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Advances in Electrochemical Stability of Sulfide Solid-state Electrolyte
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Abstract: Solid-state lithium batteries have attracted recent attention due to their potentially improved safety, higher energy and
power density. Among all solid-state electrolytes studied, sulfide becomes the most promising system due to its maximum ionic
conductivity, excellent mechanical ductility and good interfacial contact with electrodes. However, the poor air and electrochemical
stability restrict its application in high-energy density all-solid-state lithium batteries. In this review, recent research progress on the
electrochemical stability of sulfide solid-state electrolyte is summarized based on the perspective of experiments and theoretical
calculation. Some methods and theories for improving the electrochemical stability of sulfide solid-state electrolyte are also
represented as future guidelines for the benign development.
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The black, red, blue, and pink curves refer to the 1st, 3rd, 5th, and 10th cycle,

respectively; Working electrode is SUS316 and counter and reference

electrode are lithium.
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Fig. 14 Electrochemical window (solid color bar) of solid electrolyte and schematic diagram about the change of Li chemical

potentials z;, the electrochemical potential 4, and 1. across the interface between the anode and the solid electrolyte
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Table 2 Electrochemical window and phase equilibria at the reduction and oxidation potentials of the solid electrolyte

materials'®®!

Material Reduction potential/V  Phase equilibria at the reduction potential ~ Oxidation potential/V  Phase equilibria at the oxidation potential
LixS Li,S (stable at 0 V) 2.01 S
LGPS 1.71 P, LisGeS4, LirS 2.14 Li,PS4, GeS,, S
Li3 25Ge25Po75S4 1.71 P, LisGeSs, LirS 2.14 Li3PSs, GeS,, S
LisPS, 1.71 P, Li,S 2.31 S, P,Ss
LiGeS, 1.62 LisS, Ge 2.14 GeS,, S
Li;P3Sy; 2.28 LisPS4, P2Sy 2.31 S, P,Ss
LigPSsCl 1.71 P, LiS, LiCl 2.01 Li3PS,, LiCL, S
LisP,Ssl 1.71 P, Li,S, Lil 231 Lil, S, PS5
LiPON 0.68 LisP, LiPN,, Li,O 2.63 P5Ns, LisP,07, N,
LLZO 0.05 Zr;0, La,03, Li,O 291 Li,0,, La,03, LicZr,07
LLTO 1.75 LiaTis012, LizTi11604, LasTirO- 3.71 0,, TiO», LayTir05
LATP 2.17 P, LiTiPOs, AIPO,, Li;PO4 421 0s, LiTio(PO4)s, LisP,04, AIPO,
LAGP 2.70 Ge, GeO,, LiyP,07, AIPO,4 4.27 0,, GesO(PO,)s, LisP207, AIPO,4
LISICON 1.44 Zn, LisGeOy4 3.39 Li,ZnGeOy, Li,GeOs, O,

Richards SRR T 7 R4S 1 2 Hu it
FA R R SRS E T (B 15), o, A 2
P A O 11 FL R R T I B o AR A, BHAR AR & 1t
FE AR o R E & 1 uE, BlEEIRE T
BT IE, B ANRE A OC oo R AR E B
Y, W1 LigPSsCl B PR AR E M2 H LipS e
PEYE . XRH TR TN, WE%N

Li,X(n=1, 2, 3, X=M&F)Jok kLU =4k
A= 40, SR Li,X(m=1, 2, 3, X=F&ET)
TonMRRE - SREE Li. WYX TR, AT
FEL AR T A 5 HE L R T R 2005 Al L, X T B e AN
HHAD oM BN A TIRER . RIUL, FAR T K L
FREENMALIAS . Z2HEN FX—RA R i
/N, AR A S A S R R P . BT



+ 1380 - CRERR Sh2230)

J Chin Ceram Soc, 2019, 47(10): 1367-1385

2019 4¢

SEA & 10 2 BTR T 10 ER SR RS E R T R
2, BRI Li BB 75 22 5e 2 [ 8 1 (e

LiPS.Cl
Li'SnS,
Li, GeP,S,,
Li,PS,

[
=
%]

0 I 2 3 4 5 6 7
Stability window/V vs. Li metal
15 BABES 743 A BRI R A e A SR i vl P )
Fig. 15 Electrochemical stability ranges of various electrolyte
materials grouped by anion *”

3 EALFAR R SR BB IR
BT, SER LGPS B LA 4 R
Ll R P — W, A7 7E R R A S A 5

THESE S SR AT A7 SR Bl A SE ISR I 7 (2
T8 AR 2235 ) Ve vk B AS B gk A B B TH AR A R
[FoR &4 78, LGPS B A4 [ 745 Ho A I3 (1 AR 40K R
R M 2 X —FHsg o) Y, X e
BRI T HEREREEE. & LERENAERESR
kR RIRI .

