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Abstract

The rapid growth of the lithium-ion battery market has led to higher requirements for the per-
formance and stability of lithium-ion batteries. Traditional liquid organic batteries are prone to
short-circuits and cause explosions and fires, posing serious safety hazards. Compared with tradi-
tional Li-ion batteries using liquid electrolytes, all-solid-state Li-ion batteries have received ex-
tensive attention due to their good stability and safety. Garnet-type solid electrolyte Li;LazZr,01;
(LLZO) has high ionic conductivity and is considered to be a promising solid electrolyte. However,
the synthesis of LLZO often requires high temperature, but the high temperature could lead to a
large amount of lithium evaporation, thus reducing the ionic conductivity of the LLZO-based sam-
ples. Therefore, how to reduce the synthesis temperature of LLZO and improve its ionic conductiv-
ity is an important topic. Here, we synthesized solid electrolytic Lis1Gao3LaszZr,01, with garnet-type
structure by traditional solid-phase method and introducing Al,0; as a sintering aid. Compared
with the samples without sintering aid, the introduction of Al0; not only reduces the sintering
temperature, but also significantly increases the ionic conductivity. It is found that adding a small
amount of Al,0; as an additive can reduce the sintering temperature from 1100°C to around
1050°C. Finally, we found, when the Al,0; content is 2 wt%, the room-temperature ionic conduc-
tivity is the highest at 1.28 mS/cm.

Keywords
All-Solid-State Lithium-Ion Battery, Solid Electrolyte, LLZO, Sintering Aid

Copyright © 2022 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 51§

B8 A RRE I AN TV AR AT R B2 I R IR, A ATD AR R T R R T R R A o RS 1 i
BARE®RME S, WMBIhER, B, TAEREEREE. TTidiZ 88 ISR EES, #8717
PN JUHER, FRAPRAEBER A ESEE TR Z AT FIL . Bk ES%
FH A H[1]. HR2, HMRERBEN A REIEOIEBIE, FERRRKZERRE, B
BA R i 2 fa e tt, 22807 ZRER]. &4k, MRARCEMAHIRE T2
FREEAR AR, A BRAY) . S, ERAEREY[3]. H, HAH LiLagZr,0(LLZO) R A
BTSRRI B E DA R R FE e, Bk LLZO Bl Ay — M RA il
A% P ] 4 LSRR £ 1B A4 R [4]

LLZO /& Murugan % AT 2007 4 i 4% Gt (1 [ AHVETE 1230°C il T B k& ), &3 2R
AhPE 298 K I 3K75 1 2.4 x 107* Slem (B 7L SR [5]. BEJE, HORRZ MW7 RIFEE S E X FhAT R
AR LLZO PR &I TS A AR AN ZESR, £ T, L H(Cc-LLZO)IHL S 2 Lk 1Y 7 A7
SR RL 5 1~2 MRS . B35 LLZO fE=lR N ARRE, TEESRNIFN FEm. HaFHEiIn T
PAFRAE S FHRSRWLTH LLZO, iR T &Mk, —J5iH, @ik & T2 R INEEEE
TLIE R H46 ST T FEE I LLZO, Bl i - Wi 375 Bhbe 45 RIS 5 IR (HIP) e 45 6] [7]: 5 —J5 1
5 M ASIE AR, Zn*. Ga**. Y3, Ta™. Sb*. Mg®. Nb*. Rb*. Sr*4%) [8]-[13]Fa:E H:
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SETTAREERE, T PRIERA i A T HL

TEF BRI, BT DR IFHIAE € LLZO WISL T A XAk m s i 33, gl 17 AT/
WEFCGER[9] [14]. B b, BIBAH LLZO ME 7 SR A LUAS] 1 mS/em. #R1MT, ESERd e,
THRERRAREFS, SBHEUTR KRR, ShETHSFERAL. T-, WAEBIRERZ
# LLZO & — M HATFREEE R . LS EAE S PR RS T 200 BRI BhE A —
See a5 IR, AR AT RS R PR c-LLZO [MRe SR BE M AR A . EIX B, AT
TG B W ARVERIEFE 1 Bedt B7) ALOs X Lis1GapslasZr,01(LLZO-Ga) fI5mi . FATT AR LA s & 1) AlLOs
ARMGE R T LLZO-Ga & 7 B PR IFFRAR T RAS IR L . M AE 1050 CResbii R 3R45 1 B m i B 1
HL R

