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Abstract

Sodium superionic conductor (NASICON) type Li1.3Alo3Ti1.7(P0O4)s (LATP) has attracted much attention
due to its high lithium-ion conductivity, excellent air stability, and low cost, and is considered to be one
of the most promising solid-state electrolytes for next-generation solid-state lithium batteries. How-
ever, due to the strong side reaction with lithium metal, there are serious interface problems. Here, a
simple and convenient drip construction method is proposed to form a tight and stable interface be-
tween LATP and lithium metal anode by constructing a PEO-ZnO gradient buffer layer. In addition to
slowing down the side reaction and the dissipation decomposition of LATP, the buffer layer can also
inhibit the growth of lithium dendrites and improve the interfacial stability. Compared with the non-
introduction of zinc oxide, the button battery with 1% and 5% gradient buffer layer was stable for a
long time cycle (1000 hours) at 0.1 mA-cm-2 unit area current, while the pure PEO-based symmetric
battery was only cycled for 500 hours at 0.1 mA-cm~2 current density. The full battery built with
LiFePO4 has a specific capacity of 154.99 mAh-g-1 at 0.1 C, and the capacity drops to 129.76% after 150
cycles. It also has a high chemical stability window (5 V vs. Li/Li*) and the ability to inhibit lithium den-
drites. Excellent cycling characteristics are maintained in dynamic current test mode. This strategy ef-
fectively improves the compatibility between LATP and electrode interface, slows down the occurrence
of side reactions, and paves a new way for the development of low-cost, high-stability solid-state lith-
ium metal batteries.
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PR, A SRS AL N T S RO i, WA A AT T IZ M. W HAO S5 A FH i
PSR T8, KRB ZnO JZ R BB AL LATP R —F#i i SEI 2, HROTH LATP 5448
BHAR 2 [B] R I SORE, IS HR IR A fd AR, B R R A2 e M [11]. Huang 55 A K H H1 MgsN2 1 PVDF
PRI R MERSR JZE X LATP JEAT i e i skt , #0577 —A i M. LiF AT LisN LR 2 ZhRg e e
JZ, SRS A T LATPILI S E SR, I 28 5 I B AR 8) ) 5 [12] 0 AR SO i SUE R AL 7S LATP
FAR AR, MR RE R E, FFR —Fh e G 24 SRmE R U Bl 4 S8 1A 5 L g o 2 T ) T 1 s L
ARG iy 2B K 5 375 R 5 350 P b R B 1) 1

ASCHEH T —MAE LATP L3 PEO-ZnO #iEZE M ZE . BHT PEO-ZnOTD 2 )= Re il i35 Hafil i 5
MR B2 TR B 4efd, A 808 EE LATP 54848 il [ RIS, b Re AR e TAE. 45K,
fE PEO H15| N\ ZnO, HJEEBAELME, FHHFIMHAMES A ST . 5AK5I N ZnO MLk, PEO-ZnOTD
A LATPLILI X FREIIAE 0.1 mA-cm ™2 B4 AR AL AR e K I [a] 96 #4(1000 /M), Tii4ll PEO JEXHHR
FITE 0.1 mA-cm 2 % FE AR 500 /N DL LiFePO4 A4 £ 4 HiIth7E 0.1 C f5 3R T B IR L AR
ol 154.99 mAh-g71, 3K 150 F&l 5 & B N2 129.76%. [FIN H A 58w 4k 2 Fa e M 5 115 V vs. LilLiY)
PAS A A IR . AT LR B, M PEO-ZNnOTD Z2rh 2 fels A 2k SSE 5 Li MIASAH M I
R, IR TG T8 A RO R S T I R BT — MR AT T B

2. SCUGER4Sy
2.1. MRaEI=

FERF EFRE 0.29 % 0.25g ) LATP HUEFUR AR, AN 6 mm R B RS, 77k R
ghge, WEELEMIE 50°C, FRHET 3min, 12t MIEIRIESE, X — i FEE S F A R ALE %, B 5E R
JEEAE N 6 mm AT, 1.2 mm AT JESER) LATP U il 4 5E . Ba i rheds T2, @idm Ak
B RRLE I ] S e AR IR K, R ILPRSE R A FE 850°C, R A 6 /N Best T 2 tE . feJa & ik
FEn B BURRN AR AT S G FEIR JS 1) LATP B b R i, R -T 5, A5 SRl S i 4 .

