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Abstract: Using solid electrolyte to replace liquid electrolyte to construct all-solid-state lithium
battery, which can make lithium battery safer and further promotes the improvement of energy
density. Among various solid electrolytes, Li;La;Zr,01, (LLZO) and its elemental doping products
with garnet structure is the most promising one to be used in all-solid-state lithium battery as its high
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lithium ionic conductivity at room temperature, wide electrochemical window, and stability with
lithium metal. In this review paper, the phase and crystal structure of LLZO, preparation methods, the
improvement strategies of lithium-ion conductivity, and the all-solid-state lithium battery using
LLZO as solid electrolyte will be introduced in detail. Finally, the research direction of the further
improvement of lithium ionic conductivity of LLZO and the construction of all-solid-state lithium
battery with LLZO is pointed out.

Keywords: Li;La;Zr,0},; Garnet-type; Solid electrolyte; Li" conductivity; All-solid-state
lithium battery.
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Figure 1 Comparison of the structures of lithium ion battery and all-solid-state lithium ion battery
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Table 1 The comparison of various solid electrolytes

. Representative
Types of solid electrolyte substance Features
Organic Polymer solid PEO Closer bonding with electrodes;
solid electrolyte Poor mechanical properties;
electrolyte Low lithium ion conductivity (10~ S/cm (19
Gel polymer P(VDF-HFP) Higher ion conductivity (10~ S/cm 2%);
electrolyte Volatilization of the solution leads to a decrease in
conductivity and poor mechanical properties
Inorganic ~ Amorphous oxide LiPON Nano film; 5
solid solid electrolyte Wide electrochemical window (5.5 V '
electrolyte Low ion conductivity (107° S/cm )
Amorphous sulfide  Li;S-P,Ss Higher ion conductivity (10~* S/cm #);
solid electrolyte Unstable in the air
Perovskite type Lig33La0 56Ti03 Higher grain conductivity (107 S/cm *%);

Low total conductance (10> S/cm %),
Ti*" is easily reduced and leads to deterioration of
conductivity

NASICON type Li; 3Aly5Ti; 7P3012 Higher ion conductivity (107 S/cm ),
Reacts with metallic lithium;
Ti*" is easily reduced and leads to deterioration of

conductivity
LISICON type
Thio-LISICON type

Li; 6GeosV0404
LilOGestlz

Low ion conductivity (107 S/cm )

High ionic conductivity (107 S/cm #7);
Sensitive to air and cannot inhibit lithium dendrites

Garnet type LisLa;Z1,015 Higher ion conductivity (107* S/cm [,
Electrochemical window width (5.5 V);
Stable with lithium

LizN / Higher ion conductivity (10~ S/cm );

Narrow electrochemical window (0.45 V)

VEH, N SC L2 FR 30 “ A WA B [ A H AR B LLZO” 2 M 3514 4l 3T 7 A A WA B 45 4 LisLasZr,040
LA TCERB R LLZO (411528 LLZO. ##54% LLZO %) MNSiFK.
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Figure 2 The crystal structures of (a) tetragonal LLZO and (b) cubic LLZO; the loop structures constructed by Li
atomic arrangement in (c) tetragonal LLZO and (d) cubic LLZO
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Figure 3 Lithium site occupancies at (a) 400 K and (b) 1400 K as a function of Ta dopant concentration. Red and
green areas represent the permitted occupancy range of tetrahedral and octahedral sites derived from electrostatic
repulsion, respectively
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Figure 4 Process flow diagram of LLZO prepared by traditional solid phase method
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Figure 5 (a) Li" concentration and (b) XRD patterns of the LLZO prepared at different heating rates
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Figure 6 (a) SEM images of cross-section microstructure of LLZTO sample and typical green pellets of (b, ¢)
LLZTO sample without MgO and (d) ~ (I) LLZTO samples with 1 wt% ~ 9 wt% of MgO, respectively
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Figure 7 SEM micrographs of the LLZO calcined at different temperatures for 5 h in air
(a) 923 K; (b) 973 K; (¢) 1073 K; (d) 1173 K
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Figure 9 (a) Schematic diagram of the components of the field assisted sintering apparatus and (b) illustrations of
the mechanism of the field assisted sintering technique
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Figure 10 SEM micrographs of the cross sections of the samples sintered at different temperatures by FAST
(a) 1000°C; (b) 1100°C; (c) 1150°C; (d) 1200°C
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Figure 12 (a) Schematic setup of electrospinning LLZO-PVP nanofibers; (b) Schematic procedure to fabricate
the organic-inorganic composite electrolyte; (c) SEM image of the as-spun nanofiber; (¢) SEM image of the
LLZO nanofiber; (d) Diameter distribution of the as-spun nanofibers. (f) Diameter distribution of the LLZO
nanofibers; (g) Photo image to show the flexible and bendable organic-inorganic composite electrolyte.
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Table 2 The advantages and disadvantages of different LLZO preparation methods

