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ARTICLE
LiF-Sn E6 B HEXHAEA/E€BAE

7 B, BEN, REH, 2+FE, BER*
BIIXRFEeEFEZRT, 188 & 361005

HE
HEENESHEBRRAREBENZEMRE LEERNRIED, S 2ESEENEZHARTS -
AEREETHESE (Y10°San”) MEHYIMEE (55 GPa) MENAEBAEESBBERIANZEEN
ESEBRE—, RAMERRERKHNERRIEEURR. A , BUEABARERE F LFShE
SRR, ENARO5ESENFEEMNENBEETBEFRECRRBE, FBYTRFEABAHEME
RN, BRI TERRNEK. RERIENEFLESF AR 9%9 Qon’ BEE 35 Qon’, X

MRESHA IS REBRBEIRFE 1.3 mA-cm™, WFRAEMTE 04 mA-cm™ (IR ZE B AR ZETEER 200 ho

%42 LiF; Sn; MEAEE; WRAREE; AL

1. 5] &

EERMSEMEBELBFRENRELRE,
REESFRBTEHEKBEIES. SHRERE
NEZ2MMEX[, 2]. BE2EAKATEER
LERES (3860 mAh-g”) FIEEAEAMIMRK (-3.04 V
vs. fIOEEBR) , BRARSIAEERMNIEER
WKL 3] A, BERESENEKSSEESER
MR FIFAKE, XESHRNEVBBRERE
Z2fRE 4. EARTRESHEMBR (SSE) HIE
AHM (SSB) I ZIAAR T —RIEERENE
BEERFE [5 6]

ERITESHBERN, SBTHSE. REF
FAMREHNEESNESREMYZE RSB B
MR EENEME. B, EEMRNESHBRE
ZAESHE R (NASICON) [7]- EE Ak
(LiPON) [8]« FR{LHE [9-11] BEWE [12].
MAWEA (Garnet) [13] BfRt, Hr, AEAE
MRAEEHRLAZED. S8 FHRSE (10°-10"
Sem™) FIHBHTIMREERNESHEBRAR
BRI [14, 15]0

REBRZMHA, ABABRSHEBRERS
HEERBPHNEAKIBEEEEERPHkK. BT

HeRERBENAEREMEZSEEBREES
B R [16-18]. ERMABEIRH, BRAE
EAEERTERER, EHAHINBEZSHE
THEARIINR. BFEER/NNERZEET (0.1
mA-am”) BLBENSRTFHEBER, SEAMK
o

HFER, ERRETREFERNEABA
S58cENEHM, S/FEEZN (BlnaE[19].
Li;PO,[20]« MOS,[21])~ FAALIE [22]. ERAME [23].
WXL E, ARAEESENFERETIMILT
RRBFEEEI LB, (BR2ESBEREE TENRTE
PMAFEERSNERMEK, #HTSBHRM
Hig. BMAKRBABANBFRSRESESEA
BOEGBRBRRAPERRERN—EEZRR. #
@A EENIRAE LLZO N, XEHTHEH
THSEREH [24]. BISEEBEREGENT A,
BE BRI EET. FIERNREEBEE IE
EESREBUHEY, XHABATURAAEBAS
HEBARERAMETEEEBFRABAAEE
BUEN, XATRESEERANERK.

AXRARERAZENF AEABAREN
M—RE LiF-Sn E6ENEREE/ABARERE
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LiF f1Sn L #, Sn gt 52BN ES, 8
MM BHREIEARAESBHBRZAR, =B
ABAEESENRERIAM [25]; LiF AR
HEBRFHEHSNESNESFES, stBEREINF E
FHEABAEBIGEA [26], HEEE FEHRE,
MHNFIEER: B EABAGMERNE K.