2. S
2.1 AFIRBRESHARE
AR S M 1FTR

Table 1. Reagent sources and specifications for synthesizing Lig1GagsLasZr,01;

= 1. SERe AR SRIR R A%

TS R Fik% AP
—KEEE A LiOH-H,0 99.0% BSR4 LR
E=Ria] La,03 99.95% BT RN AL TR
A Zr0, 99.0% RAB T REAL Tk
A Ga,03 99.99% RS TR e A TR
RS AlLO; 99.99% K[43 T (Aladdin)iR 7
2.2. KNSR
SEIG 1] 8 e SRAE P 32 BT A AR a0 5 2 P
Table 2. The main instruments used in experiments
2. TWHIERFEREZEEAMNEE
B EA S LiERS) A7
B RT FA1104N SRR AR R A A
17 B EREHL QM-3SP2 RS
R T4 DHG-9075A g TR S BA AR 1 A PR A ]
Ji 2 g g KBF1400 NS &
AR AL T69YP-24B KERHE EHHAR AR
X BHEATEHX DX-2700X FHRTT AR
AR T B JSM-5900LV HARTHRAR
NS B PR KYKY SBC-12 Jem R REM B3 A R 2 7]
K BB BT A 4294A [ Agilent 24 ]
HAk 2R T AR, CHI660E Bl REEEE R AT
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2.3, EHIETE

KRG GE B AL 48 Liz.oxGalagZrOr, ASSEEs H MALIE ) x = 0.3 ARLEL, FEIIA ALO; Hilike
A, BARDBRINT

1) FCEk

R =R LT 2 &, RO LT RSP AER R R LIOH-H,O (99.0%, G i B e fk Tk
J7), La0s (99.95%, AR TR ), ZrO, (99.0%, AR A4k Tk ), Ga,05 (99.99%,
R TR AL TR ), AlLOs (99.99%, FiHi T (Aladdin)idil), N7 #M2 Li 78 & IR g N 4 L,
LiOH-H,0 it E R EL 15%.

2) BRpE

IO I SR N A B BRI S AR ER S W T, TN T B R BREE E  BE 2 2/3 b s
TP ER RS TAT BRI, BB, YSIBREE 12 /N, (FJ5RME 278 4 TS FVR A o BREB 58
BUE R REHE NS A L, i T, ET0C T 8h At

3) ke

FEGET S, WG HE TOHRB R ARIR, RER-RBEEEMEIIRT, BMND B Tk, ik
75 ORTER IR T LA 2°C/min BFHEE R F+ 2 900°C, FF7E 900°C ARG 8 /INFF, 485 FE LA 2°C/min (1 B R
HFIRZ 500°C, o &rtmbl A BT, W R TR, SRRA — e SRS i TRk .

4) TIREREE

Rrbest SERUR RS I B =00, BRI 2 BRERES, IR JFHHT REREE, BRI K
910 /NI BREE SE BUE R RRHEI NS AR b, OB T TOC IR B BT

5) hkH

T LLZO MR bk, ATEIER, Fik, HTR 0 00 S BCE Tk B ok 51 1 ik
TR FRFRREL 0.3 g 72 A IR kL, & T 16 v Bs B, {8 A HL7E 10 MPa 1% 77 F R A%
BEAAN 10 mm. JEEEZN 1.0 mm R 5 44k

6) ke4h

TERE A B 0 BT BRI B, AR R TE S 3R AP b e &, FHIELE 2208 2°C/min, FHiE %2 1050°C . 1100°C
1150°CEEA RN B, FEIRILbESS 12 /N Best e i)a , S FE ST XRD Al SEM &5 FRAEMIA, 44
B RPN R T 4 4 J JEAT R Ak 22 PR AR T