Preparation method

Advantages

Disadvantages

Traditional
solid-phase method

Sol-gel method

Hot-press sintering

Field-assisted

Simple method, cheap equipment, can be
applied to industrial production; higher
density and high ion conductivity

The sintering temperature is low and the
time is shorter

high density and ion conductivity

high density and ion conductivity

Lithium is volatile; not easy to densify;
There are many steps.

Low density and ion conductivity
Heating and cooling is slow and can only

sinter one sample

Expensive equipment; The sample may

sintering crack during cooling

Electrostatic Nanowires can be prepared for use in The LLZO block cannot be prepared
spinning organic/inorganic composite / electrolyte

Single crystal Single crystal LLZO can be prepared for =~ The LLZO block cannot be prepared
growth research purposes

Film preparation Film LLZO can be prepared The conductivity of ions is low
technology

Spray thermal The method is simple, and the nanoscale ~ Only the pre-drive body can be obtained
solution. pre-body with uniform particle size can

be obtained
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I8 7 UL TR B 2 R SR B B TR P o B, A IR 3 Pl e i A A [R] & (R B Y
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B, T RS T SRR T RAR LLZO B, BB R A5 A, T
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AESALAB IR T ARG B 2RI, B T2 e i I R4t Rl 2 SR R IR L 2
2.

B2 SIS M BTAR L, LLZO BYSIR& T SRR AL, 7%
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1 EBEFRERE
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MEGAS . Rangasamy 25 N PHEE AR F B Li,COs KIS Al 544 LLZO MR T, K4
BB TIRIEN 6.24 mol% I HLREFIMIE T SR m, A 4.0 x 107 Slem. H#]%& K71
La,Zr,0, A1 LaAlO; 2441, M5 S8 B 7 B A o Lin 258 NG & 0 wt% ~ 40 wt% [ LiCOs
114 LigsLasTagsZr; sOp0r KIUGHE B FIRFE N 8 mol% I, BFH S %N 433 %107 S/em. 2R
i1 BT & P LIALO, 55 M A7 AE, SRR B IR s o BifiJS . Zhang 25 NG -5 wt% ~
20 wt%] Li,O, iidigBhleshhil 4 180 E IR FERS R T 3% H i SR A (1) Al 39 LLZO iK#,
R INBE SR B TR E M 5.80 mol% BT INE] 7.14 mol% I, 551 H SR hn 5 FAMK, 7€ 6.35 mol%
WK, 4556 x 107" S/em.

Bernstein 25 A it %5 5512 o6 BEAR A4 18 J1 SR BLOFIE W] 17 LisLasZr,0p, H5IA
0.4 mol% ~ 0.5 mol% FRIAHE 2 0K B AT R TR B T 10T . Xie 25 NNl Xt LisLasZr0, #EAT T
TSRS BRI BEAE S IR BN, S A\ AR S AL ) 3 A 2B in, 78 DU TR 2 467 o
PR PAR GG, TEZ1°8 6.4 mol% KA, WK 13 Fras. ARPEE SRR 2 AL 5 AL 2 FEE 25
FAEVU AR A R R TP B (B DY AR o5 AL 2 SR S T T ) AR TS LR, e
T4 B TR E N 6.4 mol% + 0.1 mol% MBS T SR i .
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Figure 13 Variation with Li concentration of tetrahedral and octahedral occupancies obtained from neutron
diffraction of Li;LazZr,04,

3.2 BB FEHEIFE

3.2.1 w A st A5 R eG A

AL BT, HATIRER ALK LLZO 78 =R FEaE NS T MBIt R A Al. Fe. Ga
=hh, H=REETHSRWE 3 Fr.