BT ORISR, Zhu SPOHRE 76
ATEZS FAR A RL LA v WA 2 e 1 1 7 v A
SR, Wi 16 fios, @ IR, Riksr
IR (5 56 I LR B sl J1 2 R E, AR
BAGHHR I FREERR SR 5k, 2x
RifER) 1% FIRAENS, FEmd i mRER

ANHE NA T KA B ], oA I S AT 4R
SERAT. HIK, SRR YIE T 4% H AR
B I AR AR T o IO R ) 1 2 AR
MRIR I SR A, BRIE T2 OR3P B [ S H
FR AL R AR — 2B 1 o il OB, BURASE TR
A AP T RA R E AN SEL E—
o 54h, ZREAMLER TR F4AZ%, B THE
b2 SATE AR R [ 2 AR DT 2 TR () 2286, A4
TN bk TS AR A R RS2 R 1R
W, NIMFERT R % 7 AR M.

FT LA M, 0B SRR ] 265 H R A R
N REAER AT L

1) G 7= 4 F 8] J2 (0 T B T 81 45 Fi A 5 11
Mk 2B AR e R B T e AR, TERR AT M
BRI THI NE 78 202 FE o [ 25 Hi AR TR 1 3 SR it 3= 2
TS TR R, WSRAIER T Li-Ge
A& BARTREIXFE YR, Sy B R e
AR HIVE R o DR, R DAk o SR ] 4 o A 5 A
BLEA Tiv Ge. Si. Sn. AlXFEIHE FEIB 2% 7T
%, e RHER g Bl EReEt Mxm, &
FH O. S. F. Cl. I XFEMAE TEBIItE=R
%Eﬁ%%ﬁﬁ%&%ﬁ%ﬁﬂ%?%%%%ﬁ%
2, XM LiPONPYL LisPS,PY Li;P,SsllV4 G
4 e LGPSM, LSiPSPIA 32 1 J5 IRl (n SR 43
fEF= T, e S EUE A AR MRS A R
EEA BB BIFE T ). S2i6 E XS] LGPS HJE
fasE LIRATLAUAR] SV, Sl TR T LiyS 3¢
P,Ss BILIE , HRARS T LGPS KA #E— 5 0@>l,
R, AT DL 4% R AL 2 SRR TR AL 18 &
FELAR R M1 LA 2 e O,

2) HTME A RS RNAZEE, BIFr
i R 3 2 AE T 24 P AR O R F AR A ) %) L T A AR
M EL. X )E 68 MR A BRI 3 2 i Bk
Ry R, T HLAERR 4 IE4E LR (I Coy S )
TE LT AL B B, AT AR b [ 2 AR T/ R
el ST 7 F IO PR R AR AR 5 4,
A FRHE AT N T 10 nm!®Y), Smim T H &
SRR R B (FTJE A 100 nm!®Y), R4 AL
HFH . fJE, 1% 24 R8I G 2 () FLA 2 107
AT BT IR A, B AE R RE AR R
PR ] 2 F AR A R} R 2 R PRI — ]
R ) S 1O,



55 47 5 10 ) KT S5 BRI 25 r o F A 2 A 5 PRI T a0k . 1381 -

‘ ﬂ—loigvtgrﬂﬁf/ Nominal oxidation potential PR L H 1000 2 F0E R T IEMHRME LSiPS
LT ot £ Cathode WHEPE 2 000 ZAE M T 51 LSiPS W

Lowers, FHEL, KB RE R LR 3 AN T R M R
1) FHRA B7E TAE R LR, e R 4

Oxidation potential

Intrinsic Extended M 5 s 5 2) MALS LSiPS i ARBR A [ 75 H A
el;ctrochemical t‘\!;c(ljr(;):hcmiacl fﬁﬁ’f{.%ﬁfﬁ , EI] ﬁ%k%ﬁﬁ&iﬁ‘]%%ﬁ&m, 3) ML
e i K5 LSiPS @ (B IE A R b 2 R,
Toode EAFEEAT, BB TFHBMRGETARER
g=0 v/ || Highs, 5 N

wi=0eV

HEVR TS R (B 17 B, 78 bk,
K16 SEAAETHIbR S EOALIkREEs  BH N P TEHETOREME RS REm i
Fig. 16 Schematic diagram about the electrochemical window Ee Bl (RP BER b B REAE NAS € 1 LSiPS B4 #
(bars) an§ the Li (?h.emical pog:;]ltial profile (line) in KL HSWUB%%), TiZE AR, &4 S. Se. I Z[f
theallsoldstate Liton batery BT I B RDRL A BB i L. PR,
N RMEHFE A T2 5 LGPS MR wlaciem ol e M EHEES D (s RE 4%
LA 3T DA SR AR R e R AL PP RL, Fitzhugh A7), T R &3 140 1 AR 060 78 A4 R AR 45 22 (B e ]
ELOSI b T — AR I B B S5, AR 67000 % ik 35%744).

