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Abstract

The composite solid electrolyte has a certain flexibility and mechanical strength at the same time,
which can play the respective advantages of inorganic solid electrolyte and organic solid electro-
lyte to improve the overall performance, and can have different performance by adjusting the
proportion of each component. However, the single concentration of composite solid electrolyte
obtained by adjusting the proportion of each component cannot meet the different requirements
of composite electrolyte for the interface between cathode | electrolyte and anode | electrolyte at
the same time. Therefore, in order to overcome the limitations of single concentration composite
solid electrolyte, PEO-LLZTO-LATP composite solid electrolyte (GCSE-20.1zr0-50-70ratp) With con-
centration gradient distribution of inorganic filler was synthesized by simple stacking and hot
pressing process, so that the two sides of the composite electrolyte can have different electro-
chemical properties to meet the different interface requirements with cathode and anode respec-
tively. The gradient structure design enables the composite electrolyte to achieve good interface
contact with Li metal at the anode side with low inorganic filler content and high ionic conductivi-
ty (1.01 x 10 S-cm-1). The use of LLZTO at the anode side of the electrolyte ensures good chemical
compatibility with the Li anode. While the cathode side of the electrolyte with high inorganic filler
content provides good dendrite inhibition ability. Using LATP as the inorganic filler at the cathode
side with relatively higher electrochemical stability further effectively improves the electrochem-
ical window of the composite electrolyte (5.0 V vs. Li/Li*). GCSE-20y1z10-50-70ratp can stabilize the
lithium stripping/plating cycle for more than 1900 h at 0.1 mA-cm~2 and 50°C. The specific dis-
charge capacity of Li|GCSE-20.1zr0-50-70.atp|LFP battery at 0.1 C current density was 157.3 mAh-g-1,
and the capacity retention rate was 90.1% after 70 cycles.
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IR A FUEFE9]. AR, HEBRKERE 7SR %% O (5T 3.8 V vs. LilLiTRIUR A= 53 ff)
PR T sz BB A [10] o R 51N I% M TEH LRI Lis sLasZry 4 Tags01, (LLZTO) Liy 3Al5Tiy 7(PO4)s (LATP)
A DA T PEO £ 52 & F ot 1) B 1 W 3 3R DL A A e v, HLT DLdid 5 55 & B g i b &L
R L, AR SRR RE[11]. BFFLE 1R PEO-LLZTO H & Wi+ LLZTO M4 n & &A%
PR i) A2 WL AR PRV AR PE BB 38 LLZTO & =1 Ceramic-in-polymer (CIP) & & HE iR i HL A5 AH %)
BRI FHRSE, 5L REFWATASES RIEEE, ol T/ AR B [11] [12]. SR,
T PEO BURKINUMERSE , BARE RN LLZTO X & & AL RE3R T IR, BIFASRENS A 2k
T LA T AR B AL 25 1. AHERT CIP HLf#E, LA LLZTO SN F4KM Polymer-in-ceramic(PIC) & 7 Hifi#
Ji B TR AR E A A A S A B T AR R . IR AR ES T LLZTO Hys b Aeue i, &
& LLZTO M5l NEEWS A Ride i PEO-LLZTO & & Hufif i AR I M fk 2% 5 T1[13] [14]. 28T, HHT-ZRtEe
5> PEO LLHIF#A%, PIC FHIMFI M S AR 2, IS8 7R A . Hiknr L, CIP #1 PIC
HA B A AT TR RIS A T, R IS A NI R LR A TERE . ORI & 20 7 (1 e il 45
B S B — 2 A A AR A DU R PSS T 33 e, syUas g S & o,