MR FER AT UL SR I8, % EO:Li=8:1 [REE/RLL, ¥ 0.47 g 1) PEO #10.36 g
1) LITFSHIR G, R ILEMT 59 M IERERIY, 193] PEO VM. 55 51 AAE TR Bk A B 2
W, RSB BN 1% (PEO-1% Zn0), 2% (PEO-2% AIN), 5% (PEO-5% ZnO), 10% (PEO-10% ZnO)
B S5 HEAT 24 /NI RORE D EHEACBE, R R iR B SPIRAS . PRI RS AEL 15 uL 1 1%ZRHH I
FEHEIE ) LATP b, Bl E A FIRAANIERE N 60°C, EHAME—K, FHiESBERHEL 15 ul 1) 5%
FRNREAE 1%3RE I, 15 B H 2 TR IR RE N 60°C, 7R UE — K, A B B B AL B2 vh /2 (PEO-
ZnOTD)f] LATP Hifif i il 4 52 il o

2.2. EFSEMHRUREHMAIELE

LilLi XFREEIR A HEE: Bt LATP RS I TR B, HEHWIRES W E . 85,
WIEE 0.5 mm. A5y b5 mm By, TRAERE A S E LATP (M, BE/E, 728 —anh B4R,
TR DARIR S Li R, 76 5 —MITBONGE i 38 3 Fr, AR 32 03850, DA G2 3 e
MAAR, A CR2023 MLt e, ZH 4 = Ha it I v R LI s 750 500 PSI.  ZH 345 B¢ Bl A T s Ak
11 DL S LI 70 CFEL O A 1 B A

SIS N LATP [EES AR BTGB, 3 B2, #4518 7.5:1:1:0.5 = LLfl,
¥ LiFePO4. FHIIR . PVDF Ml LITFSIREG, FFV T NMP &5, KR i B ORE B T R4
W, L 720 rpm FIFGEFFLLSERE 12 /B, BRI AR MIRA IS . S, {EFH 100 um 1] 1R RS 5
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Figure 1. (a) SEM cross-section of solid electrolyte; (b) EDS spectra of SEM corresponding to Al elements; (c) EDS spectra
of SEM corresponding to P element; (d) EDS spectra of Ti elements corresponding to SEM; (e) XRD patterns of PDF cards
of LATP solid electrolyte and standard NASCICON phase; (f) Electrochemical impedance diagram of LATP electrolyte at
room temperature (g) PEO-ZnOTD| SEM diagram of LATP cross section; (h) EDS spectra of SEM corresponding to P element;
(i) EDS spectra of Zn elements corresponding to SEM; (j) EDS spectra of SEM corresponding to S element

E 1. (a) EZSERFRESE SEM E; (b) SEM XL Al JTTER#Y EDS #EIEE; (c) SEM XKL P JTHRAT EDS BEIE[El; (d)
SEM XfRZ Ti JLZEAJ EDS BEIZE]; (e) LATP EIZSEAEFRFNARHE NASCICON 18/ PDF + H# XRD fiT51#; (f) LATP
BRREEE THELFMEGE; (g) PEO-ZnOTD|LATP & SEM &; (h) SEM X1 P T3 H) EDS §EiEE; (i) SEM
XHRL Zn JTEAI EDS BEILEl; (j) SEM XFRL S JTR A EDS REik[E
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3. R5118
3.1. LATP HIRIEE RS 9#