FER IR, SRR AU TR B IR . AP VR — Rl 5 8 3 ik 1 e Fa e
SEJT MRS I TC A 2 A . B0, Huang 26 NVTSRA AL52% LLZO #if7, BRI EEE TSR
3.6 x 107 S/emo (HSZITAENR, WFFEN GUEHT R I —Le4 (135 24 TC 2B T ] CAIR #4155 -9k B F:
LLZO Fa@ N f AN, B n] Ll o e gh k) (BRI S 2 SRR A dhmsd Ml s P %,
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Table 3 The conductivity of various Li doped LLZO

. . . . Ion conductivity at room temperature
Chemical formula Doped ions  Doping bits vy peratu

/%107 S-em™
Lig4FegsLasZr,0y5 Fe' Li site 1.1 18 (Grain conductance)
Lig 25Feq25LasZr,01 Fe'' Li site 1.38 1)
Lig ssGag 1sLa;sZr;,01 Ga’ Li site 1217
Lig2sGag2sLasZr, 01, Ga’* Li site 1.46 1)
Lis oAl 36La3Z1,01 Al Li site 0.25 7"
Lig 64Al 12L.23Z1,01 Al Li site 0.33 7
Lig 9saZng p3La3Z1,01, Zn** Li site 0.11 ¥ (There is no sufficient evidence to prove
the incorporation of lithium sites)
Lig.05Zng 025La3Z1,01, Zn** Li site 0.05 ¥ (Exist at the grain boundary)
Li;_3,In3, LasZr,0, In** Li site Degrade performance (751
Al Si doping LLZO AP, si** Li site 0.68 "% (Si has no substitution)

T Be AP B TS %, Wu 2 NN85d Ga 4% LLZO 46z, #I&E T EEE T SREik
1.46 x 107 S/em ¥ LigsGagasLasZrOrn, 3K I Lis 3xGaxLasZr,Oy, 7RI E K —60°C I 4R B 1T #
)9 10 cm?/(Vs)~ 107 em/(Vs), Bl & & T W $2% LLZO (L% [107° cm?/(Vs) "™, Daza 2 A\
WL EAEIUR I AL 52410 LLZO 1, 5% Al BT HHEMARE FARITR, 1M Ga 5241 LLZO
H1, Ga B 7B (08B 7 7] LUTEAS - Wagner 25 A PO5E I 56} #6 5 B0RE (19 Ga #5844 LLZO BE4T #45 XRD
WA, RILEA L J7 FHEE I Ga $84% LLZO 25 181 B 54 415777 FH LLZO ¥ 1a—3d =5 (A1 FEAS—F¥,
N 1-43d. ZE45H) 5 Ta-3d 2 A BEISL 5 A LLZO $4IH1 ZrOg /\ I FN LaOs + = A4 L b T i i 2 45
t, BB TR . AR la-3d 23 [ABEAL 5 M LLZO K Lil (24d) PYMI/EZ LA Li2
(96h) J\THAAZS AL PRI A7, T 1-43d A )52 75 48 LLZO JE A% Lil (12a). Li2 (12b) PFHPYTH
PRI R Li3 (48e) J\THIAZ L. HahtnmEwE 14 Fiox.

Rettenwander 25 N7 4% T Lig4Alpr—~GaLasZr0pns KIMBEE Ga B2 103800, Yt 5 —1
i, 77 LLZO BIZS A EE AN Ta—3d A8 A 1-43d, H.B5 7 H SRZW . Wagner 25 N 5@ 1d# Fe
BNALI K : 5 Ga B4R, 1 Fe B BT (AR, 1528932778 LLZO 73[R #f t o 1-43d,
HAFES T 52504 1.38 x 107 S/em. M5, Xiang Z A\BUl Al. Fe. Ga =Flc &4 lB 4
LLZO #47, FH456F FATSIE T T 2 B A6 LLZO # 3 FiERe sy, & B2 [ EE A 1-43d
[WSLJ5H LLZO B Z 408 il e iimiE, Ao I as (B #F  1a-3d 32774 LLZO 1 Al & 715 FE 4
BT REIE L, TR B BRI EE, AR TS T IER . PR R S
HH LLZO [MELES TiT A B Wil 14 Fros .