TESCIEA b, R A B A WU AR T A I, AR SCESE LLZTO. LATP fERTEHLIERL, PEO 1EHN
REWHTNE A WA MR E B TR 5, il /e 5 G AR TR T S AR P A o2 5 B | PR AR ot 5 1 ) AS
) 55 3K o A SR FH 7 SR VR B, SINTEH LRI BE R B i e R %, SR R HES S5 3R T2,
B3 3] 7 B4k i = E AR TCHUDRNR ) PEO-LLZTO 5 PEO-LATP & & FLAR 5T 2L R IR P B 2 5 &
[i5] 25 FEL# )3T (GCSE-201 L 7710-50-70 atp)»  FLHMICTEHLIERL & &1 —1)(20 wt% LLZTO) 5 Li PR AL, DLk
5 Li Z A SR e 5 LA A, T s O RS & 0 5 — (70 wi%e LATP)E BIfkHfn, LIigm
HEL AT (1) R 1 DA o 7ECALIERI I b, A WA S Al — MR 5 Li LA
PERIFH LLZTO Nl bty Li 48 AREN LATP 5 0l 5 BOR M MERE N R, 1Mo IEARONR F ik
ST ARG B i LRSS BB AR BRI LATP (X024 LLZTO f 1/4)VE J9 TEHLIERE AR & v R O H A 7 i R
JICA AR KA BE b AR G F AR DT (R B A A P B A, i v FL TR 1) SE bR S B W AT 1 o 25 SRR, IR FERS
FERIAAAEMBR T R — M E G oM, BAA RS 1) IREERRRAAEE S & s g R i B A
AR A AR BE, BR8] I S0 SRR AN R A %) S T ik A B TE AR v LA 1T, i e B AR AR
AR AT A AR R R, E 8 AR BRI B 7 i S R 5 i 2 i D315 3 14Tt 2) Satk
Y RN £ R (R BE AR AL RE BT B SR S, $R A R 47 A ST A A 1

2. SEERERSY

SR TEMNYT, £ =11 0.6 g PEO. 0.24 g LiTFSI UL A% 15 g Zfi 757 At 4L R ) B R 1 B4
B> RN 0.21 g LLZTO. 0.42gLLZTO 5 0.42 g LATP. 1.95g LATP 4iKFg &K, ¥R EE
BRI = AFRIEN S & AR . RIS RRE 2 RIUR AR b, MRS R
A TR AE 50°CHEE N AT 48 h, 7051755 20 wi% LLZTO f) PEO-LLZTO. 50 wt% LLZTO&LATP
[JPEO-LLZTO-LATP.70 wt% LATP [{] PEO-LATP & £ HLfi# i , 737l iy 44 A CSE-20, 710~ CSE-50, L z70-LATP
DA CSE-T0patee R T4 15 2 =40 55 4 FRUMR S T MBS e IR B2 /NP AR IRE B, JFAE 70°C TR JTN
7 MPa [ NI 1 h, DABORTS B0 2 /2 5 G v fif I e o To A LSEDRL B S UBE FE A0 AT I RO, AR
P B 1R . 43306 B A [ 7S AR o7 T Ay 44 2 GCSE-20y 1 7710-50-70 atp, JCH ]I I 25 )
X WAL 44 N CSE-20, 7710-70uatpe BRI 16 mm BRI E AR5 AN T B/ AT dith 4135 DA N Jm 4
RLRAE DL R FLAG 1 R (I3
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Figure 1. Schematic diagram of GCSE-20LLZTO-50-70LATP composite
gradient solid electrolyte
1. GCSE-20LLZTO-50-70LATP £ & B RSB B RN RER