£ 850°C hedh PRl 6 /NI ALFRfY LATP [ 74 oA 0 A I O O TE 3 5 J0 38 /0 i SEM R EDS Bk
B RAE, G 1(a) o b AR A BEAGIE S BT, B AP Ti 7T & 3 5925 A 4Pl 173 I 00 0 4 141 1. (b)~(d)
R GE R RFE A A R T AR A P e 5 30 25 %At A ot SRR BUARR PR I SE 5 70 3R 20 A A 2 35 o v B
WA R K. A5, SR XRD WA 4t LATP #47RAE, #£ih XRD #7556 U A7 B 40
FI| 5 NASICON B! &5 # b itE -+ Fr (PDF#96-722-2156) =1 FEVT T, Wil 1(e)Frm . anl¥l 1(f)fras, i8It 7E LATP
REWH —Z4, 76 25 C IR FATHEPUINR, HHHEFHEFERN6.9%x104S-cm?, ZHFXR
LB 7GRS R K . i SEM M EDS B A RAEA 2 ih =B B A g, Wil 1(g)~()nT LLE H PEO-
ZnOTD & EFa e AA7ET LATP [E 45 f i 3R 1

3.2. BREEEMERT LILATP R EMRERIRM

N T HRFE PEO-ZnO i B & vh 2 X LIILATP FTH I B2 e 1 fe i 5L 00 ) 450 4 0 1R g 0, 2L 3%
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Figure 2. Charge and discharge curves of different symmetrical batteries at 0.1 mA-cm2 current density; (a) Li|PEO|LATP|
PEOILi symmetrical battery; (b) LIIPEO@1% ZnO |LATP|PEO@1% ZnO|Li symmetric battery; (c) LI|PEO@2% ZnO |LATP|
PEO@2% ZnO |Li symmetric battery; (d) LI|PEO@5% ZnO|LATP|PEO@5% ZnO|Li symmetric battery; (e) LiPEO@10%
ZnO| LATP|IPEO@10% ZnO|Li symmetric battery; (f) Li|PEO-ZnOTD|LATP|PEO-ZnOTDILi symmetrical battery

E 2. TRIMFREEMA 0.1 mA-cm? BIREE THIFEAER ML ; (a) LiPEO|LATPIPEO|LI XiFRERith; (b) LiPEO@1%
ZnO |LATPIPEO@1% ZnO|Li *f#REEit; (c) LIPEO@2% ZnO|LATPIPEO@2% ZnO|Li X}FREEjt; (d) LiPEO@5%
ZnO|LATP| PEO@5% ZnO|Li XT#REEt; (e) LiPEO@10% ZnO|LATPPEO@10% ZnO|Li Xf#REEth; (f) LilPEO-
ZnOTD|LATP|PEO-ZnOTDILi Xi#REE
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i 2(H AR, 78 50 C4MH R, HAL AT 0.0 mA-cm 2 (12548 LLIE & LRI 78 i A6 28, 5
NBEFE G2 = N 2 i i i AR /N, AR IE PRI )9 1000 h, RILHH LR MIEIR R EN:, R A L
OV AR T ME ARSI ZnO BN Hh AR R K 390 /NI RE R T, anlEl 2(a). S TR
FCEAEE I N B S AR E PER R, AR SO AE 2 2 Sl N R 2 BN 1% ZnO kA R A%
LilPEO@1% ZnO|LATP|PEO@1% ZnO|Li #1=UrEt, a1l 2(b), N A 2%wt i) LiPEO@2% ZnOJ||LATP|
PEO@2% ZnO|Li XFFRELB(] 2(c)), ¥sInE 5% wt [#) LIPEO@5% ZnO|LATP|PEO@5% ZnO|Li X} % Hith
(I 2(d)), #InER 10% wt ) LIPEO@10% ZnO||LATP[PEO@10% ZnO|Li X #R it (& 2(e)), #inE N
1% wt 1 5% wt [#] Li|PEO-ZnOTD||LATP|PEO-ZnOTDILi XfFR HLith (4] 2(f))7E 50CEHE T, BAAL AR B
0.1 mA-cm 2[4 PF T DAE 2 FEL IR 78 OB A 3R, 45 R EoR, HAR e MR a1 43 514 550 h, 420h, 500
h #1600 h. SEEGIESE T 98BS N SN 1% wt F1 5% wt BEFERS, RILH 7 N RMER R RATA
N, BREEGE )R Li 48 AE SN AR o B TS B ) AR R I T A58 5 1 e 5N 5%, AL T LITFSI Y
Syf, e T FHHASE, ESHE R RA AR, XA TR AR ENE, HEIIANZH
FALEEfS 2 FEULITFSI 40 =, A5 i AL SR R AR Bl NGB I i JZAE R I fE v, BT
B S DR, SEEREL R, BRI Z, M3 LATP, iR A RIZINEI R S, S5
P I LA SO R N T, AT SIS B AR R, SREREE RN, MR EESE P R RE NS SUE G R A Y
W5 W o TA) (R B S, S T H IR e 1, [R] IR B AR v AR AT IR H