322 AR 2t T A R &G iA

1E LLZO [E/f B fig R 45 MR 7 rp, SR TR a4 2 il B il s/ — I IAN I R AR . %
AN 248 KN 3 T (SR A S KI5 . 78 LLZO ", ZrOg J\IHIAFI LaOg -+ —HifAIE T
MR LLZO W 3edity, HEFIEARE B 2802 B, wonT DU IS G0 15 4 B BE 7 15 2% TR 424
BT BEE R OUHRFRN) BN SIS 5 2% LLZO WIS TH S 25 T 4.

MAESIALB A AR IRIE B D, X2 BB ES TR, BSAIB A0 LLZO fid & 2451 5
MR, SRR BGRB8 F. Dumon 25 NPURA Sr B0, 4 LLZO M=ERETH ST
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(a) (b)

LaOs ZrOs Li1 Li2. Li3

Bl 14 = |8 # % la-3d #9377 18 LLZO # (a) @S TEEM (o) 8 FHEBBE; TFEA A 1-43d
3L A LLZO B (b) sk R EE A (d) 8 TEBBR; (o) = [F# K 1-43d 8930 7 48 LLZO By
Li3 2| Li3 wy it # @ om & g
Figure 14 (a) crystal structure and (c) Li" transport path of c-LLZO with a space group of Ta-3d. (b) crystal
structure and (d) Li" transport path of c-LLZO with a space group of 1-43d. (e) Li" transport path from Li3 to Li3’
in the c-LLZO with a space group of [-43d

R 2.1 x 107" S/em $2 15 %) 4.95 x 107 S/cm. Rangasamy 25 N\ BT 58 7 A A Ce* 45244605 LLZO
s, R e B EHIT 0.2 mol% AR LLZO fE=IE N e A T, (HILEEE FH
SHEMH 1 x 107 S/em.

MW, BB RTHAMAREZ, BREZGERTUIB AP IHREH S FHSE, Zhang
2t N\ 7 Li;LazsMy 25211 7501, M = Ge*'. Ti*'. sn*'. Hf4+), FeE L [P R T B B s
TR B IR SR ST RS AL RE IR, R BB B AL B A B AR R N, M-0 K
m, 52N AL 2 AR, RHRT (CREE RN =M RISMIEEAR) B, [F
M-O K 1IN T3 MOg \ ARG I, WS ECE R, WE 15 fis.
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Table 4 The conductivity of La or Zr doped LLZO

Ion conductivity at room

Chemical formula Doped ions Doping bits temperature / x 10> S-cm’!
Lig4La, 4Ceo6Z12012 ce’* La site 1182

Liz.\La; Sr,Zr,01, N La site 4.95%)
LigsLasZr 25Tag 75012 Ta™" Zr site 21841
Lig4La;Zr; 4Tao 012 Ta>* 7r site 7183
Lig2sLasZr; 25Nbg 7501, Nb** Zr site 21841
LisLasZr,Sb,0y, Sb>* Zr site 2.6 (30 °C)1
Lig.o2sLa3Zr; 925Sbg 075012 Sb** Zr site 3.4087
Sc—doped LLZO Sc* Zr site 1.65(20 °C)™!
Li;»LasZr; §Gdg-O1, Gd** Zr site 2.3188

Lig ssLasHf| 5sTag4s01, HfY, Ta’* Zr site 3.5 (22 °C)1¥!
LicLasZr, sW, 501, wo Zr site 2.1 (30 °C)P”
Lig7sLasZr; g75Teq.125012 Te® Zr site 3.3 (30 °C)P
Li;LasZrYsNbg 5O, Y, Nb** Zr site 8.3 (30 °C)
LigsLas75Yo5Zr1 ¢ Tag401n Y?, Ta* La, Zr site 4.4
Lig.45Cag osLas osTag¢Zr1 4012 Ca®, Ta’" La, Zr site 4,034

(b)
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Te 14
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= 13 £
-13.08 5 | a
o Q
B f12 §
o <
-13.063 |11 2
—m— Lattice parameter E.: 3
—&— Volume of polyhedron 10 ®
—A~— Calculated M-O length i
—v— Experimental M-O length -13.04
-9
T T
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lonic radius / A

