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A New Composite Solid Electrolyte PEO/Lig, oZ1, 0Py, 0055Cl for
All-solid—state Lithium Battery

YUAN Jiaxi' WU Jiadong’ YU Xuemin® ZHU Jinhui' ZHUANG Xiaodong'
(1 The Soft2D Lab, School of Chemistry and Chemical Engineering, Shanghai Jiao Tong University, Shanghai 200240)
(2 Shanghai Aerospace Equipments Manufacturer Co. Ltd. , Shanghai 200245)

Abstract In order to improve the room temperature conductivity and the performance in restraining the growth
of lithium dendrites of polyethylene oxide (PEO) , ZrCl, doping modification method was used to improve the
structural stability of sulfide electrolyte as active filler in PEO matrix. The sulfide material Liy ,oZ1, ,,P, 6,S;Cl (LPSC—
10) with ionic conductivity up to 1. 90 mS /em was optimized and selected as the filler for All-solid—state lithium
battery (ASSLBs). The results show that the PEO-based solid electrolyte has excellent properties, including high
ionic conductivity (0. 44 mS/cm, 60°C), moderate Young's modulus (13.7 MPa) and excellent interfacial stability.
The LilLi (0. 1 mA/em?® for 600 h) and LilLiFePO, batteries at 60°C (capacity maintained at 99. 2% after 200 cycles
at 2C) have excellent cycle stability. This work is expected to promote the development of ASSL.Bs with high
electrochemical performance and provide reference information for the further development of battery technology of
the rocket and others.

Key words Poly (ethylene oxide) , Lithium dendrites, Ionic conductivity, All-solid—state lithium battery,
Rocket
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Tab.1 Optimization results of heat treatment process and doping ratio

By HUL BRI i/ AL S FE BiLHL/Q B A TR om? H1 5 % /mS - om”!
LPSC-10 3 810.0 192.72 0.54
LPSC-10 4 798.8 97.80 1.04
LPSC-10 5 762.7 50.83 1.90
LPSC-10 6 792.4 71.78 0.785 1.41
LPSC-10 7 775.3 98.30 1.00
LPSC-5 5 762.6 69.84 1.39
LPSC-15 5 760.0 84.52 1.15
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Fig. 1 Characterization of the chemical composition and structure of the sulfide samples sintered at 550 °C
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Tab.2 Comparison of thermal properties of four
electrolyte membranes

AT T)C T/)C  AH/J-g' X /%

PSPE -39.19  58.10 82.07 66.9

CSE-0.5 -45.15 4772 44.06 35.9

CSE-1.0 -4343  47.64 45.56 37.1

CSE-1.3 -4229  46.67 39.72 32.3
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Tab.3 Each electrochemical parameter and corresponding

lithium—ion migration number

BT I/pA I/pA RJQ RJQ AVmV by
CSE-0.5 507 359  166.8  159.1 0.25
CSE-1.0 59.5 439 1380 1267 0.30
CSE-1.3 660 425 1260 1256 10 0.23

PSPE 591 339 1316 1234 0.22
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FHIMEIT.Z  hitp://www.yhelgy.com  20254F 4524



R AEFEE R 22 ik (LSV) It T & 2 5 7
i) 785 F, i o B ) e WAk i 1 . F I 9 (b) s,
CSE-1. 0 B AL L R 5. 4 V (vs. Li/Li*) , Tlif PSPE
FE B AL HL A R 4. 1V (vs. Li/LiY) , B AL HL A7 A 32 v
AI B T LPSC-10 R 1A (1Y K 2L 5L A1 5 PEO A v 72
e[RRI T B B Ak 2, AT B 1k T R 3L 1 S Ak -
AL LA B4 5 22 W CSE-1. 0 J57E =5 s 1E Bk e ep
LA N AN

