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Abstract

To address the bottlenecks of conventional composite solid electrolytes, such as high interfacial re-
sistance, the trade-off between mechanical strength and interfacial compatibility, and poor lithium
dendrite suppression, this paper proposes and constructs a composite solid electrolyte with an asym-
metricfiller design (T-AFCSE). Using the highly flexible poly(vinylidene fluoride-co-hexafluoropropyl-
ene) (PVDF-HFP) and poly(ethylene oxide) (PEO) as the blended polymer matrix, the system is func-
tionally customized for different electrode interfaces: the PEO/LATP system is introduced on the an-
ode side to optimize interfacial conduction and wetting, while the PHFP/LLZTO system is employed
on the cathode side to enhance mechanical strength and antioxidant stability. Specifically, a PVDF-
HFP/PEO blended transition layer was designed and combined with cold isostatic pressing and hot
pressing processes to successfully eliminate the rigid physical interface between the heterogeneous
electrolytes, achieving molecular chain entanglement and smooth electrochemical potential transi-
tion. Experimental results demonstrate that the T-AFCSE exhibits a high ionic conductivity of 3.11 x
10-*S/cm at 50°C, significantly outperforming single-filler layers and dual-layer structures without a
transition layer, while extending the electrochemical stability window to 5.1 V. Regarding cycling per-
formance, the assembled Li symmetric cells can cycle stably for over 2000 hours at a current density
of 0.1 mA/cm? without short-circuiting, showing excellent dendrite suppression capabilities. Further-
more, the Li|T-AFCSE|LFP battery maintains a discharge specific capacity of 136 mAh/g after 100 cy-
cles at 50°C and 0.1 C, with a capacity retention of 82%.
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BE LBV ZE SR e RGN RE % TS M 2 A VERR BUR AW &, PR m AV A il o
BRI F I AU B T A R AR S S I S A A ML AR B, AE A kA R B R A AR
MR KR E R, ESHBARF(SSE) AR, Toit e LA 56 A2 B TSR35, Bl AR e
W2 4 ] AR A R AR 1] 2]

HAr, FEAEEREZESATHIRERBRMESY MR MERMBRARAE LLZTO
NASICON ZY LATP) B A 55 = i B 7 3 2 A0 S (AU B, (HCREPE K, 5 R A (] A 3 ik e 22
SIS (3] [4]. MHEEZ T, BAEYHMER (G PEO. PVDF)EA R4F 1IN TP A iz
PE, AR RS REUE,  HAE DG S A S 5 0 . G O UERL S MR AR T & 2 A
i &5 HL BT (CSEs), Re4h &P I AL, [N SR T A T () ) 22 e e 5 M A S Ae e 1R (5] [6]. TER S
WLk B, BB M - /N BN 1 (PVDFE-HFP) R AR (1 45 & B2 AV S (e AL, 7R THE
A5 R 7 T R L R 7] T SR SR 45 (PEO) U ] et fr Tk i 2 4], 48 4 JB Al B
GFIFEA . WKL, @I AR RSV IR S, w7 Dok — i s g s RO R S S R T 5
FRAZ[8].
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Z RGP BAESEILINRE ) X, (B)R 52 Z A1) 57 o0 AR AR A7 AE ™ S A A PR I, 800 1 P B
BB B1xF BIRBRAR, A SCRTTIFHI A T —Fh H AT JE X R IEURL 45 14 )8 284 55 5 i1 25 FL A5 (T-AFCSE) 1%
PR RAESEIL SR MR A PEO/LATP #4173 LARAL T 13N /75, AESEUT IEAR IR A] HFP/LLZTO 44y LA 5
SERIRRFE S R E . RelH, ASCEIE M —Z PVDF-HFP/PEO SWRILJE ), FIF 718 B 1 ) B2 25
THBR T 57 o LA 8] S B R S, SEEL T PR BB I . ASCR GRS 1 IR AR AR S A BT X
LIRS RE 1 B A R MR RE BSR4 P Tt 1 S T R 4R 3t 13 ) M