B 15 () #A/\EERSE \TERSMEMTEE; (b) MARTEMTERE; (o) TREHNGWREES
. M-O #KF MOs /\EHEREB A E FHEH T A ED]
Figure 15 (a) The structure diagram of octahedron of ZrO4 and vacancy of LiOg, and (b) bottleneck size of
lithium ion migration channel, (c) M-O bond length, lattice parameter and calculated MOy polyhedral volume of
M-doped LLZO dependent on the doping ionic radius
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®  Bond length of M-O X
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Figure 16 Dual regulation of E, by bottleneck size and bond length of M-O

Song % APM4% 0.05 mol% Bl -4 cE (Mg. Ca. Sr. Ba) 2RI ANEEAL, KIBEEBIE
TRRRME N, AR LLZO (81 i SR E i, Bachman 25 NP2 TVEZ S0k, KLY —A
e T & S A AR T R, B BEE R P B A E R, R iEiE R
PR, SRS EARRN, LR, BB T E ST AU, Wang S5 APSRI AR
A T B ESHE T AR MR R, RUBES AR, 57y 8RR,
Miara 25 APV SR 6 T 5705 LLZO #5578, 76 1000 K 3 Is 45 41 k7 ke e 2% i i s
FARIRAN, KBRS 8030, B 7 i PR 800 . 4817, Nemori 25 A\ 0.75 mol%
Nb™ (0.69 A) F1Ta™ (0.64 A) 235N Ze*" (0.72 A) #114 LigosLasZri 2sMo75012 (M = Nb. Ta), K
HARKE LA NG 5240 LLZO S SHL (12.909 nm) FIES T HF3% (2.03 x 107 S/em) #6
/NF Ta® #2% LLZO (12.912 nm. 2.72 x 10 S/em). Zhang 25 A Ca I Ta 43514524 La fir
A Ze R RELL S FITRIEE R, RIFEE SRS TR, SRSE0EEEn, W
IER I R 3Gn, S kB e BRI S i, MR, R OREOR /N IE RS d # AR T 41 25 7 1
iT#. Xiang 2 N4 T LigsLasZr sMoO12 (M = Sb. Ta. Nb), @it FHTS A, BN E T
BRI, T ERIR TR EC VER, A SRS TGN, M-O K1 INIMN La—O KAk
JFEAE, AT R b M A R ek /), 8 1 I S AL SR T PR S A o VS A R U FRO SR S A MO
R E . AR 16 PR,

AU S8 FIE R M B RE B 2 IRk RN, S BBRAVENT T LLZO [E A i 5
MEEH 5 H A SEVERE IR, A Bh TR S — N B AT G R A5 24 AL 2 T30

3.3 EEFRESERRNMEIEE

FT BIRELR, BATAT LR — D L5 P AR 42 R, S R R U R R R R A
BEMAZER R, fem LLZO W& TS J MK s 7% 5.

Zhang %5 NUI@id B85 F Ta 52500k R A B PR EEAIE RS IBIE R ), RIBEH Ta
BRI, B TR ANIE RS B TE RS IR AR, T RESE RS 14 (24 Ta 3 2 & 709 0.6 mol%
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Table 5 The researches on regulating the Li" concentration and migration channel size of LLZO

Ion conductivity at room

Chemical formula Doped ions Doping bits temperature / x 10> S-cm™
Lig4LasZr; 4Tag 012 Ta> 7r site 1 (1o
Lis 20Gag 30L.a; 95Rbg 05sZ1,01 Ga’,Rb" Li, La site 1.6 1%
Lig65Gag 15LasZr; 9Scy 101, Ga’', S¢** Li, Zr site 1.8 143
LisoAly,LasZr; 75Wo 25012 AP, Wo Li, Zr site 0.49 104

(b) .