Percentage of materials functionally Percentage of materials functionally
stable in anode range stable in anode range 1200
40 3
E 1 000 S
S £
151 E=1
. 30 2 800 5 =,
X =SS o =
S 5> & E S
g 3 £ 600 £ 5
= 20 2 € 8 B2
g zE 58 £
& s = 400 F
=X 2
10 é 200 iS,)
g £
=
0 = 0
(a) Anode range (b) Cathode range

The bottom bar (red) represents the percentage of materials that are functionally stable and the top bar (blue) represents the percentage of materials that are

potentially functionally stable depending on the reversibility of lithiation/delithiation.
17 R R RO RIS B T 0 8 ()R 43 H ()
Fig. 17 Total number (line) and percentage (bar) of each anionic class determined to be functionally stable
Ong B A X {42 5 LGPS BRI A MBI w19, [Mitk, ASAE SO B R R A B
R AL AR E BT TP . BRTHEEAE R AORBR & R T FE AR BT R P AT 1
RH, O BAU S Ja R4S A AR R B A BRI fE BOIE, Wu SR T 5 R 58 A A 7 (1) S
R, TRE B B g TR B R 3T LSIPSCH b fABi A ) 1 28 FELAA BT 1 A 2 A 8
BRIV MR B O BB AR S TRl MR Mk, iZAPRLR F T AT SRS 1 25 d i b R
LGPS MUHRALYIME A oA BT i fb A e, TR SR 7 R s A RN 25 mS/em), ZRT 5 LGPS
B F RN P 2R T R R A A X N, —F, HEEREEORAA 1721V, PHEHZH
ORI, R AR T ZOT B EE N B AR BN Wu B BRI R
. O B S S RNMRFHRA B T SR TR Sk, Hl& 7 BARIRIZ S LSIPSCL Ak
2 MR, HAERBEELRAT, LGPO K i A ] A BT, R A S AR E M 1 4 e
RPN Oy RIEY TR ZEEARBERE  0.7~3.1V At HHZH&IERFEENE R

[66]



« 1382 - CRERR Sh2230)

J Chin Ceram Soc, 2019, 47(10): 1367-1385

2019 4¢

JE X [A](450~500 C), FEAK 1 il & 1244 R S 40
B o AR e 2 i FE s e B 4% i) LSiPSCI st ik
W 13 W AR A% e 45 TR I G 3R A R S LA . 14
T BBE(STEM)AT X S 2k AT 70 Hr(EDX) 45 &
B, 7E 450~470 “CIR LG A H145 1) LSiPSCl BA
LR T EMFEE K 18b Fias, M 450 5] 500 C,

80

[ 1450°C
Core | 460 C
[ 480 C
I 500 C

~
S
T

(o)
(<]
T

wn
(=]
T

(%]
[«
T

[\~
(=]
T

Atomic concentration/%
e
[}
T

F
)

Si P S Cl

(a) STEM and EDS analysis of the core

[ 450 C

80 | Shell O 160
70 [ 480 C
I 500 C

[ Y N Y e
(= = - =1

Atomic concentration/%

—
<

I

S Cl

<

(b) STEM and EDS analysis of the shell

187.983 1200
Tk
105.195 .
6 1100 %
<
stk >
Z 10 =T
Sha4l 5
] 2
G 3
>3 4-1003
Ei
2+ &
12002
1 B 4
066 066 068 071 0.69 067 0.68
1 ya 1 1 1 1 1 1 _300

400 450 460 470 480 490 500
Temperature/C

(c) Summary diagram of voltage stability windows

K18 H-FLEMFE S STEM Fl EDS 4 Hréh it Jo i 7 45
H LSTPSCI A4 ek HiL F A i 11 () S 45 P 8
Fig. 18 STEM and EDS analyses of the core—shell samples
and summary diagram of voltage stability windows of
the core—shell-structured LSiPSCI materials®®!