2. KBS

ERAATFEM T, oulfiw = KarkAaZrl: &%, ¥ PVDF-HFP 5 LiTFSI (&L 1:0.3)% T
DMF H1, JIA 5 wt% LiDFOB 5 15 wt% LLZTO I}, 60°CHi#: 18 h 3845 HFP/LLZTO kL Hik, %
4:2:1 B K PEO. PVDF-HFP 5 LiTFSI 383 T DMF, £ 60°CHift 12 h Hilf3 IR EERE: &
Ji, 1% BO:Li BE/RLE 16:1 K PEO 5 LiTFSLIA T 4G, FH5IN 5 wt% SN 5 50 wt% LATP KL, $iidk 12
h % PEO/LATP %K}, 450, ¥ HFP/LLZTO X EHRE T PTFE BRIF TR MR, Bl f5 R IRAEH R
MR ILRL 25 PEO/LATP 2, &0 HE S S0CHS T 24 h J5, i3 E & EAE 100 MPa Rt
AT R TIALFE, H R AE 50°C .10 MPa F#E 1 h DA Ak ALk, 35745 B A JE0 PR G5 #4911 T-AFCSE;
YIHEZH AFCSE B AN G 24, HAR TS8R

3. HR5ITR

T-AFCSE #ERE# T SEM Wil 1(a)fivR, o LUE BNZMESEHER S HE S 22 MEE A .
ToERR, XKW EEES IR T2 RIERR 7 AL F . 5508 B2 HAE A (1) EDS TG r
MW 1(b)FR, BE%AGE LATP KW P 5 Al Ju s @ 2 & 4 T B 1) B2 )20 PEO ), MR«
LLZTO #i¥ ¥ La 55 Ta JoZ MK i H 25 S 10 A T T 2 2 (R PVDF-HFP ). X AHREIE TG R E T
Sy BN AR SRR A R UF b A, AN 7y b 58 36 EIHIE T X RROUE R S MR IR, B
Mt &R T I 2 AR SE AN R 453 56 36 Rl vh BT 1 R DG M R T

Figure 1. (a) SEM image of the T-AFCSE film cross-section and (b) the corresponding EDS image
B 1. (a) T-AFCSE SEESE#E /Y SEM ERLLR(b) KA EDS Ef&

S H T ST (TGAY KT (1) T-ARCSE S8 BALL A HR stz Ve S 21148 & TEHEAT T VRAHRIS, iR
LS 2 B, 75 150°C BAF HHL ARk 7 B0 B R i 2 TR B VA M 2 R B MK O . e
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IEEIR PRI, AR RAE SR N R E AR WS 22 5 . o, HFP/LLZTO I H i it 5+
I A RE, HEIRN 5 wi%olh X B IR E 20 380°C, i T HAb ik &R . XKLL PVDF-HFP N
SR AR E R IR R B S (2 4 AR . MIELZ R, PEO/LATP ££Fh7EZ) 300°CH JT 46 & 4
JIFIRE, 16 BT R A LM (PEO) = 7 18 B A SR O F B A . Bh4h, MEH 600 °C IR R FR A2
JR R A LT DLSE R IE TS HLEURH f 3 . PEO/LATP (R 5% B R4 50 wi%, 5 HAIAHR
FEW)4, 1 HFP/LLZTO B R FE E o b+ 80k 15 wt%, ESE T RHUE R LLZTO fER AW A
A RRE B S b, XM R )RR T M AN BE A SO R i 2% A R AR AR, D [ 2 L PR R
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Figure 2. TGA curves of the T-AFCSE and control groups
[E 2. T-AFCSE X3 BRZEH) TGA BhZk