2. L I§
21. FEAHEREA &

LigsLasZr, ;Ta, Oy, (LLZTO) A HEA H 2R
EBESEENESR EEAREGRE [27]. XM
EEHESU, BELRPBEBRABEZEESE
5. HAGBRESBUOT: RMEFITEEHRENK
ZrO,. La,0,« LiOH-H,0 M Ta,0; ¥ &, AFH
MARKETIRE, MASBFH, RIEAEZE 900
°C #R:B 12 h, KEERREBRKEBESE LLZTO
MAR. BRENHARBARETFRE, OEFM
A 5wit% B9 PVB, FE#ZRIE R HL_ERA 30 MPa HIJE
HESIBBBRRA . BAESHNEBEERKF L TEEE
LHERE, EREEARSENEXPh, &£
1230 °C T J5e45 960 min #18 LLZTO LR F o
B BT & LLZTO HfZ Ry A 400~ 1500+ 3000 F
5000 ERPRMORFTEZEEE RN 1 mm, FHZERE
BEBRERBRZAR, REWA 100 °C ETEHE
FJ& 30 min, FEEREEBEBRAMAFEREH.

22. AAREHKE LiF-Sn B4 8

BEETSHEEE LLZIO BERANFE A
KELTMREERN2nm B LiF. & 2 nm i
Sn ZEER LIF AENABEGHERBRRA XA, B
L5 % LiF-Sn E & 1& 1R, 155 BRR BN Y
(SQM-160, Inficon) NERE, £ 09 VHIHBE
T, LiF EEAHRLUL0.1 As” UEHEREKE,
FEI12VHHEET, Sn £8P0 As™ BT
REEL.

2.3. Li-Li SFREMARE

FRAXNHREMRMFARREDET. IERERE
E (CCD) MUKENR-AHSENEIREEM.
NREBARTEZNT: BRFeBEMMAE 240
°C {agh, FEEBAIELFH LLZTO BRERH BAER
iR E, HASEFERE—ERE, RIEESES
LLZTO RERTFME. 2HEERNZM E—F
SRR, REMAAMBMpEE. DA RENE
FEFP TN

24. B ERAE

7K 3 {# F Rigaku Ultima IV X §F £ 177 5 X
(Rigaku Corporation, Japan) M ix AT §l & 89
LLZTO M ARFAEBBA A RAEEE. ZNEE
40 kV M 30 mA T, H#EREMEFHEEE S A
10 °min™" F1 10-90 °(20). LLZTO & & /i I 48
NEZEHENREMEFRRE, FH568gem”
HELZEEA—fk. BIFREARERR X &
2L (EDS) Y Zeiss SUPRA 55 3B F 2
M (SEM) REREEFEMMITEL . BILFHE
ik (EIS) MiRFER{LZF 38 (Autolab, PGSTAT
302N, Metrohm, Utrecht, Netherlands) _
1T, $REEE N 10°- 0.1 Hz, #RIEH 10 mV. {F
F Land CT-2001A (Wuhan, China) FEtUiK &R
FEXTNFREMFITRAZNIN, FEBLAFERE/
MR E R T/ AMARERAENR
EM o

3. &R 51T

B 1 (a) NEMM LLZTO BRI B iR
FRiA#I XRD iEE. BN REESEZNES
RNEBR, REBELSERER ARG RE R
P LLZTO BER . ME 1 (a) ATRUEEH
3, XA IMERNAEITHIESSIRERNIIE
AHEA PDF RRATHIEMNEMER; XFRAEEGHKH
MERAHEEES. LLZTO BER A NEE SEM
WE 1 (b) Frox, MEARTELUE B Fik K219 )5
ZFHiE—i&, BABRERE. B1 (0 AEEET
A Au PHEBRMN LLZTO BERABiE. A
WAEBRBRANEIEN —FRN%, ZRETN
F LLZTO #&AEREM Au EES [ REAFERR .
HERANEEET 198 Q, ZitE, BHER
FHERHESEN67x10"Scm™s B 1 (d) 2
HEH EFHSEMN Arrhenius fi 2k, i+ E B3
MERA B FHRSMELRERN 035 eV, EEREM
HFRSECEPARTIAHEPERRNER FIT
ToRERR .