3. SLWERIETL
3.1 REEIREX Lis1GagslasZr,0y, EASH BRI

T, FATRIH X FZATH OO TUbe R AR LKA [ FE T B 45 (R sdk AT T A i, 1 1 2
Lig1GagsLasZr,01, 7 900°C Tk LL M2 E 1050°C . 1100°C . 1150°C K245 5 i) XRD K. MK i) LB F], 900°C
NIRRT B T AR AT IR, %A 3206 5 bRy B HE (JCPDS:80-0457) e AR I RN B o X T~ =ANAN
AL E T Be st o HORE i, AR 10T DA B, AR GFHh AR B T 32 J7AH ) LLZO L 7E 1050°CH , 4 i) LLZO-Ga
BORAE, TR Z A (A2, BEERER &, 7E 1100°C Al 1150°C i #G # 9B S 1 LapZr,07 444H
HIL, X 3B TR T R T L (4R EE

K] 2 J2TE 900°C R TilkE /5 I Lig1GagsLlasZrOn ¥ A M SEM EUE « M IRATRT LLUE B T8 f5 1 R
TORE ELA NIRRT, B 2(a) R R R /N AR EEAE LMK A A dE— 20K E, aiEl 2(b),
BAVRILTUGEN) LLZO-Ga fFAEVF 20K/ bR, FEmiE BN A KR, BT 3um £
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Figure 1. XRD patterns of solid-state Lig;GagsLasZr,0,, electrolytes
1. Li6.1G80_3La3zr2012 E?&Eﬁﬁﬁm XRD ‘iﬁ%@i%

Figure 2. SEM images of Lig;GagslasZr,05, powder sintered at
900°C
2. 900°C TN FUkEAY Lis 1Gag slasZr,01, ¥ 5K K SEM

= e R N

Figure 3. SEM images of Lig;GagsLasZr,0,, sintered at different temper-
atures (1050°C, 1100°C, 1150°C)

3. AELEE T(1050°C 1100°C. 1150°C)& AHY Lig1GagsLlagZr,04,
KIZTE SEM &

N TARIFUBEES UL IR T Lie1Gao sLasZr,Ou, [E 25 HLUR B AL A VERE RSN, BRATPRRE i B IR 14T T
ARSI 5] 4 2] Agilent 4294A BHGTHTACIIAS OB ST RS . AT 4(b)BRATHT LS R E 21, £
1050°C T REahins, PPtk SHLH — MRKIFEAEE, BITRBENR, XAIRATREZ T R 2
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Ry (CPEL)FT W, Z3 5 A ki HLFH . i 5 B BEL (B 2%) FH FELAR Warburg PHAL. 3@ THE AR o= LIS xR) (o:
AR L FESJERE: S AERRIAL R: S EFH)TE 2] 1100°C N heds AL S F 534 0.047 mS/em.
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Figure 4. Impedance spectra for (a) Lis;GagslasZr,05;, sintered at 1100°C; (b) Lig1GagslasZr,0;, sintered at different
temperatures (1050°C, 1100°C, 1150°C)
B 4. EAELIRE T(1050°C. 1100°C. 1150°C)IEEHY Lis 1GagslasZr,01, BEIZSE#R R HI PRI ElIE

3.2. IREEBNF ALO; 3T Lis1GagslasZr,0:, EASH R KA M

JEE ESCRTEN, R GINBELE B LisiGag slasZr,Os, [Fl 25 HL i B 4 Fe 45 iR fE o 1100°C . 51 AlLO3
RAEMFE, BT AlLO; fERRL R BEE R B BIPESS IE T, I S U k. DR, FRATITE SEER R
I 2 i B 5 S Bl 1, e BRI 1050°C, #R 9T T AN AT & 7 BU EL IR ALO, 5| AXS T LLZO-Ga
(] 245 FEL AR O PR 2] o FRATTPE RS 23S M AS [R] )5 2 73 50(0.2 wit% 0.5 wit%. 1 wt%. 2 wt%. 3 wt%. 4
Wt%) 1) AlOs 1ENBIEEF, TGEIR R 2 /T —FF, 76 900°CHiks 8 AN/, 5l AR &5 AlLO;
() JE R 24 4E 1050°C B4 12 /NS