b e gl BT, e RS IR R . JE3E
Rz MR R (B 18 fin), RAEREHETMW
LSiPSC1 A4l A 70 i S 87 H 378 o P B A A R MG
1~2 MRS, D B b 22 2R X ) b R AT BLIA
B 5 VO F B, MPERR LIRS, ERsh )
SRR, AR ARAE Ak RS e ), RN H AT HLAL
ffe e MR K LSIPSCI Ak 470 1 265 e SR A4 R

I R v AT R R IR R IR A R IR
LSiPSCI Hifb2Efa e YR Rl . BT LSiPSCl 7EA
[ R T 0 RN B RN, Har ezt
SR PRI N AR RE . B SN R TR R
T UL RIAZ e, 43 i SSLE 22 Bl A o R I B9 K Fourier
BH(DFT) I E R B, BA — @ AL 1) 7o 4544 R
M K i LSiPSCI @ A i Fafb 2 A e ko i HL
SEERIRAE, $EE M BCRRELE . i 19 FoR, 5t
i LSiPSCI ff i 1 Ak 22 A2 e B A2 1.7~2.1V /2
A o T 58 56 4% IR AH I (28 R 4008 %F)LSIPSCI % I
B 2R RS R 58 B2 0~4.0 V., H RS fiR 7~
MRS TEAREWER, S2br LSiPSCl &fii% /il 5 14
UK TR, BRUA 521 00 T MR A 22 8
2 EL R T R T 58

Stability windows vs shell compressibilty

1 S ———— .
Y
_05 -
> -1.0
= === LSPS upper
‘€ —1.5 F —-- LSPS lower ==
Q - -
2 ol LS+PS upper
&= — = LS+PS lower —
g, 5 | === LSPSC upper ==
g 7 [ —-- LSPSC lower =z
2 .
S 30+t &
/.';
35t ==
- ===z
-4.0 b . . .
1073 102 10! 10°
ﬁshell/GPail

The zero limit of S-shell (left extreme of x-axis) corresponds to a perfectly
rigid shell (isovolumetric decay); S-shell>f-core (right extreme of x-axis)
corresponds to no shell (isobaric decay).

19 LSiPS. Li;¢Si;sP;5S115Clgs (LSPSC)A Li;¢Si; 5Py 5S1,
(LS+PS)F) LA 2R3 T 111 B A 5 1A A R0 406 2 440
AEA I 5C R 2

Fig. 19 Stability windows for LSiPS, Li;(Si;sP;5S1;5Clos

(LSPSC), and Li;(Si; 5P 551, (LS+PS) as a function
of shell effective compressibility!*®!

4 L5iE

2

Bt A ) ] 2 R AR 5T g ] 2 P b i L
JEWEFIRIBOARTT 1), SR rE AL A AR E 2 LR



47 5 10 4

XN 55 BRI A B F AL S R e PERT Ui e .+ 1383 -

i1l 7 LS BR o 2 ) A SE 6 AN T 5 2 T TGN
SEE T BV S T B 1 25 B AR T rAL AR e M
WUk, WRIRIEIAA . B AR
[ A FL RO o A AR A 0 5 245 PR P 1Y) LGPS 2 s
T B s B T SR (EE T >107 S/em)
T ERZRI T ZH I, BUE B Tk
MR AL S R e . bAh, X H ORI RRAL Y [ S
FL AR T R AL 2 R MR T IO 7T SRS AT T g
AT

T R Ak 2 R e MR TR B AR R AR 2 VR TR 58
LR [X [](=0.5~5.0 V)TE T4, 13 0V FHirig
ST Li PURLRI R B U HE 55 1 FL AR 40 A FL IR, R
TSI s RN . Bl Ak 2 AR M T vk
ek, SRAUM R e 0 V IR 5%, R
TN 5 RS I 7 S R AR TR G S i 1) B 7 2
Wi, s T A 5 SR O A M 2 S R R A B AR IR
JR SN FERE, UERH LGPS HY [ 25 B il o (1 s Ak 24 4
SER AR (4 1.7~2.1 V). B 2 B g 5L i1
AL ER e RS, BAREMBEEREXIE. 5K
6 1 W75 45 5 ) L R B 1 Bl T LR A 0
P STE LRI — B8 2, B i R A=
0.