B ETAREEEMAEA LLZTO FREHE
TEEHN2nm §J LiF 12 nm {9 Sn &, &m0
LLZTO R A MFREESINE 2 fix. B 23R
AR Sn SRS N M KERER. EDS B&
JFRR T LLZTO 3@ t LiF 1 Sn EEM Y S M,
Hah, #MEERBE F. Las Taf Sn ESiFLT
LiF A1 Sn SRS E LLZTO HERKRE -

ATRIEEHENABARE AN M,
XN T IE R S ARA M A EEHRS. 0E 3 (a)
Fror, ABRSRETERISMA LLZTO RE 2R EFE,
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LLZTO Pellet after 1230 °C 12 h

LLZTO Powder after 900 °C 12 h | B8
Cubic Garnet PDF#80-0457
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B 1 (a) LLZTO #¥>RF1 LLZTO Ef#FH I XRD Big; (b) LLZTO HEER A HIEE SEM E; (o) =& TH Au [HEBRNA LLZTO B iR

FHIBEHTIE; (d) LLZTO HiERF B FHS Arrhenius f1%.
Fig. 1 (a) XRD patterns of the LLZTO powder and LLZTO pellet, (b) Typical SEM image of the fracture section of a LLZTO solid
electrolyte pellet, (c) Impedance spectrum of the LLZTO solid electrolyte measured at RT with Au blocking electrode, (d) Arrhenius plot

of the LLZTO solid electrolyte.

B 2 LLZTO-LiF-Sn & SEM 1 EDS
Fig.2 SEM and EDS images of LLZTO-LiF-Sn surface

XRP{LELLZTO BRAMFHERA. £#8 EREEBRANEREEHEAR (B3 DB) ,
ZifERE, ARAFRAENRAMAKRNES, Wl  HOBERIAEERE SEM BHRNER. ME 3 (o)
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B3 (a) AREES LLZTO MRS BUEMR A, (b) 1AREE 578 LiF-Sn &4ER LLZTO B A BEMIRAS; (o) Li/LLZTO 5 SEM; (d)

Li/LLZTO-LiF-Sn 5% SEM.

Fig. 3 (a) Contact state of molten lithium and LLZTO electrolyte, (b) Contact state of molten lithium and LLZTO electrolyte with LiF-Sn
modification layer, (c) SEM image of Li/LLZTO interface, (d) SEM image of Li/LLZTO-LiF-5n interface.

Firc, REMABEEBRRSESENEMAR
FERZHMIE, ZMEMBESBEENREMET.
237 LiF-Sn XA E, ABAERRSESRE
R B, TTT%E SBR (B3 (d)) - £
SRSABARIMNREIESETEMENE
E,%%E¢Sdﬂu5ﬁﬁﬁﬁﬁLwné$,
XARARETESESABANAEREAME. RIF
A mEMER FREREREY, RAESFER
[iE e npa Rk
AT RIERA MRS EX B R T,
20 % 7 Li/LLZTO/Li  Li/LLZTO-LiF-Sn/Li X #&
R TEAZENIRK. B4 (a) A L/LLZTO/Li
SIFREEHAIRESUE, FEPUEHRER T — 1R, X
NREHELLZTO 52« R EmMET (R) , M
FEMNEAXNNANE LLZTO AR (R,) -
EABRFERNREZERERER, ELR &
PL2 AEA LLZTO/Li REfIET, £33—1kfiE
B2 LLZTO/Li fEpImEMETl. HTFERZNAE
&mlmzmMﬁﬁmmﬁEﬁ%%nﬁ;
YERAEBNERESRSABANREREM
BIRA, AEENEEREK. B4 (b) 2L/
uznnﬁsmummﬁ TN HER AR, T
ERE=1FE, X=FOHSMEEIRD B R
%:mm@%ﬁﬁ%%ﬁ@ﬁ&ﬂ&m@ﬁﬁ
PR K2 S8 8 7 7£ LiF-Sn &1 2 N SRR BB T

LA BRI A 3.5 Qem’e RE
BT ERIEIETEMENSIARA T RERE
M, FREEMARRNSERTAHARZNEEM,
XEFAEMMRAEE FEREEIBRNHI M, MF
B EAEK.