K 5 ZEIAAIFBTRE T AlLOs ) Lis1Gao sLasZr,0y, [E A FLAR BT AE 900°C FiUke 45 2] i By SR Aok K
XRD Eil, ME A LA FISIN ALO; Xt F LLZO-Ga [E 25 H @ i (I IHI BE A B 5o X1 ALO; AN A
SINEIFES, XRD [&8A F6 557 B (JCPDS:80-0457) AE W AR IF- st v . B T B & 703 0.2 wi%
i, FERAEAED RN LaZrO; 240, HAWFE SRR Al ST Mgt . K 6 & 5] NASF T & 7340 AlLOs (1)
LLZO-Ga [FlZs HUf# BT E 1050 °C e &b 15 21 (1) [8] 44 B 5 A it () XRD B3, AR Xt b, RN ALOs Bk
W7 LLZO-Ga [ 25 Hi il (15 455 2 0 1100°C o I RATTAT LLE B, AlOs B4 Bh 51 N i i &4
0.2 Wt%. 0.5 Wt%. 1 Wt%. 2 Wtoolhf, FLAEBTRE S IR AR S BN A ST AHEE R, 5] NBhkesml i)
P HORET, RS0 XRD B LV 2 400, XA T Re A2 B I BB s SR sg e, (67 )5k
TE S BT HYEIL T AR 2 J4 A8

7 5 N[ 7 & 73 5 AlLO3 (0.2 wt%.0.5 % 1 wit%. 2 Wit%. 3 wt%All 4 wt%) (] Lig1Gag 3LasZr,01,
i 75 AR 7E 1050 C 2 M 2R R TE S E . MR TTLUE R, D AlLO; lbeds Bhifl s nmr LUR
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Figure 5. XRD patterns of Lig;GagslasZr,0,, powders with different Al,O; addi-
tions calcined at 900°C for 8 h in the air
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Figure 6. XRD patterns of Lig;GagsLasZr,0., with x wt% Al,O3 (x = 0.2, 0.5, 1, 2,
3, 4) sintered at 1050°C and without Al,Os sintered at 1100°C for 12 h in the air

6. SINTREIRESHAILO; (x=0.2,05,1, 2, 3, 4)AJ Lis1GagsLasZr,0, EIZE
FRIRTE 1050 CHREEE AR AR 5| NBNKEFIRTZE 1100’ CRRESSRIRIMEMRAT XRD i

Figure 7. SEM images of fractured surface of Lig;Gag3lasZr,05, with x wt%
Al,O3 (x=0.2,0.5, 1, 2, 3, 4) ceramics sintered at 1050°C in the air

B 7. SINTREIRESNH AlLO; (0.2 Wit%. 0.5wit%, 1wit%. 2wt%. 3 wt%. 4
Wt%) A9 Lis;GagsLasZr,0y, EZSH R 1050 CHREBEIHRNRE LSRR
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U HE LLZO-Ga [# 25 H AR B BE 45 LR, 7RI 0.2 wi%e i1 0.5 wi% Al [ & 75 HiL il i FE i £ 1050°C
TR T SRS, RINEAE DR GRLEM . BEERINT ALOs IS =G, MRS
FESER, ML 7(c)FnTE] 7(d) ] LA 3] o A 5T 2 THT H IR 0 1) o SR 35 AR o >4 AL O IS &gt — 2 1
JNZE 3 Wt%. Awt%lf, FF &S EUE FETF AR AR, Aok 5 o 2 T AR (R B, PR 2 1 HE B 22 () LA
A I R BRI B TR I, AR 3. nTLAEE] LLZO-Ga [ 2 Hufif R N 2 B B
ALOs IR INE 3G IS THE BG4 ALO; IR &N 2 widol,  FEAA TR AR % 5K, O 96.63%.
8 2 HIA 2 Wt%AI,03 545 B 1) LLZO-Ga [l 25 HaA# T 7E 1050 °C 625 15 B b iRk T T 30 1 S o 3%
GYAT, T HURJT N AR 1 HE R A BEAS B R b 7, R AR P A B RS N AR TE VR 2 N 1
A, [, MITCESAGETA LG S La, Zr, O, Ga M1 Al JT 3 #5551 1 43 A7 78 B AR5 167 9 345

200m 200um
RS Rt =

200pm 200um

Figure 8. Cross-sectional SEM micrographs (gray images) and the
EDS mapping results (color images) for Lig1Gag sL.asZr,0,, ceramics
with 2 wt% Al,O3 prepared at 1050°C

8. 5N 2 Wt%AI,04 KREEBNTEY Lig1GagslasZr0y, ElZSH AR R
7£ 1050 CREAF R MINBEMRERAE TR S