YT AR CEAE LAY 4 F Al T LA
ez, RN RASBU TR LB =R .
P 2 B HEEN: 1) BHESHEETCRBE K
MR = a2, E] “RMEEL” N
MHE T I Ak 2= AR e R VE s 2) Bl T [ 25 FEL Ao
H 5 15 il SN ANSZ 1%, BRI R A ik R T [ 2
FEL AR5 R FEL R R ) S T A I L BB A

H A ¢ T4 s A v g o Fi Ak 2 A e M
FUEE RIS JE DL IE A R FCAE 4 [ 2580 vyl v 19 2
PR A, FEF B Es (s AHS s, T T LLE
ik AR 7 VA B TR [ 45 H AT P A 2 R e
1) R AR £ S AR A (1) T 238 A R %
o BRI EE . IFIR] AUREE, SR AR )
PR} G A B GE AN [ (0 5 A B B, oA R & T A
IR PR IEAT H5 ) s 3R THELE (WR F 22
MEEEDURL A2 78 5 F BAEAM RN R T B (R
2); 2) ARG R E LT B, R
BB R EERI AT N, VR R RO P R (1)
TR, BTN B A% 5 BH S T B B B T 1 A IR
v, AR R L.

S SES LA, AR R R
S VBT IR AL A [ 45 s A ) . 3 AR Ak (1

A S F A R, RORAT E N FAE 2 R e
BT, RS R R, Oy A
A, SRR AR EVE T T, R
FERR AN SRR T IR P IR R, DMt AE e
B AR ST R RN

SE R

(1] Z=3L, VPmRmE. 540 T A R SR A SRR ()], A RER 2 SRR,
2016, 5(5): 607-614.

LI Hong, XU Xiaoxiong. Energ Stor Sci Technol (in Chinese), 2016,
5(5): 607-614.

[2] 3k&F, EOK, AR, % MR T bR AR R O)—4 B &
BB T AI)]. fERERI A 5 EOR, 2014, 3(4): 376-394.

ZHANG Shu, WANG Shaofei, LING Shigang, et al. Energ Stor Sci
Technol (in Chinese), 2014, 3(4): 376-394.

[3] VR, BREZE, HME, & SESEEILBARNHAIURE R
B[] fEReRHESHEIR, 2013, 2(4): 331-341.

XU Xiaoxiong, QIU Zhijun, GUAN Yibiao, et al. Energ Stor Sci
Technol (in Chinese), 2013, 2(4): 331-341.

[4] HLBLDK, SCHGH, SREEE, S BRI AR SR A Y R AR BT
FUREIE[T]. AR 22 S5 HOR, 2016, 5(5): 627-648.

DU Aobing, CHAI Jingchao, ZHANG Jianjun, et al. Energ Stor Sci
Technol (in Chinese), 2016, 5(5): 627-648.

[5] MANTHIRAM A, YU X, WANG S. Lithium battery chemistries
enabled by solid-state electrolytes[J]. Nat Rew Mater, 2017, 2(3):
189-198.

[6] VFRAPBH, =4[, B2, 5. B4k ) a4 b i o i T 7 2 e 0]
fiERl % 5HR, 2016, 5(5): 649-658.

XU Yangyang, LI Quanguo, LIANG Chengdu, et al. Energ Stor Sci
Technol (in Chinese), 2016, 5(5): 649-658.

[71 KANNO R, MURAYAMA M. Lithium ionic conductor thio-LISICON
the Li,S—GeS,—P,Ss system[J]. J Electrochem Soc, 2001, 148(7):
AT42-A746.

[8] KAMAYAN, HOMMA K, YAMAKAWAYY, et al. A lithium superionic
conductor[J]. Nat Mater, 2011, 10(9): 682—686.

[9] KATO Y, HORI S, SAITO T, et al. High-power all-solid-state batteries
using sulfide superionic conductors[J]. Nat Energy, 2016, 1: 16030.

[10] LAU J, DEBLOCK R H, BUTTS D M, et al. Sulfide solid electrolytes
for lithium battery applications[J]. Adv Energy Mater, 2018, 8(27):
1800933.

[11] TATSUMISAGO M, HAYASHI A. Superionic glasses and
glass—ceramics in the Li;S-P,Ss system for all-solid-state lithium
secondary batteries[J]. Solid State Ionics, 2012, 225: 342-345.

[12] YAMADA T, ITO S, OMODA R, et al. All solid-state lithium—sulfur
battery using a glass-type P»Ss—Li,S electrolyte: Benefits on anode
kinetics[J]. J Electrochem Soc, 2015, 162(4): A646—A651.

[13] WADA H, MENETRIER M, LEVASSEUR A. Preparation and ionic
conductivity of new B,S;—Li,S-Lil glasses[J]. Mater Res Bull, 1983,
18: 189-193.

[14] KENNEDY J H, SAHAMI S, SHEA S W. Preparation and conductivity
measurements of SiS,—Li,S glasses doped with LiBr and LiCI[J]. Solid
State Ionics, 1986, 18: 368-371.

