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Abstract: For advanced all-solid-state lithium batteries, the solid electrolyte is one of the most critical
factors that significantly affect the performance of batteries. The Li; P, Ss1 solid-state electrolyte was
successfully prepared by wet-chemical synthesis and subsequent vacuum heat-treatment method,
taking P, S;, Li, S and Lil as the raw materials and tetrahydrofuran as the reaction solvent. The
morphology, elements distribution, and phase composition of the electrolyte sample were studied by
means of simultaneous thermal analysis, powder X-ray diffraction, Raman spectroscopy, scanning
electron microscope, and energy dispersive spectrometer, The electrochemical properties of Li; P, Sg1
solid electrolyte were analyzed by AC impedance measurements, cyclic voltammetry, and DC
polarization test. The results show that the optimal heat-treatment temperature of Li; P, Sg1 solid
electrolyte is 230 °C and the obtained sample has nanoporous structure and each kind of elements is
uniformly distributed in it. Electrochemical tests show that the ionic conductivity of the electrolyte at

25 C is 1.63X10 * S+ cm ', the activation energy is 0. 388 eV, the electrochemical window reaches
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5V and the lithium ion transport number is larger than 0. 999. In addition, the symmetrical cell

assembled with the electrolyte and lithium metal can be charged and discharged stably for more than

262 cycles (525 h). This proves that the Li; P, Sy 1 solid electrolyte prepared by this method has

excellent electrochemical stability and chemical compatibility with the metal lithium anode.
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Fig. 1 TGA-DSC curves of powder samples
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Fig.3 XRD(a) and Raman(b) patterns of the obtained powder samples at different heat-treatment temperatures
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Fig. 4 SEM images of electrolyte powder sample prepared at 230 ‘C

(a)low magnification; (b) high magnification

B 5 230 °CF BTl £ (Y A i R AR R 9 EDS Bl
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Fig. 8 Electrochemical properties of the LizP2SgI solid electrolyte

(a)current-time curves at a constant applied voltage of 1 V under different electrode conditions; (b)CV curves of the Li/Li;P>Sg1/

Au cell at a scan rate of 5 mV * s~ ;(¢)DC polarization curve of the Li/Li; P2SgI/Li cell at a current density of 0.1 mA « cm ™ ?

LM B A6 B AR R I, 3 T Li/Li, Py Se 1/ L X FR B il

FE.0.1 mA « em B HL I R BEAT K I 1) 50 A 97
W At Btk 2 an 181 8 (o) s . HL b AR E 1



Fa9E Hal

Li7pz‘814 [E,ﬁg E’Jﬂk’ﬂﬁ

1 # RAEfE 165

262 UL, HoB AR R Bl s 1 K L B AR R R RS
E%%?Mﬁﬁﬁﬁﬁ%&um&%%%%%ﬁm%
%%hmsuﬁuﬁﬁﬁﬁéﬁﬁﬁ%mﬁﬁw
AR ENE., AR ERU,LL P, ST A
%%@iﬁﬁfi AEHLER 1,71 V B R R
JEU AR Li, Py SeT 541 4 J8 sy AR R Lil /Y Bt i 2
(SED R il . Li/Li, P, ST Bt1E I Lil AR
T4 % SEI By & i 5% B AR 7 i 3o R
EERTE LT A 3550 R TR DT 0 SR A A B A
K,

(1) LA VY &K Mg A 2 o7 3 7110 2o 0 b 2 3k K s 25
LS RN ST A A Ok AL R Y Li P Se 1
i1 2% FEL A

(2) AL PHT B 2 TR YR YA R R
2Li,PS, « 2. 5THF + Lil « THF, Jfi % 4 4b 3 15 B 7+
1o B 0 32 T N R S R 2 B AR O RRUE 1 K AR B
Li; Py Sg T, XF Lb 552 5 3% B fe A #RAR B BE oy 230 °C,

(3) Ikl 4 1 L, P, Se T [ 25 H fif T %5 U 85 1 W &
A 1.63X10 " Seem 'L IEILEEN 0. 388 eV, HL 1L
S IAE] S VL EE FER AR T 0,999,

(DO IETIZ A f T &/ Li/Li; Py Sy 1/Li % FK e
Fo il L ST PR RS AR A R > 262 YR L R W i H R T S 4 e 4
T BAT O (0 f Ak 27 R e VAL AR A

& & ik

[1] ZHU Y.HE X.MO Y. Origin of outstanding stability in the lithi-
um solid electrolyte materials: insights from thermodynamic ana-
lyses based on first principles calculations[ J]. ACS Applied Mate-
rials & Interfaces,2015,7(42):23685-23693.

[2] ¥, R R A S s Wl 396 3 I 36 395 D) ¥ 0 A e ik JO )
FEL0]. FTEHLM B2 4] . 2005, 20(1) : 21-26.

XU X X,WEN Z Y. Glass and glass-ceramics solid electrolytes for
lithium-ion battery[ J]. Journal of Inorganic Materials, 2005, 20
(1):21-26.

[3] McGROGAN F P,SWAMY T.BISHOP S R,et al. Compliant yet

s lithium-ion-conducting
solid electrolyte[ J]. Advanced Energy Materials, 2017, 7 (12):
1602011.

[4] MURAMATSU H,HAYASHI A.OHTOMO T,et al. Structural

brittle mechanical behavior of Lis S-Py; S

change of Liy S-P;S; sulfide solid electrolytes in the atmosphere
[J7. Solid State Ionics,2011,182(1):116-119.