N Tt FL HFP/PEO I i 2 X R R A HUR T 55 A SR 21 IR SE IR, AR SR FoRAE 50°C A8
NXF T-AFCSE VLK BELHBEAT 7 FEAL 2EBHPTIE (RIS, 2l 3(a)fias, XTSRS Rm#E 1 jr
/N, TE50°CF, T-AFCSE Rl H SMME 74 SHEae, HEFHRSRGEIA 311 x10*S/em, EEMLTH
—IABZ HFP/LLZTO (2.02 x 107* S/cm) A2 PEO/LATP (0.405 x 107 S/cm). MEHA[LLE H, T-AFCSE
X 2 E B AR BN T I I 2 R WZ 45 #) AFCSE (0.78 x 107 S/em), X HUFEW 7 i#id PVDF-
HFP/PEO JLIRIIEZMIGIN, HIER T R R G A M MR A # L2, LT 5 PR Bmsgs 5
HAL ST . hAh, 454 LLZTO 5 LATP faEX#R4S 18404 K LIDFOB X} #i1fi SEI K& ifE
Fl, T-AFCSE AMYAEARAH FP A 7 3 S a4 B8 AR SN 4, B RUPAR T 2 e BT, X Mgt
R L A S A S ) ST AR T MR AR T — AT A I G . D T PR R R R S 4
e R A7 R T R AR M PR S e, AR SR T R SR TE S0°C TR BUEEXTRR Fth EIS, Wil 3(b). Z5RERH,
T-AFCSE &Lt e /NIFT A6 SRR ST, b 2 m X A B AR B35 /T AFCSE K H A EZH . 7E 50°C
WL R, PEO 2 THEMIIZB)AE IS RI1G5%, 1 T-AFCSE £ 4% HFP/PEO &% )2 #eit, AMXAEZ W Esk
W ERNMEELS S, BN FAEE 7R ES T7E 7 0 S AL PO e 5 #8 . esh, BT HFP/LLZTO
JZ LiDFOB WIAF1E, fEFRASRACILSFE G BT 708 7N R T 5 % M R RS )46 SEL 2, M
BEAC T B TSR I PH . AHELZ R, AFCSE K (1 BB 15 s et e = o )2 5 350000 )2 () B il 9 7
DA B TAL SR AR AN S . X — 45 FUIESE T T-AFCSE (i HE SR THE AR SR I F, R ks
TR N AR S S R I A A A
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Table 1. Parameters of ionic conductivity of T-AFCSE and the control group
# 1. T-AFCSE R BRUAB THSRNEY

FLfR UL L FHIT R PfTi AR S BTHEEe
(mm) Q) (mm?) (S/cm)
PVDF/LLZTO 0.133 33 201 2.02 %107
PEO/LATP 0.152 187 201 0.405 x 1074
AFCSE 0.205 131 201 0.78 x 107*
T-AFCSE 0.255 40 201 3.1 x 107
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Figure 3. EIS spectra of (a) SS|T-AFCSE]|SS and (b) Li|T-AFCSE]|Li and the control group at 50°C
3. (a) SS|T-AFCSE|SS 5(b) Li|T-AFCSE|Li & Xt B84R7E 50°C NHYE (L3[Rt

N VTA AN [F) 2E 5 PR I TS ) LA S S R e 1, SR R AR V(LS V)TE 50°C kAT 1 Mt
X XUZ S5 ) AFCSE 5 T-AFCSE, ¥ % & PVDF-HFP ()—0I 5 TAF B M RSN e, DLRAE BT
AMPERE. M E S PEO M — M5 2 LU il (4 B ) #firh . WK FB s Y FEl i 8 O 3.0~6.0 'V (vs. Li/LiY), Il
AR 4 frzs, PEO/LATP & & HUR I B Ak 2% F e o LUMIRHELZE , 7E2) 3.8V IR HH I BH & () 484K 4y
R, XEERRN PEO BEMIE P REE(C-0-O)RIFHIAMSERE S, REINT 50 wt%H]
LATP #&HEIERL, (BT TCVE MARAR b o0 I G W B R AE s R S AR T IR AR PR M L2, PVDF-
HFP/LLZTO & & HLER I L5 1 e R A e gE, A AL IR TH 240 4.8 Vo XMER & &
FREEFEERT SREAYE BRI B TREL, LK 15 wt% LLZTO JoH LM BN 11 4% 5 iR ik fr
SURH 25 B B F-(n TRST) AW B 5 8 e /B FH AT 28] 1 v U ST PR A S By 1 o % 1R
& S HE B 0 7 2 £ 1) AFCSE, U FLIEARAZ A 0] [ i &1 & ¥ PVDF-HFP 24y, A5l
JEHTFRERZ 4.5V, SRR L GBS X2 AT 2 AR B SR IG, 792 W (A I (o 4 2 57
T2 51 R BOR IR B R alAk, (6 i F A F R E— 00 s AL H 3 2 AR A, AT ek 58
GRS I S BT . ([ERERNE, f£9] X\ PVDF-HFP/PEO iR Z)5, T-
AFCSE Wik fa e & N2 R8s, HEW o miiimik 5.1 Vo X470 e, g4
ARENE AR _E V0 B 2 (R P 38 5 D 51 S ri i AR . G2 A Jmy Ak, 3 eSS AT RIS DAL R ) M e AR
#, B PVDF-HFP Ul {5 1)/ B R A MR A1 PEO ] R4 () LT 22 . T-AFCSE AT H IR S b ik
RE IR I Z ML AR T RS A2 4.5 V s RE % FE I A it 9 S bR N 75 3K, B HE R A B N T 5
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Figure 4. Comparison chart of LSV between T-AFCSE and the control group
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Figure 5. Comparison chart of the long-term cycling performance of different electrolytes in Li||Li symmetric cells