3. BRI

FRATTR FH SEM LL e EDS X #1230 LA S T6 3R 43 A 18 DL iEAT R AE 43T, GCSE-201 710-50-70p atp
TR R SEM MR WA 2(a) o, (IR R RE =220 pum, FEME HFnT LA %23 GCSE-20, 710-50-70, atp
=255, M EBR 235I%E N % N BRI CSE-20, 210+ CSE-50, zro.ate PAK CSE-70 a1, H45H L2
DAY HTREERR, X RN 2 2 S ki #4 % 77 SRREME1E 22 WA 0T Bk P9 5 52 6 rBURR IR 2 [ S T
PR AP SR G FERE, JESEIL T B A WA B2 234 . GCSE-20y, 710-50-70p ate IR AR K
M%) EDS figREan e 2(b), & 2(c)fiw, Bt Ta 5 Ti TR AGER 2 H118% GCSE-20,710-50-70 atp
HLLZTO 5 LATP KAt o, AT W B g it 2 IFJ0 LLZTO 4045, 1M B2 LATP 143
i, 4335 CSE-20,, 710 11T LATP HIAELE LK CSE-70 ate TG LLZTO FIAELEARXS SE . BEAN, Ti TCZH)
EDS (152 E BN R, 5 LATP 8 &M L2 RN 0 wt%~25 wt%-~70 wt%AH i v, 1fi Ta JGZE ¥ EDS
PSR IEA R T, [FIFES LLZTO & &M E2IT 4 20 wt%~25 wit%~0 WOt M. Kk, 45
4 LLZTO 5 LATP ¥4{kkE, AEM 1] GCSE-20,, 710-50-70  ate T ICHLIEDRIIR 2 (456 B 20 A, AL
EETEZER, X5% 2P LHIEBAE K/N20 wt%. 50 wi%. 70 wt%) XN . itz 4k, &2
TCRM AT NI S], FW] LLZTO LA K LATP BURi/E E R 25 0. 74h, FATRH XRD %t
MBI FAR SR AT AL, GCSE-20( 710-50-70 ate FEAE PN XRD 34 i Zean &l 2(d) o,  H T
PO TEHLIER AR ], FIE & XRD B EA HEARFE, &4 20 wt% LLZTO — {571 i) f AR RRAE
I 5 LLZTO (fkrE PDF RARFF—30, H AR B LATP 6N (1) S AR AENE, 545 70 wi% LATP —fl] &R
) AR AHRRAEIE 5 LATP BA5#E PDF RORRE—20 BRI LLZTO X R7 (1) S AR REAE U, X IR S LLZTO
5 LATP fkriE PDF . #FE—F36F LLZTO 5 LATP JF AR fE4E T E —, H## 5 PEO 454
EHE AR RN, £ T PEO 5 LATP LLJ LLZTO R fa g dtrr. EATENE, BxR
W20 F179 19.5° L Jt 23.4°4R3% PEO 1 Sh AR I 7E S 9 () B A5 B B AN ], &5 20 wit% LLZTO —1il]
Refig W] B L3 & T PEO FHHIFIE, 177 70 wt% LATP f1 % —Ml L& AW, PEO HIRHFIE, XFEITCHL
HORMOAZTERRIE P PEO IS5 1, L4 W E G O LIRS S 3 0 i i — 2D BRI

A HLAR T T L S R Bk 2SS IR B HTE(EIS) HEAT M 58 , A SCR FH SP-240 Bl Bk 2 TAE
uliXf H R (1) SSISS X AR AN A A KA T, SN 100 mHz~7 MHz, #RiEN 10 mV.
GCSE-20,  710-50-70, a1p PA S CSE-20y, 710-70 atp 7 50°C T At HLAL 2 BH BT DA K B8 1E IR 57 B i T8 A8 16 /Y EIS
Bl 3(a), 3(b)Fron, FHRIME T HSREFEE WL 1 Pron. CSE-20LLZTO-70LATP 5
GCSE-20LLZTO-50-70LATP 7 50°C F & FFHZF /358 6.57 x 10° S-cm P A1 1.01 x 107* S.em ™!, X%
BFRof S LV ) J2 RE 5 U 2 A R R N8 LR, 1S 5 1l SR 23R Bhah, X
i, BEEFE AR, P A PP R I AN e B T AR . MERCT
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Figure 2. (a) SEM image of GCSE-20, 710-50-70,a1p Cross-section and the corresponding (b)~(c) EDS energy spectra; (d)
XRD patterns of the front and back of the GCSE-20 | 710-50-70_a1p film
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Figure 3. EIS plots of electrochemical impedance versus time for (a) GCSE-20, | 710-50-70,atp and (b) CSE-20, | 710-70_ atp
at a constant static temperature of 50°C; and the corresponding rate of change of impedance versus static time;(d) the LSV of
the GCSE-20 | 710-50-70_atp Versus the GCSE-20, | 710-50-70, | 710