[5] LIUZ,FU W,PAYZANT E A,et al. Anomalous high ionic con-
ductivity of nanoporous B-Liz PS; [J]. Journal of the American
Chemical Society,2013,135(3):975-978.

[6] SEINO Y,OTA T,TAKADA K,et al. A sulphide lithium super

(7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

ion conductor is superior to liquid ion conductors for use in re-
chargeable batteries[]]. Energy & Environmental Science,2014,7
(2):627-631.
UJIIE S, HAYASHI A, TATSUMISAGO M. Structure, ionic
conductivity and electrochemical stability of Lis S-P»S;-Lil glass
and glass-ceramic electrolytes[ ] ]. Solid State Ionics,2012,211:42-
45.
RANGASAMY E,LIU Z,GOBET M,et al. An iodide-based Li7 P>
Sg1 superionic conductor[ J]. Journal of the American Chemical
Society,2015,137(4) :1384-1387.
SEDLMAIER S J,INDRIS S,DIETRICH C,et al. Li;PS;I: a Li"
superionic conductor synthesized by a solvent-based soft chemistry
approach[ J]. Chemistry of Materials,2017,29(4) :1830-1835.
WENZEL S, SEDLMAIER S J, DIETRICH C, et al. Interfacial
reactivity and interphase growth of argyrodite solid electrolytes
at lithium metal electrodes[ ] ]. Solid State Ionics,2018,318:102-
112.
LU Y.TU Z,ARCHER L A. Stable lithium electrodeposition in
liquid and nanoporous solid electrolytes[ J]. Nature Materials.,
2014,13(10):961-969.
MA L,KIM M S, ARCHER L A. Stable artificial solid electro-
lyte interphases for lithium batteries[ J]. Chemistry of Materi-
als,2017,29(10):4181-4189.
HAN F,YUE J,ZHU X,et al. Suppressing Li dendrite formation
in Li; S-P»S;s solid electrolyte by Lil incorporation[ ] ]. Advanced
Energy Materials,2018,8(18) : 1703644.
AT KB Ik, 5F. M B T AR Z AL B-Lis PS, [ 2
Wi S 9 A 2 R A LD BB TR . 2019,47(9) :101-107.
LIJY.LIUW M,ZHANG X F,et al. Preparation of nanoporous
B-Liz PSy solid electrolyte with high ionic conductivity by wet
chemical method[]]. Journal of Materials Engineering, 2019,47
(9):101-107.
WANG Y,LU D,BOWDEN M, et al. Mechanism of formation of
Liz P Sy
Chemistry of Materials,2018,30(3):990-997.
PHUC N H H,MORIKAWA K,MITSUHIRO T,et al. Synthe-

solid electrolytes through liquid phase synthesis[]].

sis of plate-like LizPSy solid electrolyte via liquid-phase shaking
for all-solid-state lithium batteries[ ]J]. Ionics,2017,23(8) :2061-
2067.

PHUC N H H,HIRAHARA E,MORIKAWA K,et al. One-pot
liquid phase synthesis of (100—x) LizPS,-2Lil solid electrolytes
[J]. Journal of Power Sources,2017,365:7-11.

MATSUDA A,MUTO H,PHUC N H H. Preparation of Li;PS,
solid electrolyte by liquid-phase shaking using organic solvents
with carbonyl group as complex forming medium[]J]. Journal of
the Japan Society of Powder and Powder Metallurgy, 2016, 63
(11):976-980.

PHUC N H H, MORIKAWA K, TOTANI M, et al. Chemical
synthesis of Li3PS, precursor suspension by liquid-phase shaking
[1]. Solid State Ionics.2016,285:2-5.

TERAGAWA S, ASO K, TADANAGA K, et al. Liquid-phase
synthesis of a Li3PS, solid electrolyte using N-methylformamide

for all-solid-state lithium batteries [ J ]. Journal of Materials



166

R TR

2021 4E 4 H

[21]

[22]

[23]

Chemistry A,2014,2(14) :5095-5099.

WIRE TR R — R GORZ AL B-Lis PS, [ 44 8 i 57 1) %
FRUIBE R 3 1 A B M BB [T ). 1o 55 = B Al 2% 2 i 2016, 37 (7)
1232-1238.

PAN Y Z,L1 Y J.CHEN Y M,et al. Performance of nanoporous
B-Liz PS, prepared by solvent removing method[J]. Chemical
Journal of Chinese Universities,2016,37(7) :1232-1238.
KAMAYA N, HOMMA K, YAMAKAWA Y,et al. A lithium
superionic conductor[ J ]. Nature Materials, 2011, 10 (9); 682-
686.

KANG J, HAN B. First-principles characterization of the un-
known crystal structure and ionic conductivity of Li; P> Sg1 as a

solid electrolyte for high-voltage Li ion batteries[ ] ]. The Journal

[24]

of Physical Chemistry Letters,2016,7(14) :2671-2675.

YAMAMOTO T,PHUC N H H,MUTO H,et al. Preparation of
Li; Py Sg T solid electrolyte and its application in all-solid-state
lithium-ion batteries with graphite anode[ ] ]. Electronic Materi-

als Letters,2019,15(4) :409-414.

ES&WAB EKH AR IA T H (21603204)

s B #1:2020-02-18; 81T H 1 :2020-06-24

BIRAEE GNL(1966—) , 5, A58 51 L 1oL W 5% O 1)y o B 42 o 2 1)
T8 K Re P L 6 R b ik - b T 81 fF A 83 434 (100095) , E-mail:

yue. yan(@biam. ac. cn

(AL Frm:& &)



