAPEAERERIRSTE, Du 5520 jl
i J8%% 0.5LiNij 53C00 33, .Mng 33 ,05-0.5Li,MnO4-
yLiNiO, (LRCoz-yLN, 0< z< 0.33,0< y< 0.1)
Co 1 LiNiOy 5 HEXF AP RIAIE R 1~ i 7 HL R LU

118801-4



) 32 2 3R Acta Phys. Sin. Vol. 72, No. 11 (2023) 118801

(a) (b) 50
% 538 —_— 10-3F Electronic conductivity W ©2/m phase
> 536 i il ! ~ _, | ™ Ionic conductivity
Eg 600 Ch. ./ e T 104§
T 534 TR g s 140 ¢
=] I o 107°Ff N
g 7
532 1 i % 3
g i 3 = 105k g
£ 530 100 Ch. i > E
3 T 107k g 30 &
> =
£ oo & o T T
M — | © 10°8F || | | = ~
SRV Pristine z 11 Ch J,f\" 1 i = Bl = 8
z 2 L E 100f | | 20
I
> 538 £ W O qo-w0f @
o
< 536 2 Ch. 10-1 b 10
2 Q o o\/ o\f o[L oq’ o
T 534 RPN CLN G CN C SN CUN G
5
g ; VT T
532 ¢ 1 Ch
g 4 = | g Samples
2 530 ' ;
= w
5‘5 528 ” & L Electronic conductivity W C2/m phase
é 526 R Vi ’ Pristine '/_r 10 7 Ionic conductivity 140
g o
515 520 525 530 535 515 520 525 530 535 ; 10-5 L 130 é
0
Emission energy/eV Emission energy/eV N 2
g 2
S 1070} 120
g =] F £
= l = = = ™
el ||
£ 107k o {10 ©
O | |
10-8 . 0

O&Q :bx»é «9@ «@ﬁ Qx»é
AR SRR\ SN N
v SN EOSNRN
€ € o
e O

OO
S

Samples

(c) 6

—~ 2.0—4.8V  PSIT—S+P,Si”
= 4t ——
Lo

< 27

E of

~

£ 2]

z

g

+ —6F —— 1st
QE ——2nd
A — 3rd
O —10} — 4th

20 25 30 35 40 45 5.0
Voltage/(V vs. Li/Lit)

3 WY EESMARE  (a) BRI 11 K THEARET LRO 1 O-K mRIXs Bl (206 1 Sk A8 6 5 B 28 B8 7 A
SAALIEIEAIHRAE ), 75 531 eV Uk fg e T 2B LRO 7E 58 4 70 R 25 AR REECREUCRZS (BOR GIET) TR A9 RIXs &1 (40 (7 S F ik
(2 Vel v B ik B2 N T AE FEHRAS T i S ALl JEUBO fih K B 48 4B 2015 (b) LRCox Ml LRCol0@yLN IEMR B HL 7~ HL 3%, B 7
L5 R C2/m M 2, () (LPSCI+VGCF)|LPSCI|Li-In HL B 7E 2.0—4.8 V(ws. Li/Lit), 0.1 mV /s F®I# 4 4955 3 ] i) CV
125 (d) PtILLO|LPSCIPt A9 JAir i rit 3 5 P A0 st 07 Fi £ 85 132 20 A (1)

Fig. 3. Lithium-rich cathode sulfide ASSLB: (a) O-K mRIXS of LRO at the pristine and upon 11" charge states (the red arrows
and the yellow circle indicated the features of anionic oxygen redox), and RIXs spectra extracted at 531 eV excitation energy of
LRO in the fully charged states and corresponding discharges states (light gray plot) (the intensity in the red arrow and the blue
coil corresponds to the oxidized oxygen triggered by oxygen redox reaction at the charged state)!'¥l; (b) electronic conductivity, ion-
ic conductivity and C2/m phase content of LRCox and LRCol0@yLN cathodes?; (c) CV curves of the (LPSCl+VGCF)|LPSCI|Li-
In cell during the initial four cycles between 2.0 and 4.8 V ws. Li/Li* at 0.1 mV/s; (d) in-situ power-up installation diagram and in-
situ charge-density-distribution characterization of Pt|LLO|LPSCI|Pt['l.
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Abstract

The development of all-solid-state lithium batteries with high energy density, long cycle life, low cost and
high safety is one of the important directions for the developing next-generation lithium-ion batteries. Lithium-
rich cathode materials have been widely used in liquid lithium batteries for their higher discharge specific
capacity (> 250 mAh/g) and energy density (> 900 Wh/kg), high thermal stability and low raw material cost.
With the rapid development of high-performance lithium-rich cathode materials and solid-state electrolytes in
all-solid-state lithium batteries, the application of lithium-rich cathode materials in all-solid-state lithium
batteries is expected to make a breakthrough toward the target of 500 Wh/kg energy density of lithium-ion
batteries. In this review, first, we elaborate the failure mechanism of lithium-rich cathode materials in all-solid-
state lithium batteries. The poor electronic conductivity, irreversible redox reaction of anionic oxygen and
structute transformation during the electrochemical cycling of lithium-rich cathode materials result in the low
initial coulomb efficiency, poor cycling stability and voltage decay. In addition, the high operating voltage of
lithium-rich cathode materials (> 4.5 V wvs. Li/Li") triggers off not only the conventional interfacial chemical
reactions between anode and electrolyte, but also the release of oxygen, aggravating the interfacial
electrochemical reactions, which reduces the stability of the cathode/electrolyte interface. Therefore, the
intrinsic characteristics of lithium-rich cathode materials and the severe interfacial reaction of lithium-rich
cathode/electrolyte greatly limit the application of lithium-rich cathode materials in all-solid-state lithium
batteries. Then, we review the research progress of lithium-rich cathode materials in various solid-state
electrolyte systems in recent years. The higher room temperature ionic conductivity and wider voltage window
of inorganic solid-state electrolytes provide opportunities for the application of lithium-rich cathode materials in
all-solid-state lithium batteries. At present, the application of lithium-rich cathode materials in all-solid-state
lithium batteries is explored on the basis of sulfide, halide and oxide solid-state electrolyte systems, and
important progress has been made in the studies of composite cathode preparation methods, interfacial reaction
mechanisms and activation mechanisms. Finally, we summarize the current research hotspot of lithium-rich
cathode all-solid-state lithium batteries and propose several strategies for their future studies, such as the
regulation of cathode material components, the construction of lithium ion and electron transport pathways
within the composite cathode, and the interfacial modification of cathode materials that have been shown to
have significant effects in solving the failure problem.

Keywords: Li-rich cathode, all-solid-state lithium battery, solid electrolyte, interface reaction
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