3. (a) GCSE-20, 710-50-70, atp 55 (b) CSE-20L, 770-70, avp 7E 50 C1EIRFAHE T AYEB (L FFAFBERT B L EY EIS E; KA
R (o)A HIPEIPERR B AT E 2L ; (d) GCSE-20,, 710-50-70 atp 5 GCSE-20, | 710-50-70, 710 B LSV XtELE
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CSE-20y 710-70 atps GCSE-201 710-50-70p arp T HLAL ZEBEHL N [ AW FE BT K o AH R [ BE AR AL 28 1] 3(c)
Fiax, Ho RO CHHUBIAEREDT. 4 9 R B[], CSE-20, 710-70 ate HIBHIT B EHI4G AT
1) 87.6%, i GCSE-20y 710-50-70 ate FIFHHTFEARZE T HIUEBHBT 74.9%. FHPURER: B I H] R IR T
DURRE T: 1) A R 7E SR A0 5 70 ok PR AT 1 e B A0 775 NI e, B 9 AT (A P B
FL AR I 5 AN 0 PRI P e e B D SR 5 T T ek, ELE F it P D VR T LR O )
—BREAK, T S ECHPUBEG; 2) 7EER S E AR S RS A S T LT S AR A g
1M GCSE-20y 7710-50-70p arp PN # I = )2 166 5 Ik Y2 45 A AE 7 B PRI A v = 2R 1 R 88 HL R AP 1) SRR &
M2 T A R 1 3 T B 3 R . AR GCSE-201 710-50-70 ate (K IE AR AR 2508, BRATTR A £tk
FARRZIE(LSV)RIPAL B S A M. BT IERRANR A Ha A 5 2 R B8 iy FLRSOA 5 9 IR I LATP
YERTHUIERL,  #IRATR A EHIERS N LLZTO ) GCSE-20y 710-50-70y 710 1E X RRZL, W3 23611
Li|SS Hith i) LSV £k in & 3(d)Frr, oo EF#ER N 3.0~6.0 V (vs. Li/Li"), FH##EZFAN 1 mV-s™,
Horp LLZTO & & 20 wto 1 — M5 Li H2fik, LATP &84 70 W%l 75— SAVEE 4R s Al e fih . ] DA 21
PR AL ZE T 1 520 4.8 V 5 5.0 V, REJIESMER A LATP £ LLZTO K757 A e (61 5
A AT AL 23T, FREREOE A PR AR A 2 A

Table 1. EIS test parameters for GCSE-20, | 710-50-70, atp and CSE-20, | z1o0- 70, a1p
i 1. GCSE'ZOLLZTO'50'70LATP & CSE'ZOLLZTO'70LATP E"] EIS ﬁ!ﬁﬁ%ﬁl

MR L (mm) AT R (Q) MR S (mm?) HTHSE 6 (Scm™?)
GCSE-20, | 770-50-70, a1p 0.202 99.8 201 1.01x 107

CSE-20,z10-70 TP 0.208 157.6 201 6.57 x 10°°

Nidk— 5 GCSE-2001210-50-70uate 5 Li HUM A S IR RE P 5 e FL Ao SRS it AR E 0 DA S AR 7 A
5 PE, K GCSE-201710-50-70iatp 45 GCSE-20i710-70iate VA J2 KR Al LATP AE 5 JE ML 31K
PEO-LATPg.50.70 fE AT HE, KA LAND-CT2001A H il ik 3 Ge %t 4 & (1) Li|Li XK B it 33t 475 FR AL 2R
ZECE I . BT M E N 0.1 mAem?, 50°C T KIE R 7o BCH B4 0 1 4)~(c) BT s .
Li|PEO-LATP0s0.70|Li~ Li|CSE-20,, 770-70atp|Li BAK Li|GCSE-20,, 710-50-70, avp|Li Xk LB 43 I LEJEFR
% 700 h, 1450 h LLJ% 1908 h i &4 T HE R . PEO-LATPg.50.70 & A J 1% 1 J5 K 1 B2 T 98 30 #2
1 LATP 5 Li (AR e el 250 7 AL a4, b e S i i s . M2 R, LLZTO
TE SR A 5 NAE— 2 R okt T R A MRS Li 2 (R i S fase L R 6 15 45 740 R 1 1) 1 e
AN, AR TS P A 2 00 2 A AR o R I AR e R SR O R MR RE AR E DR PR I AR (R
AL AR AR, RIS Li bl 7] i A 20 S S AR e 1