N T R B BE G2 v JE B S ) LATP B S0 4 1) S i fe e 14, 38 I & AN AR ZnO AR It 52 2% i
G A T, B4R b R AR B T AT RS AR 2 W i K IR S, RIRIFAE &8 5 AT 1 ST
FaEME. BB ARG DN 0.1 mA I HLR AR 7 AT 7€ 0.05 mAh 25 & I AL A IR . i EARTIN
FAL BRI E b 25 5] A SR A B AE ] 7 2 /NN B AS HR 26 AR, Il SRR FE SR T 1 0.2 mA-cm™2 (0.8
mA-cm 2% 1 mA-cm2), i )ER T NEA BRI i 2 51 AR RE AL EEAREL, 7EEE 0.05 mAh [ & 2%
PER, IR EREERTET 0.5 mA-cm (1.5 mA-cm2 £ 2 mA-cm?), IMRZ&EAE 50°C, & 3(a)~(d).
X5 IR ARG G5 R AR — B0, R 7N 7 RR RS2 2 AT DASE i B 4 A g [ A LR BT LATP
Z IR S R A e M

R T ARG P % it J R [ 74 H g o R TE A S T A ARV AR s, FRATTSR LSV SRl s 2 1o 22 ) [
AHMAFR AR e, W 3e) LSV L 1 mV-st {3945 F ik LiPEO-ZnOTD|LATP|PEO-
ZnOTDISS 15X HL b Al LiPEOILATPIPEOISS 11X FEyth iy s AL 227 11, USSR mT LA AR 5] At
(4l PEO F:22 /i /2 (1) LATP HUfR BT AE 4.1V I, 500 B IRt T 46 B S G 00, 35 W Abe Ik e e O O i 440 40 i
TV JTASHS 58 2% o 2 D 21 25 F A 5 LA SR ZE. 5.0 VI A tH I R B BTk, BB 1 bR BE G 2 R DAAR =
LATP FEL# )5 IR H AL 25 5 1 o

3.3. BEEMAYBE LR

N HE— P IRUE R G R X [H A HLAR T LATP R AR S TH 2 (A1 AR M sE i, FRATT4H 3 4 it
LilPEO-ZnOTD|LATP|LiFePOy4, fE 50°C T iFAT1H IR A FRAEES, RULHH 5] ABhE A EE R P ZRE
RO TF LR 5 F A AT A M A A RE S . 72 S0°CEHE TR, 0.1 C~1C AFEMEHR TN 7e i 2k 5155
PEREE W 4(c)~(d)FTR, (ESEEAMEA T, Hb/E 0.1 C 5% N4t 15151 mAh-g L R A &,
LT HIRARN 89.1%, fEZEHPEFA Y, WA ED, JFE 5 MEM 5 IRFFLE 150.59 mAh-g 7,
XA 58 T RA B R Z IR BEAS T LATP 5484 8 itk 2 Rl v, BIfE7E 1 C R, nliizsEIEs
&, PIIAE] 103.78 mAh-gt. MA SR G K EE 0.1C K, WAEWE R 15 & &G ZHTH
I IKF(147.63 mAh-g ), R EHEN RIFRIMERMERE. EHIERE b, X4l R 9E 2R 2 a Fl FELAL
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e e AT TR, Wl 4@), B AR, fE 0.1C A T ARG, o B O te A By 154.99
mAh-g~1, 150 A5 IR EL 25 508 129.76 mAh-g ™, KB s 5 A FR 8 1 (B AR 2R 83.7%) 5
ML AR AR (R =~ 100%), 45 Rt B A sl s fb 5Pk R, X2 i T LATP MR R TIRE T
BERELEM)Z, HELE T LI|LATP FRIH RIS SR A, 3 Bt RS KT [ A2 2 TE R