2‘ £ v

o o 4 10.31
- 15}
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. é ;n
o 10F % * 030 >
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© 05 : $ {) 10.29

000 005 040 015 020
y in Lie.ss+yGao.16LasZrz2yScyO12

B 17 Lig 551yGag 1sLasZr, Sc,01, 8 (a) MR EE K (b) B FHBEAFENAER Sc B L ENT (% 7Y
Figure 17 (a) Crystal structure ofLig 55.yGag,1sLazZr,-,Sc,0O1,, (b) the variation trend of Li conductivity and
activation energy with the change of Sc

I R M) ML SR B 1 L T3 1 % 107 S/eme Wu 28 AUl 46 7 3775 M Lis 1042,Gao sLasRbyZr0155
RILBEZE Rb B2 n, HE FREAITEmE RS2, EaeelE18 I, 24 Rb B¢
9 0.05 mol% AL AEBRAK, BB T i S% 4 1.6 x 107 S/em. Buannic 25 N PHE T 7 327 4
Ligss+yGag 1sLasZr,Sc,012, KIFEE Sc HAm MG, LB 1R AT F il iE R, 1
HAFALBESE FRAR S 10, 24 Sc 2448 0.1 mol% I iF Ak RE AR, LI B T HL S %08 1.8 x 107 S/em.
H ARG A 7 S R BE Sc BB @A mE 17 fis.

FHOE ] L, i & 25 (AR A 1-43d HIS2 540 LLZO, AR TS Ta—3d 25 (BIB9S 540 LLZO %
HAMTEF SRR EICIER L, i hil Sl AR & 20850, St T % aa
RS M-0 B, Kt — PR EmHE TR EE,

ABRHEEELESER]

B LLZO N T4 B djh rh £ 2 P A RS, —RESK & & T3R8 LLZO FE/EN
[ % AR SR 2L 2R L, KRS SEATAE FAR IS LR DA AR R AN T 00 (R DR, 7 03 R I A S
AR ATEGE s 53— AR Hs LLZO 5 HLER MR R &, Sl Al eIE & B R, If
IR CR

SRR, AT T LI R A 1A HL A S5 D R JC AL I 4 FL e o R AL T R e i A ) 365 =
R AR R . 3R 6 FIH T A MR T FE A SR . R A S b, X — R R i B4 57
T PHTIE R  H E AR AR SR AE A (5 2 Pk
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Table 6 The all-solid-state lithium batteries using LLZO as solid electrolyte

Solid Battery First discharge  Cycle performance Ref.
electrolyte capacity (temperature-rate-number of
/ mAh-g™' turns-capacity retention rate)
Pure LiCoO,—PEO|LLZOILi 105 60°C-0.2C —10c-70% [105]
LLZO Li,FeMn;Og/liquid 103 0.1C—50¢-107% [106]
electrolyte—LLZO—-ALDILi
Li4TisO1o|porous—denseLLZO|Li 15 95°C-25¢ [107]
LiCoO,—LiBO;|LLZO—-Au]|Li 67.2 50°C-0.2C-10c [108]
NCM-PEOILiCoO,-LLZO|liquid 109.4 60°C-0.1C —50c—84.1% [109]
electrolyte—Li
LiCoO,—Nb|LLZOJLi 80 25¢ [110]
LiFePO,~PVDF/LLZO/Li 150 60°C—0.05C—100c—93% [111]
Composite  LiFePO4[PEO-LLZO|Li 165.9 25°C-0.1C—100c—84.6% [112]
solid LiFePO4|PEO-LLZOJLi 141.5 60°C—0.1C~200c [113]
electrolyte
LiFePO4|PEO-LLZO-SN|Li 149.3 55°C—0.2C-100c—93.6% [114]
LiFePO4-PVDFPEO-LLZO-SN|Li 154.2 60°C-0.5C-200c—98% [115]
LiFePO4-PVDF|PEO-LLZO-SN|Li 130.2 60°C—1C-500c—80% [116]
LiFePO4-PVDF|PEO-LLZO-SN|Li 151.6 60°C—0.1C-50c-97.8% [117]
LiFePO4|LLZOnanowires—PAN|Li 158.7 45°C-0.1C- 80c—80% [118]
LiCoO,| PVDF-PEO+LLTO 132 25°C-2C-100c-91.8% [119]
NWs—PVDF|Li
LiFePO,/LLZO-SN|Li-FEC 153 25°C-0.2C-200c-90.3% [120]

4.1 SR AREFERRAF EIEh

HERM2E LLZO B /F N A @it ehy, T LLZO #ERi R R s, 5 1k b i il fa] 45 i
AFI, WEEMBEGUR, X BT LLZO 1y lE 44 f i SRR OB ) i . 1% U AT
TOATL I A LR A B PRI S - L 3 B B P 0R B o KA 20 [ P T 45 IE SO e i, b T IR AR
SO AR, Firid .