[15] KENNEDY J H, ZHANG Z. Improved stability for the
SiS,—P,Ss—Li,S-Lil glass system[J]. Solid State Ionics, 1988, 28-30:



+ 1384 - CTERR 2R 400 J Chin Ceram Soc, 2019, 47(10): 1367—1385 2019 £
726-728. LiyGeS4-LisPS; quasi-binary system containing the superionic
[16] TAKADA K, INADA T, KAJIYAMA A, et al. Solid-state lithium conductor Li;¢GeP>S;,[J]. J Am Ceram Soc, 2015, 98(10): 3352-3360.

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

(23]

[26]

[27]

(28]

[29]

[30]

311

[32]

[33]

battery with graphite anode[J]. Solid State Ionics, 2003, 158(3/4):
269-274.

HIRAI K, TATSUMISAGO M, MINAMI T. Thermal and electrical
properties  of
Li,S-SiS,-Li,MO, (Li;MO,=Li4Si04, Li,SO4)[J]. Solid State Ionics,
1995, 78(3): 269-273.

KONDO S, TAKADA K, YAMAMURA Y. New lithium ion
conductors based on Li;S-SiS, system[J]. Solid State Ionics, 1992,
53/56: 1183-1186.

TAKADA K, AOTANI N, IWAMOTO K, et al. Solid state lithium
battery with oxysulfide glass[J]. Solid State Ionics, 1996, 86/88:
877-882.

MIZUNO F, HAYASHI A, TADANAGA K, et al. High lithium ion
conducting glass—ceramics in the system Li;S—P,Ss[J]. Solid State
Tonics, 2006, 177(26): 2721-2725.

TATSUMISAGO M, MIZUNO F, HAYASHI A. All-solid-state lithium
secondary batteries using sulfide-based glass—ceramic electrolytes[J]. J
Power Sources, 2006, 159(1): 193—199.

MIZUNO F, HAYASHI A, TADANAGA K, et al. New, highly
ion-conductive crystals precipitated from Li,S—P,Ss glasses[J]. Adv
Mater, 2005, 17(7): 918-921.

TREVEY J, JANG J S, JUNG Y S, et al. Glass—ceramic Li,S—P;,Ss
electrolytes prepared by a single step ball billing process and their

rapidly quenched glasses in the systems

application for all-solid-state lithium—ion batteries[J]. Electrochem
Commun, 2009, 11(9): 1830-1833.

LIU Z Q, TANG Y F, WANG Y M, et al. High performance Li>SeP,Ss
solid electrolyte induced by selenide[J]. J Power Sources, 2014, 260:
264-267.

SHIN B R, NAM Y J, OH DY, et al. Comparative study of TiS,/Li-In

all-solid-state lithium batteries using glass—ceramic Li;PS; and

Li;0GeP,S1, solid electrolytes[J]. Electrochim Acta, 2014, 146:
395-402.
HOLZMANN T, SCHOOP L M, ALIM N, etal. Lio_@[Lio_le’lo_gSz] A

layered lithium superionic conductor[J]. Energy Environ Sci, 2016,
9(8): 2473-2668.

KUHN A, HOLZMANN T, NUSS J, et al. A Facile wet chemistry
approach towards unilamellar tin sulfide nanosheets from Lig,Sn;-,S;
solid solutions[J]. J Mater Chem A, 2014, 2(17): 6100-6106.
MURAYAMA M, SONOYAMA N, YAMADA A, et al. Material
design of new lithium ionic conductor, thio-LISICON, in the Li,S—P,Ss
system[J]. Solid State Ionics, 2004, 170(3/4): 173—180.

MURAYAMA M. Synthesis
thio-LISICON——Lithium silicon sulfides system[J]. J Solid State
Chem, 2002, 168(1): 140-148.

ADAMS S, RAO R P. Structural requirements for fast lithium ion
migration in Li;0GeP,S),[J]. ] Mater Chem, 2012, 22(16): 7687-7691.
HORI S, SUZUKI K, HIRAYAMA M, et al. Synthesis, structure, and
ionic conductivity of solid solution, Lijo:sMi+sP2-5S12 (M=Si, Sn)[J].
Faraday Discuss, 2014, 176: 83-94.

KUHN A, GERBIG O, ZHU C, et al. A new ultrafast superionic
Li-conductor: Ton dynamics in Li;;Si,PS;» and comparison with other
tetragonal LGPS-type electrolytes[J]. Phys Chem Chem Phys, 2014,
16(28): 14669-14674.

HORI S, KATO M, SUZUKI K, et al. Phase diagram of the

of new lithium ionic conductor

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

KWON O, HIRAYAMA M, SUZUKI K, et al. Synthesis, structure, and
conduction mechanism of the lithium superionic conductor
Lijo9Gei+6P2-5S12[J]. I Mater Chem A, 2015, 3(1): 438-446.