7 4 [ SRR A UK T CSE-1. 0 TR AE A
SPEs i PERE . SR I LFP IE#) , CSE-1. 0 1 [E 25 H
fif% J5T , Li 4 Ja AR A SRl s 0 =X v o o L2 i i
el P 7] fy L AR A 606, (ELfefE FH PSPE A Ay i1 25 Fi fi
JFio FE9(c) iR, 24 LFP/CSE-1. 0/Li 4 Hi, Wt 7E 1C.
60°C K fa & iz f7 M it 300 G , & R R Ny
91%, 1] LFP/PSPE/Li 25 5 A RFRAL R 69% , X UEHH T
CSE-1. 0 L fi i () m ke g Pk . B 9(d) /R T LFP/
CSE-1. 0/Li #il LFP/PSPE/Li H, ¥ 7£ 2C .60 “C ' f{) fH
TABCRIEAPERE . AER S AAER 2C T, LFP/CSE-
1. O/Li [ 725 H it DA A6 5 B89 56 0 B8 I 4R 200 Fel 9 9
HERFPRHL99. 2%, 28 I, BB T 1F Tl /CSE-
1. O FEL % JoT U THT b 1 o R0 7% A R T X A0 RN P b
Ji itk AR, DR A EE T PSPE HAL f# 5, CSE-1. 0 Hy, i Jit
ELA T e (R T b 2 s D R MR

w5, 7£ 0. 1 mA/em? f1 60 CIK 54T, R H
Li/Li X FR E 5 Fe 456 1 Li B4 43 51 VE B PSPE Al
CSE-1. O T Fa . Ml 9(e) r7n , CSE-1.0
(%) Li/Li %P o ith 58 6% 525 8 1 B 600 h H 46 2R 552
/N(=50 mV) HASE W9 B AL, T PSPE AY Li/Li % FR
HLMBAE PR 130 h 247 Bl A AR R B % . X R B PEO
[ 25 A IO T AR N LPSC—10 W] LA 37F 4 Ja 41 A 1T
PR, A 0RE B Li R 0 TE B, 2 v I AR e B AR Y
PEF AR E M
2.2 FRWERSRIE

W XPS #2020 Hr T8 ER 5 B R TR B
SELZ Ak 22 143 (B 10) , 7 5 12 A6 I 21— 26 e L
¥y 5 (4 LiCl, LiF . Li;N . Li,S F1 Li,0) . 7E LFP/CSE-
1. O/Li H i (Li-CSE-1. 0) ', 400 h 1l 3 J5 £ 4> & 17
W FE T8 C1 2p [ XPS FRAFE WL E 10(a) o XPS 1% H X iz
CI'1 3 d, Fl1 3 dy, (915 5 0 5 P F LiCl B A2 222
LiCL2—f &S5y, X Li AR #0E
P, [R]EA  FH0  EERL A B . L 10(b) ) F
1s 3B, 17 T B. E 684. 9 eV B IE T & T LiF, X %
U8 LITFSI B9 23 ) . LiF Al 748 0E B 7 4800 7k
JEE 1) [R] st BELAS FEL 4z , 18 ELAG 448 2R T RE 1Y) LiF L
AR PTIT 2468 1, A R T AR E A AT Li
PO/ 10(e) W S 2p i s, 7 T B. E 159.5
eV AL E SIS FIRAIE R Li,S™, Li,SEIERGETE
FRFE T2 hup:/iwww.yhelgy.com  20254F 4521

AR, — T R 1 55— 20 20 7 ) Li,S,0, 1Y i
—Ak, X (4) FrR , R Li,0, 1,0 B9 2R B n] i
— LW E10(H) A9 0 1s 1547 T B. E 530. 6 eV &b 15
WEBH S 55 —FpoE Z ik & 9 5, X (5) i
NP8 LS I Li O AR AR e BliAk 2 B F B, ] B
IR HAA RN k. IUAh, 46241 45 Li,S Fl Li,0
5| A Ay L ELAE o X ST ) P SRR R DR B i
W EY B EREE E10(d) N 1s 3%
W8, F B. E 399. 3 eV A5 S 1 )7 8 T LiN," .