411 AR F- @B K E

K 18 (a) /& LLZO 58 5o i) F i i B2 — 38 W) 3 i R 78 29K 5 SO K 1A 47 A S T BEL A
M S0 4 [ A B e v e B o 24 RO AR SSOME I S B INE, 4n Zhang 28 AN IEARATRL S PEO
Ii] 7 R I ) 46 6 IEARM BL DA LLZO 5 iERR A St #%f, H4H%% LiCoO,~PEO|Ta—LLZO|Li
By, BT A A PR (6200 Q-em?),  HEIE R AETE 60°C. 0.2C Fi4T 10 [,

NG R, Tsai 25 AU B 7RSS 7E LLZO RV T — 241 20 nm EHI4 8 Au i,
B bR A BB 2 58 Q-em®. Xiang 25 ANUhE i 2k 56 48 LLZO R 8% - — 2214 100 nm
ff) Cu i, SRJEFE 250°C N S NIE R A& FE, XEERT LUK A LS 677 Q-cm® [ 3]
29 Q-cm®, HARXHFR HL AT LAZE 0.2 mA/cm® [ HLYE % B R 38478t 800 il o 45 B Unfd 18 (b) Fiomo

Fu 2 AP LLZO 7E MoS, ¥y A& _EICHTEE, MM MoS, By A A LLZO %Ki, F1£ 100°C
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Garnet Cycling time / h
18 (a) LLZO 54 4 B EA R~ & A (b) Cu Bt LLZO 4 2 48 3t B st 2 8 56 % 4 B
0.1 mA/em’ 7 0.2 mA/om?® B #4742 fif 8% 3% 45 R 112
Figure 18 (a) Schematic diagram of the contact interface between LLZO and lithium metal and (b) lithium
plating and striping performance of modified lithium symmetrical battery at current densities of
0.1 mA/em® and 0.2 mA/cm’

N EHEJEINF 2 h LAk A R, O AR TSN 14 Qeem?, T4 OB AR L T LAAE
100°C. 2.2 mA/em® [ EE B FISAT . BEBIRE SR RIS IR S 7E Lig 37sLasZr 375Nbg 625012 21 51
AN ZJEEH 10 nm () Sn QK 2, F A F B 758 Q cm® BKE 46.6 Q cm®, 75 i HUIR S
£ 0.5 mA-em i, X Li @R BACh 0.07 V, T#EEE 9 LLZNO Mg H I &ik 0392 V,
FEIRH A B T

Hu % NUOUR A J5 7 2 TR 5 ¥EAE LigLay 75Cag 25711 75Nbg 2501, F VIR —Z 6 nm 1] ALO;, I
SELFRRAE 250°C FIN# 1 h DB RLA 4 b i) 2 ot S48 0o 1) S i Bk, AT K428 67 6% 3 T BEL

W/0 ALD With ALD

terfac‘é’tbhté‘c\t-?‘-—f-.-_;h Qg‘gd intefface contact I

i

() AR, )

F 19 (a) & #EM LLZO 54 i 7@ SEM; (b) ALO; %K 14 LLZO 542 % 7 & SEM;
(c) Li,FeMn;O5| ALD-LLZO|Li B x4 R Z & (d) A% LED (B 5
Figure 19 SEM image of the (a) LLZO|Li interface and (b) ALD-LLZOILi; (c) the schematic of the
Li,FeMn;04/ALD-LLZO|Li battery; (d) a working battery to light up an LED device
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Figure 20 (a) The galvanostatic charge and discharge profile and (b) cycling performance of the
Li,FeMn;05/ ALD-LLZO|Li battery

B 1 Q-em’. BJ5 F LiFeMnyOg i EM, FE7E LLZO 5 MR 10 Vi i o R VA FAR S 43 1F
AR B o o 2L 2R R o LR LI T AR IE AT 50 [l . 1B 19 an Y T ORI S S A ) SEM
MR HL S R s i P Rt AR R o it A RS SR s 18 20,

wn Epng, RS TE R SN G @ E R, ISR LLZO 5 & AR m (i 1k,
T R 5 T e fid o BFE R X LLZO A, 4k S RT3 2, £ cias 5 i 12 ik 1) [ e
S FELAT A A8 50, AR RSt R A e