ATH—DRIEBMEARER, Wik T XNFRE
MHIEFREREE. WE 4 (o) iR, KRERIM
HXNFREBEEEERRERRESH (0.3 V) &
R EZEERABERLRER, XEFEEHTHR
ZEHMPNRAEERER, BENAHINRSETH
RPN ENSREERK, #MSEENBEBLE
mig. AABARAEXRE-ERRBIBER, XFREM
HIERERFESIKRNREERS. WE4 (d) 7R,
BH B ER Li/LLZTO-LiF-Sn/Li # %3#R B 5t 59
IR ERZESIE 1.3 mA-cm™. IRFRBERZBERN
REFZARFHEIAZR: (1) BIEEHRASn T
NEE€EGSL, XNEELES LLZTO BEER
HREREE, EeR5ABAZERERMAERRE
AR EEA, (2) BMERH LIF B FRSEIR,
BRAPEHTHFRAABARNEAN, BN LFAS
ReEmAfEEAEEFEIBRHEK, RETEETH
B tRH . HXAMERNBEIERINS THESR
MEK.

B5 (a) MES5 (b) 232 LLTO R M|
7% %% 2 nm LiF 1 2 nm Sn FEXFREMAETTA,

Li/LLZTO-LiF-Sn 5%
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100+
g Rl R [ Wi
* _
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50+ —
ok, . . S~
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ZlQ
(d) 0.6
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(c) Li/LLZTO/Li SIFRE A A 57 R

Fig. 4 (a) Impedance diagram of Li/LLZTO/Li symmetric cell, (b) Impedance diagram of Li/LLZTO-LiF-Sn/Li symmetric cell and
the equivalent circuit, (c) Critical current density of Li/LLZTO/Li symmetric cell, (d) Critical current density of Li/LLZTO-LiF-Sn/Li

symmetric cell.

HA®BEIND B A 6.55 Q-cm” 1 4.60 Q-cm®, 57
HENMAERIEIETERESESENRIFNZ
. B5 (o) FES5 (d) B9 5I2AE LiFM
Sn &6 5 HU £ - S XY FR BB AN Iifs 57 F R 22 B 3R
Hh £k, /\Ilﬁﬁ%/)lbmrﬁﬂﬁ 0.5 mA-cm™ 1 0.6
mA-cm”. XFHEF, LiF 5% Sn 28— B ENEFLER
RUBERAFREREAMS, FEREET, BE2H
EREEKNENBR. M LF-Sh E&EBHER
EZERENDEER, BY SnBHERERE
B, m LiF BERABERELEFRABAR
R, MMREENSNRAL, B
R A K.

6 XFREME IR R BRZEENREH 28
GEREESERNER. W& 6 (a) Fior, #£0.3
mA-em” WHERBRERBRE, KIEW LLZTO Hi#

FRARAUNREBELRER, XRPAENEE
KT HEBERF 28] XM LIF-SnfERESE

WERE, NFREME 0.3 mA-em” WHERZE TE
e, BREAREKEXE, REXAERRE
KEZEREANAR (WE 6 (b) ), XML

T LiF-Sn E &1 R AR I H B s £ K.
A TRAANEEEE M EX B RER =20,
H# 7 BHHAH 0.5 nm LiF-2 nm Sn. 4 nm LiF-2 nm
Sn. 2 nm LiF-0.5 nm Sn # 2 nm LiF-4 nm Sn [
MR EEEZITEE - EXREM. WE S1 R,
R U F R [E E B LiF-Sn &4 89 LLZTO & {4 5
R R AT LRSS XS FR S T BETE 0.2 mA-em™ BIFE
MEETRER/®. MAESA 2 nm LiF-2 nm Sn &