AL LLSR AN A — LiF B I sl 122 Bk, B
LPSC-10 J& , Li f7 A% 2 T 228 ¥ A= i 1 38 4 1Y) Lik-
Li;N-LiCl & %502 , A Al T A R KA
FeuE M L LS AR AR . [ A, Li,S 1 L0 \f
B 1k &1 s 7 1) & A, I8 A ) T ST 0 B A L R
PLIR 5 Lt A28 8L

Li-CSE-1.0 Cl2p
3
-1
=
z
5]
E
204 202 200 198 196
binding energy / eV
(a) CI2p
Li—CSE~1.0 LiF Fls
3
K
B
z
5]
E

692 690 688 686 684 682 680
binding energy / eV

(b) Fls
Li—CSE-1.0 S2p
LiS
3
K
&
Z
5]
E
S-0-Li  P-S-Li
172 168 164 160 156
binding energy / eV
(¢) S2p



Li-CSE-1.0 Nis
3
8
£
z
5]
E
404 402 400 398 396 394
binding energy / eV
(d) Nls
Li—CSE-1.0 Lils
3
-1
B
z
i8]
§ Li metal
58 56 54 52 50
binding bnergy / eV
(e) Lils
Li-CSE-1.0 O1s
Li,0
3
K
B
z
5]
E
204 202 200 198 196

binding energy / eV

(f) Ols

K10 10 Li/CSE-1. O/Lifli#f 400 h 5 Li it |-
SELZH 1) XPS AT
Fig. 10 XPS characterization of the SEI components on cycled
Li anode in Li/CSE-1. 0/Li after 400 h

FL1HIAH SELJZ (T8 15 ALLT- Bifi 2 S 8] %) 4 A% 1
1, Bl J5FE SRR — 284 82, IEWEB. E
53.5 eV Li Is itk s i JE #8252,
LiN(SO,CF, ), +ne +nLi—Li,N+Li,S,0 +LiF+C,F Li,

(3)
1i,5,0, + 10e + 10Li* — 2Li,S + 41,0  (4)
S? + 2xe” + 2xLi" — «xLi,S (5)

3 BERHFEHE
K H Vienna Ab-initio Simulation Package(VASP)

AT 1 % Bz PR BRI (DFT) 5. B T Sy
BRAR G0 BRI 25 F (F-43m) A9 (311) S mT , B 98 9F LU 4
T LPSC F1 LPSC—10 i £&. 4 #4 1 X H,0 43+ Fil £ Bk
ST RE . B 11 /R T LPSC 5 LPSC-10 f A&
(311) /i T A4 00 0 &1 R0 A A J&, AT, P—S B K
0.204 5 nm, Zr—S 51 0. 2380 nm , FE K B RS2 2
TR KA 2o U P e 25 R (R(Ze™)
72 pm>R(P*"):38 pm),iX 5 XRD Z5 - —FL,

B 09 %A 09 »p R o N N
R 5% B p-5%,-2 B p- 5% B, 5% -9
d OVC—’O o% Oh?o* o ¢ U(/'?Ov o< CL’:) i o°
6 Pai0l0 7 '8 R lel & AL Llo
A0 4P & 4084 2 %
For % gb ;,?O"”'Oo 'g\, | B oysoo ’gbc o Cé
PE_Ta28 4T PE N T RN
g I ¥ oL o
4 C\o P_§ d C\: ¢ 7 (\3 FreS o O\-;
% 2.045 A 2.380 A
-2 Op-2 % Q X K
ot o ‘(?“OO“?L{ et boa@@'@o&i

O @z or Os o

11 LPSC(ZE)HILPSC-10(47) A3 1D ik
Fig. 11 LPSC (left) and LPSC-10 (right) crystals (311) face

il o DFT 3158, Kl 12 2 LPSC () fil LPSC-10
(A7) X5F 7K 4 W5 o A 75 £ A1 400 P R 408 1], LPSC
LPSC-10 i 1k ¥ 44 BE X5 7K 43 F 09 W B 68 40 51
-0. 68 F1-0. 56 eV, B LPSC # A Zr J5 %I H,0 fit W ff
REAR B , N2 5 W B 1,0, 26 B Zr BUR S 17 LPSC-10
HA T K S RE T -

N "o " .
C q()O‘;\lrp:'\ 0.9 up “QOO;#A“ ?OVO P
Ealo Pyt | | Eaay tAaer b
768 P L0008 P i IRINE 2
P SLDSNENE S DS
Erd o SEad o %, Bord o PR S,
5 4 T8N T P54 T8N T
v P SN ¢ PN PN
[ omd 3 3
‘*55 Q B0y %8y < Qp-2
R D P - ot b (A
808 B“d?o B8
Adsorption energy = -0.68 eV Adsorption energy = -0.56 eV