412 ERF-@ERG K E

BT sttt IEM SR ITVEE N2 KL, Broek 25 AN Al 52% LLZO WK 5iEmiE &
FHH A, Jabesttil & £ fL LLZO, FijG580% LLZO ke —il, B/aK EAMRHEANZ AL
LLZO 1, 1% [ LiyTisO15| 2 7L LLZO-5 % LLZO|Li B 7] LB AT 25 P8, {H i B 25 &40 A 15 mAb/g.
Park 25 \""H LiBO; 178 LiCO,, FiJ55 LLZO 7 700°C 3L4e¥4 LiCO, IEMS LLZO kessti—ie,
BT 425 g e th AT LE 4T 10 18, HL2 3 79.9 mAh/g B IR FE LA M 67.2 mAh/g F B VB 25 o
{7 AN LR R E LLZO IEAR — MR I 8% - — 29K 41 LiCO, i, SR 5 = o IER AT RLAN
BRAA A A e e [ A I, 7E 60°C 0.1C 2440 1, BB AE N LUAFH 109.4 mAh/g, HAEH
50 [l e A B ARFER N 84.1%. Kato 25 NN i O Ak Ui R ZE LLZO R PIA—)Z 10 nm )

Nb, [ifif57E 600°C FLERMHUIAA Nb () LLZO

4.2 FIAEYF—Z 150 nm [ LiCO,; 7fELLZO 5
to ERR 1] BT B R TR B Li-Nb—-O B — 2 1
. SETE, MMEREEA 140 mAh/g 1
30 AR, HHb AT LUZAT 25 . Du AN
§3.3 BN E & EMRES LLZO [

60°c — 10th fih, JLPTHI4 M LiFePO4,~PVDF| Ta-LLZO|Li

301 [ 0.05C :?ggln 7E 60°C.0.05C N [ & [l f 28 & 150mAh/g,

27 30 60 90 120 150 180 HIZAT 100 PEJS & RARFFRMRE 93%. HLIF
Specific Capacity / mAh " BRI B SE H RFEHOR 2R 21 77«

A 21 LiFeP(;%—f]I;‘(\:%])Q%\FE%—IIﬁLZO\Li B Han 2 AU E LiCoO, % i 178 — 2
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Figure 22 Electrochemical performance of Li/LLZO/LCO cells: (a) charge/discharge profiles of the
Li/LLZO/LCO cell for the first three cycles at 0.05 C at 100°C; (b) charge/discharge profiles of the
Li/LLZO/LCO cell at different rates from 0.05 C to 1 C at 100°C, (c) rate performance of the
Li/LLZO/LCO cell at 100°C, (d) cycling performance of the different cells at 0.05 C at 100°C, (e)
charge/discharge profiles of the Li/LLZO/LCO cell for the first three cycles at 0.05 C at 25°C. (f) cycling
performance of the Li/LLZO/LCO cell at 0.05 C at 25°C
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Figure 23 The cycling and rate performance of the Li/PEO18-7.5%LLZ0O-10%SN/LiFePO, batteries at 60°C:
(a) the initial charge and discharge curves under different rates (0.2 C, 0.5 C, 1 C and 2 C); (b) the rate
performance of the cell with the rate range from 0.2 C to 2 C; (¢) the cycling performance at 0.2C; (d) the
cycling performance at 0.5C; (e) the cycling performance at 1C
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Figure 24 (a) Schematic diagram of LiFePO4LLZO-SN|Li-FECall-solid-state battery; (b) charge and
discharge profiles under different rates, and (c) the corresponding cycling stability at 25 °C; (d) charge
and discharge profiles of different cycles at 0.2C and 25 °C; (e) cycling stability at 0.2C and 25°C; (f)
Nyquist plots after different cycles.
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Figure 25 Schematic diagrams of solid Li-metal battery with SPEs (a and b), ICEs (c) and ASEs (d) as
the electrolyte; (e) EIS plot and (f) cycling performance of the LFP/ASE/ Li battery at 55 °C; (g) SEM
image and the photograph of LFP (inset); (h) overlay image of C20™ ion and (i) dynamic signal
intensities of C™ and C,O™ ions detected by ToF-SIMS
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