( ) 5 6 (b) 5 6
a’,ly __ LilPEO|LATP|PEO|Li L5 4 — LilPEO-ZnOTD|LATP|PEO- ZnOTD|Li L5
L4 ~ L4 ~
34 0.8 mA em™ < 34 ol
Y t3 £ 3 £
2 \ L, < 2 [, <
=11 L1 = Z17 L1 <
& £ g £
b 0 0 2 E 0+ -0 2
= i & % L1 &
>11 - > 11 -
21 [~ g 2 2 5
- -] L3 ;
-3 4 [ Q -3 4 L 4 o
-4 L5 -4 [ 5
-5 T T T T -6 -5 T v -6
0 5 10 15 20 0 5 10 15
Time (h) Time (h)
6 5 6
(e) ] g . CONI . »
ilPEO|LATP|PEO|Li LilPEO-ZnOTD|LATP|PEO-ZnOTDILi
L4 ~ -l L4 ~
31 1.5 mA em™ S 31 ) <
) 2 F3 E
24 L) <« 24 2 mA cm [, <«
S 14 E £ 1] [, <
% £ % £
z 0 0 2 E 0 -0 2
s & = L &
S -14 ol =
2] 28 2] o
= F-3 &
-3 l 4 © -3 L4 ©
-4 4 -4 4 L5
-5 T T T T -6 5 T T -6
0 5 10 15 20 0 10 15
Time (h) Time (h)
0.20
(e)
—— SS|PEO|LATP|PEO|Li
0.15 F — SSIPEO-ZnOTD|LATP|PEO-ZnOTD|Li
? o.10 |
=
-
g 0.05 | v v
Al Al
0.00
-0.05 L L L 1 L
3.5 4.0 4.5 5.0 5.5 6.0
Voltage(V)

Figure 3. (a) Li|PEO|LATP|PEOILi symmetrical battery at a fixed time of 0.5 h variable current cycle diagram; (b) Li|PEO-
ZnOTD|LATP|PEO-ZnOTDILi symmetrical battery at a fixed time of 0.5 h variable current cycle diagram; (c) Li|PEO|LATP|
PEO|Li symmetrical battery with fixed capacity of 0.05 mAh-cm2 variable current cycle diagram; (d) Li|PEO-ZnOTDI|LATP|
PEO-ZnOTD|Li symmetrical battery with a fixed capacity of 0.05 mAh-cm™2 variable current cycle diagram; (e) Li|PEO|LATP|
PEO|SS and Li| peo-znotd |[LATP| peo-znotd |SS LSV curves of the battery

3. (a) LilPEO|LATP|PEO|Li f#ReE i 7E EIEFTIE) 0.5 h ZERIEIFE; (b) LiPEO-ZnOTD|LATP|PEO-ZnOTDILi Xf
FREathZE Bl E AT 0.5 h ZFESR1EIRE]; () LilPEO|LATP|PEO|LI X4 FREEth7EE E & & 0.05 mAh-cm2 2B EIREL;
(d) Li|PEO-ZnOTD|LATP|PEO-ZnOTD|Li X #RE;th7E E E A & 0.05 mAh-cm? THR{EINE; () LilPEO|LATP|PEO|SS
#1 LilPEO-ZnOTD|LATP|PEO-ZnOTD |SS Hjt iy LSV HhZk[E
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