N T R ISR B P 6 52 A HLAR B M AR e M S, FRATIZH A LilLFP A [ 25 Hh7E 50°C ik
AT 1E F IR FETBCRAEIR, LLIF Al GCSE-201 710-50-700 atp £ SRR I P AT 1%, Xk B 2H Dy e aed ¥ v 1] J2 1)
CSE-20,  770-70patpo Li|GCSE-20,, 7710-50-70arp|LFP 5 Li|CSE-20y, 710-70 atp|LFP #£ 50°C A1 0.1 C i %%
T KA B 70 F i 2R 5 0 B A B8 e B ] 5(a)~(c) BT, i GCSE-20 710-50-70 a1
CSE-20,, 710-70, atp BRI W AA TR EE 28 843 1) 157.3 Fil 156.4 mAh-g™t, ZEFE¥FR 70 Pl Jm HUH bR &
THEZ 141.8 mAh-g ™ 5 129 mAh-g ™, AR GRFER S 90.1%15 82.3%. GCSE-20,1 710-50-700ate F2 1
(25 AR FF R AT VAR T3 P b (A2 PR, BN S 1R P S Y 7 T AR A5 T 98738 T Dy 52 45 7 245 PR ol
PRt T A R AR E 1

DOI: 10.12677/ms.2024.145077 710 PR R


https://doi.org/10.12677/ms.2024.145077

RBoE %

(a)

0.6

——PEO-LATP, 5. » 50 °C

Voltage (V)

204 0.1 mA-cm? ,0.05 mAh-cm
06 . L L L L L L
0 100 200 300 400 500 600 700
Time (h)
(b)

- CSE_ZUI.I]_T()-70|.A1P ’ 50 OC

Voltage (V)

02 0.1 mA-cm™ ,0.05 mAh-cm™
03 L L A L . . L
0 200 400 600 800 1000 1200 1400
Time (h)
(c)
02 ——GCSE-20,,,,,-50-70, ., 50 °C

Voltage (V)

0.1 mA.cm? ,0.05 mAh-cm™

-0.2

0 200 400 600 800 1000 1200 1400 1600 1800
Time (h)

Figure 4. Constant current charge/discharge cycling diagrams of Li|PEO-LATP,q.50.70|Li, (b) Li|CSE-20, 710-70_a1p|Li, and
(c) Li|GCSE-20; 710-50-70_a1p|Li at 50°C and current density of 0.1 mA.cm?

4. (a) Li|PEO-LATP.50.70|Li+ (b) Li|CSE-20y 710~ 70 ate|Li LAKZ(C) Li|GCSE-20,, 710-50-70, a7p|Li #E 50°C, HERZRE
0.1 mA-cm? THIIEER R FE AR B ERE

(a) (b) (c)
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40F 40F . 100
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Figure 5. Cyclic charge/discharge curves of (a) Li|GCSE-20, | z10-50-70_a1p|LFP and (b) Li|CSE-20,, 710-70_ a7p|LFP batte-
ries at 0.1 C with the corresponding (c) cycling performance graphs

5. (a) Li|GCSE-20, | 710-50-70, a1p|LFP 5 (b) Li|CSE-20,  710-70, atp|LFP BE7E 0.1 C FTHIBEIR ZALFE hZ 5(c) 1BIF
T &e
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4. #hig

AR T — P IS R P LR BAT IR EERR 0 AT 1) GCSE B 45 [ 4 r i I i i . B 5 0 AT

SER BT A F AR T SEE TR LLZTO &5 & 1) — Ul 5 8 4 Ja8 47 b o [R] R4 1) S T 4 5 S AR A 1E
[FI 5 LATP &5 & 5 IEBR Al 1) o5 — Mgk — 5 5 i 1 26 s o 1 Bk 22 7 11(5.0 'V vs. Li/Li™) 5 41| £
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