WENMNFREMAMULE 0.4 mA-cm™ BRZE T
BREBHR200h (B7) « UEHRERKH, 2

nm LiF-2 nm Sn E 4B IFERNTNEGS
TERE
R S1 X tE 7 ARE Li/LLZTO R E Bt 75
SRS R - R R Em AT - A
tljﬁéi‘fﬂg M. @13 S1 7R, Li/LLZTO-LiF- Sn/
Li ¥R EERNEREN A EERMESERE
TRIFNERREM. BS2 A L1/Sn—L1F—LLZTO
REEMEIER SEM B, & S2 (b) Frox, Li/
Sn-LiF-LLZTO/Li 3 #RE 7 0.4 mA-cm™ BYH R
BRETEIR200h 5, E€BS5ABORAEN4ET
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(a)1 60t % EILLATOLIFL] (b% 6ol o LiLLZTO-SniLi
120+ 120
< o
N 80} N 80t
40 40
0 C1 1 1 1 N 0 E, 7 i i N
0 40 80' 120 160 0 40 80 120 160
Z'1Q 70
(c)0.3 —— Li/LLZTO-LiF/Li (4)0.3 — Li/LLZTO-Sn/Li
0.2} R 0.2t Short circuit
> 0.1} > 0.1}
[0} ()
8 0.0} & 0.0}
5 3
=01} > .01}
-0.2¢f 0.5 mA-cm 02t 0.6 mA-cm
0346 8 10 12 14 % 3 4 6 8 10 12 14
Time/h Time/h

B 5 (a) Li/LLZTO-LiF/Li XFREEMAIPAHIE; (b) Li/LLZTO-Sn/Li SFREMHMFEHE; () Li/LLZTO-LiF/Li SR E B IR R ERZE;
(d) Li/LLZTO-Sn/Li XFREBAYIE R R

Fig.5 (a) Impedance diagram of Li/LLZTO-LiF/Li symmetric cell, (b) Impedance diagram of Li/LLZTO-5n/Li symmetric cell, (c) Critical
current density of Li/LLZTO-LiF/Li symmetric cell, (d) Critical current density of Li/LLZTO-Sn/Li symmetric cell.

() (b)

B 6 (a) Li/LLZTO/Li SFREEMAE 0.3 mA-cm™ R B EfE G LLZTO BZFRAE A ; (b) Li/LLZTO-LiF-Sn/Li SIFRAHE 0.3 mA-em™ FEH
BEMEHE LLZTO-LiF-Sn BAREME A -

Fig. 6 (a) Image of LLZTO electrolyte obtained from the unmodified symmetric cells after cycling at 0.3 mA-cm™ current density; (b)
Image of LLZTO-LiF-Sn electrolyte obtained from the symmetric cells with modified layers after cycling at 0.3 mA-cm™ current density.

EME®, RBL/SN-LIF-LLZTO AEAEERE THESES LLZTO HERMN A mEM, SERR
BHREERIFNREM. THREMET, ENSBEFEE LF BNENGTEES

Li/LLZTO-LiF-Sn/Li SRR EB/IAE BELETHRFOEEBEBRRBITER, AR
@mTF LiF-Sn EARBIENTELE. BHEER®RE 6l 7TENENEK.
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-0.3}F
0.4 - : '
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Time/h

B 7 Li/LLZTO-LiF-Sn/Li XFREBEE 0.4 mA-cm ™ B R E THEEREAE

(4BE 7 1-15 h F1 186-200 h AU ZE UK E)