QLi OZr Or Os Ocl o0 .H
F12  LPSC(ZE) M LPSC-10(A47 ) %7K 43 W [ 44 750

Fig. 12 Adsorption configurations of a water molecule by LPSC
(left) and LPSC-10 (right)

K 13 &7 T LPSC(ZE) il LPSC-10(£7) X} £, ik
3 W B B %) DRFRR L RN AR 1], B T PEO BE B
SR Y ik SR T, X HUKE PEO 85 BERT AL A k9 1,
TS LPSC # LPSC-10 S AL Wy A4 K XS £ B 754
W B} i 43 31 A —=0. 10 A1—0. 01 eV, B LPSC 148 A Zr
J5XF LTk 535 R BT BE A s AN 5 W i 21 O3
WAL T Zr iURR 9 LPSC # Ak b1k, B LPSC—

FHMET L hp://www.yhclgy.com 20254 %523



10 f R HE A, A 25 5 5 PEO Hp LY (18 i 420 )i
ST A A X AN FRIS EERHE T LPSC-10 A kb
LPSC B AL i AR AE R A W 3 h i B AR 45 0%
EME

5
B 0P »p 0P np 8 0P va 09 »p
o oY o oo T o
XL O Ve e XL O
\Q\“O OO'O O O:O OQ'O O
e = 9,
O NoRQLL 4030, P o3P, o0
o 0 Y o ¥ y P ¥ O Y o - Vo B
X 3090 & Q8 B - 09 0 Y -9,
:;)P'O (% XL O XL O N0 ,
O-1o O J5-0. QF o Q. [s aa¥ N O, Q
78 N, 5al8 N, la 6 Y& e T,
¢ 0 % P s 0Py P e

£

I}

s, o, o 2, A of
S gt 4 By S

Adsorption energy = —0.10 eV Adsorption energy = —0.01 eV

L @z or
& 13  LPSC(Z)FI LPSC—10(F7 ) % ZL k4318 Bt A4 751

Fig. 13 Adsorption configurations of a ether molecule by

LPSC (left) and LPSC-10 (right)

)S O©Cl o0 oc H

4 it

SR ZeClL 3B 24 e 10 5 i 48 T ik
HA i S o0 1 MEBEDREE PEO JE 4K R i 45 i Fa 2 1k
I3 P A T E B S R R A 1. 90 mS/em (1)
Lig 10270 10P0 00SsCL(LPSC—10) 1 MR K = R AW
FL R I B8 T e e, LRSS IR AT -

(1)LPSC-101E R0k}, i 1555 4[5 25  fif JoT Aot
CSE-x(x=0. 5, 1. 0 Fl 1. 3) 2% f B 24 0 {2 %, e i)
Al 66. 9%(PSPE) T F#% 32. 3%(CSE-1. 3) ;

(2) 38 4 1 LPSC-10 SFUB} He 44 52 4 151 385 F A
iz (CSE-1.0) Y & + M 5 K & /& £ 0. 44 mS/cm
(60 C), HL 5 2R A9 $2 5 2 Lewis MR A% 2 107 ~F- 45 (1)
AT

(3) & 4 [ 25 B Ji (CSE-1. 0) $7 i 5 & hy
13.7 MPa, /&4 PEO H fift Jii 5 (4. 6 MPa) [ 3. 0 fi%,
P T ) R R T IO HLASURL A B 0, Ay FE i
JES R T e i ) BB B AN AL 8 R AL AR 5 B TS
JEE 1) 1 A A R A S B B

(4)LPSC-10 3FRF s I, A4k 7 FRL A 5 5 B b
Z AR, B T & LiF-Li,N-LiCl-Li,S-Li,0 4%
(¥ SEL)2 , Kt , LFP/CSE-1. O/Li & HIM7E 1 C FRaE
IEAT I 300 YAE PRI 25 0 R 1= 1K 91% , 17T LFP/
PSPE/Li 25 A F5 AU K 69% , HAE B 53R 2 C
T, LFP/CSE-1. O/Li 4= H jth D 1% 16 J5 119 58 0 8 T 4y
200 Bl N O 25 PRRRRARIT 99. 2%, LT 0

H A, 41 85 b 7E N iz KT ]
Wb ALY B, 2% TAE R b B R 1y 4k ]
SEVE R ARG T A NI HER S IR S B i &
FHAE T2 htp://www.yhelgy.com  20254F 45281

JEo s RIS AW IR AW E AL LR
UE NIz O ET P HETE N2 4x T 5E Ay i P PR e

S 3k

[1] XU S, SUN Z, SUN C,et al. Homogeneous and fast ion
conduction of PEO-based solid-state electrolyte at low
temperature [J]. Advanced Functional Materials, 2020, 30(51) :
2007172.