5. TEIFRMEBAE Li|lLi X FREE M YK EIR 1 BEXTEL &

T IRNVEAL T-AFCSE S8R S A 3l g 77 LA R 581 4@ 0ol K I 5 s e 1%, Li|T-BCSE|Li
LR T R ZH () e i 7 AR PR IS SR a0 5] 5 B, £E 0.1 mA/em? L L T, F—414 1) PEO/LATP
F1HFP-LLZTO ¥J7E 700 /BT Py I H, B 2 1) FLEDBAL B B . Wi 554 1) AFCSE BRI K T R AU 7],
(B HAR RN T SRR SR, 1E 1200 /NS BUE S . WR A AEXS FR% i) T-AFCSE VA2 7§50
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I 2000 /N, WAL EZE HOG W Wik, X R IIAH S 3 T-AFCSE AR PR, AR T4t
oy BRI SRR, LI T IR RE RS R T . HAK O IASE T8 I HFP/PEO YR &1V 24 20H
B 7 1R FELAR O [R] B S (R DB ST, AT SRR TR B T S M 5 FEARE IO PR 50 s e FEE AT LAk BEL RS P~ ik
U, 1508 T T-AFCSE 15 M e 4k [ 25 B it b R ) ml Sk 5 N P 7 7

N T BE I ATt X B R A [ FAR O TE SE B L MR RE RIS THEF, ABEFL4HAE T LilT-
AFCSE|LFP HiiHAE S0CIEE I X HAT 7 KGR Ege ik, &l 6(a)~(b)JE7R TiZHIAE 0.1 C
N BE R 7 R B R I RE . SRIR4E SRR, T-AFCSE WA AL EL R B AE8iX F) 165.5 mAh/g.
FEELAEH 100 Bl)5, HOm A B4R 136 mAh/g, BEMFFEN 82%, RIH BIFHIEH T
P o FATT N} T-AFCSE IR FTAE 0.05C £ 0.5 C AR HGRME R FHTERED, 45 R E 6(c)~(d)Fir.
£ 0.05 C 2 0.5 C Mg d i, bR Bl e e A5, BMELE 0.5C MR T, B
AT RELRFE 122.4 mAWg LA . [EREENE, YHREENEEREFRE S 0.05 CH,
M R B2 161.4 mAh/g, SHIGH/KFEEARRE P . X — @ B W R K S ae 1A ST HE s 7
ZHAR TR AR R A SRR . DL ENASE RR M, FREE B Rk R AE T EARAER . — 7T,
& PEO WI45M s 1 Uil 5 LFP 1EAR f Li bl i) SRt A 0% 7 St bedt. 5—77
T, AR RREE R BT MR T 1 = FRAL 2 BEISAT RIS IR BRI &
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Figure 6. (a) The charge-discharge curves and (b) the cycling stability and Coulombic efficiency diagram of the Li|T-AFCSE|LFP
battery at arate of 0.1 C; (c) The charge-discharge curves and (d) the rate performance of the LiT-AFCSE|LFP battery at different
rates

6. LiT-AFCSE|LFP BL17E 0.1 C SR THI(a) FEMEHEZS(b) BTN ECHEE; LiT-AFCSE|LFP Bt
ERERZERTH(C) RHEHZSW) FERERE
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