YANG K, DONG J, ZHANG L, et al. Dual doping: An effective
method to enhance the electrochemical properties of Li;(GeP,S »-based
solid electrolytes[J]. J Am Ceram Soc, 2015, 98(12): 3831-3835.
HORI S, SUZUKI K, HIRAYAMA M, et al. Lithium superionic
conductor Lig4>Si; 02P2.1S0.9602.04 With LijoGeP,Sio-type structure in
the Li,S—P,Ss—SiO, pseudoternary system: Synthesis, electrochemical
properties, and structure—composition relationships[J]. Front Energy
Res, 2016, 4: 38.

SUN Y, SUZUKI K, HARA K, et al. Oxygen substitution effects in
Li;0GeP,S), solid electrolyte[J]. J Power Sources, 2016, 324: 798-803.
SUZUKI K, SAKUMA M, HORI S, et al. Synthesis, structure, and
electrochemical properties of crystalline Li—-P—S—O solid electrolytes:
Novel lithium-conducting oxysulfides of Li;¢(GeP,S;, family[J]. Solid
State Ionics, 2016, 288: 229-234.

WEBER D A, SENYSHYN A, WELDERT K S, et al. Structural
insights and 3D diffusion pathways within the lithium superionic
conductor Lij0GeP,S2[J]. Chem Mater, 2016, 28(16): 5905-5915.
ZHOU P, WANG J, CHENG F, et al. A solid lithium superionic
conductor Lij;AlP,S;, with a thio-LISICON analogous structure[J].
Chem Commun (Camb), 2016, 52(36): 6091-6094.

SUN Y, SUZUKI K, HORI S, et al. Superionic conductors:
Lijo+s[Sn,Sii]i+6P2-sS12 with a Lij¢GeP,Sio-type structure in the
Li3PS4—LisSnS4—LisSiS4 quasi-ternary system[J]. Chem Mater, 2017,
29(14): 5858-5864.

HARM S, HATZ A K, MOUDRAKOVSKI I, et al. Lesson learned
from NMR: Characterization and ionic conductivity of LGPS-like
Li;SiPSg[J]. Chem Mater, 2019, 31(4): 1280-1288.

ONG S P, MO Y, RICHARDS W D, et al. Phase stability,
electrochemical stability and ionic conductivity of the Lijo:MP2Xi2
(M= Ge, Si, Sn, Al or P, and X = O, S or Se) family of superionic
conductors[J]. Energy Environ Sci, 2013, 6(1): 148-156.

[44] HAN F, GAO T, ZHU Y, et al. A battery made from a single material[J].

[45]

[46]

[47]

(48]

[49]

[50]

Adv Mater, 2015, 27(23): 3473-3483.

RICHARDS W D, MIARA L J, WANG Y, et al. Interface stability in
solid-state batteries[J]. Chem Mater, 2015, 28(1): 266-273.

SHIN B R, NAM Y J, OH D Y, et al. Comparative study of TiS,/Li-In
all-solid-state lithium batteries using glass—ceramic Li;PSs and
Li;¢GeP,S1» solid electrolytes[J]. Electrochim Acta, 2014, 146:
395-402.

HAN F, ZHU Y, HE X, et al. Electrochemical stability of Li;oGeP,Si»
and LisLa;Zr,Oy; solid electrolytes[J]. Adv Energy Mater, 2016, 6(8):
1501590.

DEISEROTH H J, KONG S T, ECKERT H, et al. LigPSsX: A class of
crystalline Li-rich solids with an unusually high Li" mobility[J].
Angew Chem Int Ed Engl, 2008, 47(4): 755-758.

CHEN M, ADAMS S. High performance all-solid-state lithium/sulfur
batteries J Solid State
Electrochem, 2014, 19(3): 697-702.

CHEN M, PRASADA RAO R, ADAMS S. The unusual role of
LicPSsBr in all-solid-state CuS/LigPSsBr/In-Li batteries[J]. Solid State
Tonics, 2014, 268: 300-304.

using lithium argyrodite electrolyte[J].



47 5 10 4

XN 55

Bt A [ 28 P o FELA S R E TR U .

1385

(511

[52]

[53]

[54]

[53]

[56]

[57]

[58]

[59]

[60]

YU C, VAN EIICK L, GANAPATHY S, et al. Synthesis, structure and
solid
electrolyte for Li-ion solid state batteries[J]. Electrochim Acta, 2016,
215:93-99.