[2] WAN J, XIE J, KONG X, et al. Ultrathin, flexible,
solid polymer composite electrolyte enabled with aligned
nanoporous  host  for  lithium  batteries [J]. Nature
Nanotechnology, 2019, 14(7): 1.

[3] SCROSATI B. Applications of electroactive polymers,
F, 1993 [C].

[4] KIM J G, SON B, MUKHERJEE S, et al. A review of
lithium and non—-lithium based solid state batteries [J]. Journal
of Power Sources, 2015, 282: 299-322.

[5] SRIVASTAVA S, SCHAEFER J L, YANG Z, et al.
25th anniversary article: polymer—particle composites: phase
stability and applications in electrochemical energy storage [J].
Advanced Materials, 2014, 26(2): 201-34.

[6] KAMAYA N, HOMMA K, YAMAKAWA Y, t al.
lithium superionic conductor[ J]. Nature materials,2011,10(9) :
682-6.

[7] AUVERGNIOT J, CASSEL A, LEDEUIL J-B, et al.
Interface stability of argyrodite Li,PS;Cl toward LiCoO,,
LiNi,;Co,;Mn,;0,, and LiMn,0, in bulk all-solid-state batteries
[J]. Chemistry of Materials, 2017, 29(9) : 3883-90.

[8] LUO S, WANG Z, FAN A, et al. A high energy and
power all-solid-state lithium battery enabled by modified sulfide
electrolyte film [J]. Journal of Power Sources, 2021, 485:
229325.

[9] ZHANG J, ZHENG C, LOU J, et al. Poly (ethylene
oxide) reinforced Li,PS,Cl composite solid electrolyte for all-
solid—state  lithium  battery:  Enhanced electrochemical
performance, mechanical property and interfacial stability [J].
Journal of power sources, 2019, 412(FEB. 1): 78-85.

[10] ZHAO F, LIANG J, YU C, et al. A versatile Sn—
substituted argyrodite sulfide electrolyte for all-solid—state Li
metal batteries [J]. Advanced Energy Materials, 2020, 10(9) :
1903422.

[11] DEISEROTH H J, KONG S T, ECKERT H, et al.
LiPS;X: a class of crystalline Li-rich solids with an unusually
high Li* mobility[]]. Angewandte Chemie International Edition,
2008, 47(4): 755-8.

[12] ADELI P, BAZAK J D, PARK K H, et al. Boosting
solid-state diffusivity and conductivity in lithium superionic
argyrodites by halide substitution [J]. Angewandte Chemie
International Edition, 2019, 58(26): 8681-6.

[13] PENG L, YU C, ZHANG Z, et al. Chlorine-rich

lithium argyrodite enabling solid—state batteries with capabilities



of high voltage, high rate, low—temperature and ultralong
cyclability [J]. Chemical Engineering Journal, 2022, 430:
132896.

[14] ZHANG J, ZHENG C, LOU J, et al. Poly (ethylene
oxide) reinforced LiPS,Cl composite solid electrolyte for all-
Enhanced
performance, mechanical property and interfacial stability [J].
Journal of Power Sources, 2019,412:78-85.

[15] CHENG Z, LIU T, ZHAO B, et al. Recent advances

in organic—inorganic composite solid electrolytes for all-solid—

solid—state  lithium  battery: electrochemical

state lithium batteries [J]. Energy Storage Materials, 2021, 34:
388-416.

[16] JIAN Z,FEDKIW P S. Tonic conductivity of composite
electrolytes based on oligo (ethylene oxide) and fumed oxides
[J]. Solid State Ionics, 2004, 166(3-4): 275-93.

[17] JAYATHILAKA P, DISSANAYAKE M, ALBINSSON
I, et al. Effect of nano—porous Al,O, on thermal, dielectric and
transport properties of the (PEO) (LiTFSI polymer electrolyte
system[ﬂ. Electrochimica acta, 2002, 47(20): 3257-68.