9 52 5] NANE] i 5 50 # AlLOs (0.2 Wit%- 0.5 Wt%- 1 wit%- 2 Wt%- 3 Wit%- 4 Wt%) (1] Lis1GagsLasZr,0;,
[i5] 75 FELR T 7E 1050°C e s 15 ZIRE M PR BT B, A7 A i sOR Bl B H ] DL B LG 2124 5]
AN ALO; TS 750N 4 WiokT, A5 FIBH BT EE BT E K. ISR IR LU IR 251\ ALO; HJ5i
BN 4 WOlIRE M, JLAMRE 5 i BEPE R /N T 1000 Q, X EbF A 51 N ALO; ] LLZO-Ga [ 75 i Jii
(1) 2260 Q A | R FEMK. WA TEAR 7 EMERMETRSE, W& 3. WE 3P LIESY
FIN ALO; IR/ HCN 2 W%, FEm7F S s e 7 5%y 1.28 mS/em. HAMFEME FH 5%
WHRAE T 1 x 10* S/em, HEL T AT ALO; i LLZO-Ga [ 25 HiL# )5 (0.047 mS/ecm), 3N AlLOs fIkE
(B B 3 TR R T

10 /251N 2 Wt%ALO, e 25 B Lis1Gag slasZroOy, [l 2 F AR BT EAN Rl T e 49 2 fORE il Y
BHATLUE . AP A mT DU IR i 1) BHATTBE 5 8 4 LR () T s el N o, 9240 48518 5 1050 °C B
i R PELATUAB B/ o I P ) AR B, JRATTHE— IR E 124 ALOs 51 NE DN 2wt%lh , B 7E 1050°C bE4h
P EE N EFHSE, N 1.28 mS/lcm.
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Figure 9. Impedance spectra for Lig;Gag3LasZr,0, with x wt% Al,O3 (x = 0.2,
0.5, 1, 2, 3, 4) sintered at 1050°C
E 9. SINTEIRESN K AlLO; (0.2 W%, 0.5 W%, 1 wt%. 2 wt%. 3 wt%.
4 Wit%) B Lis1GagslasZr,0:, ElZSH AR 1050° CHeLE S 2IH MAIPE IR E i

Table 3. Total resistance and total conductivity of Lig1GagsLaszZr,01, with x wt% Al,O3 (x = 0.2, 0.5, 1, 2, 3, 4) sintered at

1050°C

i 3. ?[)\;ﬂafyﬁ%ﬁﬁl A|203 (02 wt%., 0.5wt%, 1 wt%., 2 wt%., 3 wt%, 4 VVT%)E,‘] LiellGaolgLagzrzolz E?&Eﬁﬁﬁ’:}ﬁ
£ 1050 CIRAREIF MM EMS B FREER

Al & 5 (Wt%) ISYUEEAN(9) BT 3 3 (mS/em) FEX 2 B (%)
0.2 802 0.20 93.56
0.5 170 0.98 94.28

1 152 1.01 95.69
2 121 1.28 96.63
3 556 0.27 95.40
4 - - 90.25
3000 = 1000C L] °
® 1050C o’ -
A 1100C ° u
v 1150C ° .y

2000

—Z"(Q)

1000

0 1000 2000 3000
7(Q)

Figure 10. Impedance spectra for LigGagsLasZr,01, with 2 wt% Al,Oj sintered
at different temperatures

B 10. 51N 2 Wt%Al,03 BREEBNFIAY R Lis1GapsLasZr,0y, ElZSHEERERE
mE T IRE BRI R TS E
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JiAEK, AT EAH RIFEACSETERER) LLZO-Ga [ 1A HL AT . FRATIRTT 1 A R B i) e s 255t T
LLZO-Ga [&] A HLfif it AL 2 VE BE RSN, SR 281 52 e 4 ) die (R FE 7 1100°C o fEL R T [ ARV AR e 45 i FE
B, BUREHER, ETHRSFEAGHE. 47— PikE LLZO-Ga KL AERE, FATHEL S AAR
BRI ALO; BIBEIFEAR T IRAE IR, IFR3EIE 1 LLZO-Ga A i s 1 i 3. SFi R, 25
Blibest] Al,Os B 51 NN 2 wioslhf, F 5L 7E 1050°C Be& i SR A5 e (1 5 1L 3%, 15%) 1.28 mS/em.
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