CHIDA S, MIURA A, ROSERO-NAVARRO N C, et al. Liquid-phase

synthesis of LigPSsBr using ultrasonication and application to cathode

electrochemical performance of the argyrodite LigPSsCl

composite electrodes in all-solid-state batteries[J]. Ceram Int, 2018,
44(1): 742-746.

YU C, GANAPATHY S, HAGEMAN J, et al. Facile synthesis towards
the optimal structure-conductivity characteristics of the argyrodite
LigPSsCl solid state electrolyte[J]. ACS Appl Mater Interfaces, 2018,
10(39): 33296-33306.

BOULINEAU S, COURTY M, TARASCON J M, et al
Mechanochemical synthesis of Li-argyrodite LisPSsX (X=Cl, Br, I) as
sulfur-based solid electrolytes for all solid state batteries application[J].
Solid State Ionics, 2012, 221: 1-5.

MO Y, ONG S P, CEDER G. First principles study of the Li;oGeP,Si»
lithium super ionic conductor material[J]. Chem Mater, 2012, 24(1): 15-17.
ZHU Y, HE X, MO Y. Origin of outstanding stability in the lithium
solid electrolyte materials: Insights from thermodynamic analyses
based on first-principles calculations[J]. ACS Appl Mater Interfaces,
2015, 7(42): 23685-23693.

ZHU Y, HE X, MO Y. First Principles study on electrochemical and
stability of solid electrolyte—electrode
all-solid-state Li-ion batteries[J]. J Mater Chem A, 2016, 4(9):
3253-3266.

SCHWOBEL A, HAUSBRAND R, JAEGERMANN W. Interface
reactions between LiPON and lithium studied by in-situ X-ray
photoemission[J]. Solid State Ionics, 2015, 273: 51-54.

LIU Z, FU W, PAYZANT E A, et al. Anomalous high ionic
conductivity of nanoporous beta-LisPS4[J]. J Am Chem Soc, 2013,
135(3): 975-978.

RANGASAMY E, LIU Z, GOBET M, et al. An iodide-based Li;P,SgI
superionic conductor[J]. ] Am Chem Soc, 2015, 137(4): 1384—1387.

chemical interfaces in

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

LEPLEY N D, HOLZWARTH N A W, DU Y A. Structures, Li"
mobilities, and interfacial properties of solid electrolytes LizPS4 and
Li3PO, from first principles[J]. Phys Rev B, 2013, 88(10): 104103.

SAKUDA A, HAYASHI A, TATSUMISAGO M.

observation between LiCoO; electrode and Li,S—P,Ss solid electrolytes

Interfacial

of all-solid-state lithium secondary batteries using transmission
electron microscopy[J]. Chem Mater, 2010, 22(3): 949-956.

KATO T, HAMANAKA T, YAMAMOTO K,
LisLa3Zr,0,/LiCoO,
all-solid-state battery[J]. J Power Sources, 2014, 260: 292-298.

KIM K H, IRIYAMA Y, YAMAMOTO K, et al. Characterization of the
interface between LiCoO, and Li;La3Zr,O;, in an all-solid-state
rechargeable lithium battery[J]. J Power Sources, 2011, 196(2):
764-767.

TAKADA K, OHTA N, ZHANG L, et al. Interfacial modification for
high-power solid-state lithium batteries[J]. Solid State Ionics, 2008,
179(27/32): 1333-1337.

FITZHUGH W, WU F, WENYE D, et al. A high-throughput search for

functionally stable interfaces in sulfide solid-state lithium ion

et al. In-situ

interface  modification  for  advanced

conductors[J]. Adv Energy Mater, 2019, in press.

ONG S P, ANDREUSSI O, WU F, et al. Electrochemical windows of
room-temperature ionic liquids from molecular dynamics and density
functional theory calculations[J]. Chem Mater, 2011, 23: 2979-2986.
WU F, FITZHUGH W, YE L, et al. Advanced sulfide solid electrolyte
by core—shell structural design[J]. Nat Commun, 2018, 9(1): 4037.
CAO J, CHEN C, ZHAO Q, et al. A flexible nanostructured paper of a
reduced graphene oxide-sulfur composite for high-performance
lithium—sulfur batteries with unconventional configurations[J]. Adv
Mater, 2016, 28: 9629-9636.

ZHANG L, CHEN X, WAN F, et al. Enhanced electrochemical kinetics
and polysulfide traps of indium nitride for highly stable lithium—sulfur
batteries[J]. ACS Nano, 2018, 12: 9578-9586.

YAO M, WANG R, ZHAO Z, et al. A flexible all-in-one lithium—sulfur
battery[J]. ACS Nano, 2018, 12: 12503—12511.