[18] YANG L, WANG Z, FENG Y, et al. Flexible
composite solid electrolyte facilitating highly stable “soft
contacting” Li—electrolyte interface for solid state lithium—ion
batteries [J]. Advanced Energy Materials, 2017, 7 (22) :
1701437.

[19] MONROE C, NEWMAN J. The impact of elastic
deformation on deposition kinetics at lithium/polymer interfaces
[J]. Journal of The Electrochemical Society, 2005, 152(2) :
A396.

[20] HALIM J. An X-ray photoelectron spectroscopy study
of multilayered transition metal carbides (MXenes) [M]. Drexel
University, 2016.

[21] LIANG X,PANG Q,KOCHETKOV I R, et al. A facile
surface chemistry route to a stabilized lithium metal anode [J].
Nature Energy, 2017, 2(9): 17119.

[22] LIUY, HU R, ZHANG D, et al. Constructing Li-rich
artificial SEI layer in alloy—polymer composite electrolyte to
achieve high ionic conductivity for all-solid-state lithium metal
batteries[ J]. Advanced Materials, 2021, 33: 2004711.

[23] LU Y, TU Z, ARCHER L A. Stable lithium
electrodeposition in liquid and nanoporous solid electrolytes [ J].
Nature Materials, 2014, 13(10): 961-9.

[24] LAI C, SHU C,LI W, et al. Stabilizing a lithium metal

battery by an In Situ Li,S-modified interfacial layer via
amorphous—sulfide composite solid electrolyte [J]. Nano Letters,
2020, 20(11): 8273-81.

[25] LI G,GAO Y, HE X, et al. Organosulfide—plasticized
solid—electrolyte interphase layer enables stable lithium metal
anodes for long—cycle lithium—sulfur batteries [J]. Nature
Communications, 2017, 8(1): 850.

[26] LI W, YAO H, YAN K, et al. The synergetic effect
of lithium polysulfide and lithium nitrate to prevent lithium
dendrite growth [J]. Nature Communications, 2015, 6: 7436.

[27] HANSEN, WANG, DINGCHANG, et al. Ultrahigh—
current density anodes with interconnected Li metal reservoir
through overlithiation of mesoporous AIF, framework [J].
Science Advances, 2017, 3(9): 1-9.

[28] SIMON F J, HANAUER M, RICHTER F H, et al.
Interphase formation of PEO,,: LiTFSI-Li,PS,Cl composite
electrolytes with lithium metal [J]. ACS applied materials &
interfaces, 2020, 12(10): 11713-23.

[29] WOOD K N, STEIRER K X, HAFNER S E, et al.
Operando X-ray photoelectron spectroscopy of solid electrolyte
interphase formation and evolution in Li,S-P,S; solid-state
electrolytes [J]. Nature communications, 2018, 9(1): 2490.

[30] LIANG X, PANG Q, KOCHETKOV I R, et al. A
facile surface chemistry route to a stabilized lithium metal anode
[J]. Nature Energy, 2017, 2(9):1-7.

[31] GRISSA R, ABRAMOVA A, TAMBIO S J, et al.
Thermomechanical polymer binder reactivity with positive active
materials for Li metal polymer and Li-ion batteries: an XPS and
XPS imaging study [J]. ACS Applied Materials & Interfaces,
2019, 11(20): 18368-76.

[32] ZHANG Z, WANG J, ZHANG S, et al. Stable all-
solid-state lithium metal batteries with Li;N-LiF-enriched
interface induced by lithium nitrate addition [J]. Energy Storage
Materials, 2021, 43.229-37.

[33] LI T, ZHANG X Q, YAO N, et al. Stable anion—
derived solid electrolyte interphase in lithium metal batteries
[J]. Angewandte Chemie, 2021, 133(42):22865-9.

[34] WENZEL S, SEDLMAIER S J, DIETRICH C, et al.
Interfacial reactivity and interphase growth of argyrodite solid
electrolytes at lithium metal electrodes [T]. Solid State Ionics,

2018,318:102-12.

FHIMEIT.Z  hitp://www.yhelgy.com  20254F 4524