Fig. 7 Cycling performance of Li/LLZTO-LiF-Sn/Li symmetric cells at a current density of 0.4 mA-cm™. The insets are the enlarged

graphs for 1-15 h (the upper left) and 186200 h (the upper right)

4. 45 it

AXBY—MERENETEZERE, £AH
AFRE) %T—EZHleF$ﬂ2nm Sn WE&E
mE. ATFRBENEFE, EeBMaBARNRE
REMEENE, AREMENESE. SBEAR
S5EWABBREFEETBEMHETH 969 Q-cm® fE
EEBMHEN 35 Q-cm’. LiF-Sn E4 /7 @BIHE
S5¢RENRFAmEMERTREAIETSEE
MNP ERR-Bh, EREBEFEZLFBHES
WHbPALE T B F 6 LLZTO BB FiT%, MmAE
BANE T ERNBNEK. AF LEFShn ESREE
%FMTT'WMEUUHWUWW%%M%

REEMESRREHYESE TEERA. HiE

EE,/mLL.r?zEﬂ'§13mAcm , £ 0.4 mA-cm™
M%mmrTiﬁﬁ%mmhﬁtiﬁ% i Li/
LLZTO/Li S#REMTE 0.3 mA-cm™ B BETH
BEMMAE T ERREKSENEENR.
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Abstract

The growing demands for electric vehicles and consumer electronics, as well as the expanding renewable energy
storage market, have promoted extensive research on energy storage technologies with low cost, high energy density
and safety. Lithium (Li) metal and solid-state electrolytes are considered as important components for next-generation
batteries because of their great potential for improvements in energy density and safety performance. Inorganic garnet-
type solid electrolytes with high Li-ion conductivity (about 10° S-cm™) and high shear modulus (55 GPa) are considered
to be ideal solid-state electrolytes, however, the issue of Li dendrite growth still obstructs their practical application.
Herein, a simple and efficient strategy was developed to suppress the Li dendrite formation in the garnet solid
electrolytes. A composite modification layer made of 2 nm LiF and 2 nm Sn thin layers was prepared on the surface of
the LigsLa;Zr; 4;Tay O, (LLZTO) solid electrolyte by the high vacuum evaporation. The composite modification layer
combined the advantages of LiF and Sn, which effectively improves the interfacial contact between the Li metal and
LLZTO electrolyte, and promotes the uniform Li plating/stripping. The LiF-Sn composite modification layer was
deposited on the surface of garnet electrolyte to increase the interfacial wettability between the garnet electrolyte and Li
metal, which blocks the injection of electrons into the bulk phase of garnet. The LiF-Sn modification layer effectively
enhanced the interfacial contact and inhibited the growth of lithium dendrites. Benefiting from the LiF-Sn interfacial
modification, the cross-sectional SEM image shows the intimate contact between the LLZTO-LiF-5n and the Li metal
without any voids. In addition, the interfacial impedance of Li/garnet electrolyte interface decreased from 969 Q-cm? to
3.5 Q-cm”. Meanwhile, the critical current density of the Li symmetric cell increased to 1.3 mA-cm™, and the Li symmetric
cell could be cycled stably for 200 h at a current density of 0.4 mA-cm™. After disassembling the short-circuited Li/
LLZTO/Li cell and reacting the Li metal with alcohol solution, it was found that Li dendrites had grown into the LLZTO
pellet. However, the surface of the LiF-Sn-protected LLZTO remained smooth without dark spots from dendrites. The
excellent electrochemical performance clearly shows that the LiF-Sn composite modification can effectively inhibit the
formation of Li dendrite inside the garnet SSE, proving that this interfacial engineering provides a practical solution for
addressing the key challenge of Li/LLZTO interface. At the same time, high vacuum evaporation is a matured industrial
technology with large-scale application prospects and can be widely used to solve solid-state interface problems.

Key words: LiF; Sn; Vacuum thermal evaporation; Critical current density; Long cycle performance
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