55 53 55 6 W R i Vol. 53, No. 6
2025 4 6 /1 JOURNAL OF THE CHINESE CERAMIC SOCIETY June, 2025

http://www.gxyb.cbpt.cnki.net

G & T

DOI: 10.14062/j.issn.0454-5648.20240837

)20 R 5 X S B 4 1 28 i v B B i 5 P B

A &L ZE #L A

L FE F EwWy!

(1. AERRHEOR BRI BORBE TE R, JEat 100083; 2. TEHRFAEFERE, b5t 100084)

OB FPRESCRBARBIE SR RN 2SR R

FIRAEIR S, Db 4 [ 25 F it (ASSBs) N FE A BHAL 45 1 —

PERERR R R PR 1 9T Ty IEOR S, JUH S i e R A R v AR S S T G5 R BB AT AL . AT R R S A
MRS . ASCE SN T SR A, BRI REEIIBERN AT Hk, REGLRA 1IEFK SR HIRTE ASSBs 4l
IR AN FEREJE o B R S5 FIVER T R PHR S X S 2 (SR-X)FARLE AT TOHLIE A HLAR BT R L 25 1A A L) L [ [
TR M E T T WU - fea B T SR BORAENL#E ASSBs S A ERE A (KA 78 5 sl AU F& U5 170 o

KR [FOPIRSS X ek AR, JEhLE AR s, S

MEHS: 0454-5648(2025)06-1469-09

hESHES: TMIIl  XEFEED: A
4% B AR AT E]: 2025-05-16

BE T O[] 44 H A 5T (SEs) 1A 5 1) 4 [8 25 it
(ASSBs) A v 22 4k AR A5 iy I i E R R 45
PLH, BT AR L b T 26 32 UL IR FT I
st ERNMEHT SEs Mk ) 5 1 B8 1] (¥ P 76 G K
e oy Frim AT AR AR, X SEBL ASSBs FRUE
BOASATIC R . LEER, R R (SRYBORTEH
AR5 8 A 2 5 A fdf A S T v e Y 7 28 T
RAE T EEAEAP. SR EFRIE R NE 85 s i

-Chemical and electronic configuration
-Quantitative assessment

LATPeycled

LATP@1SLiPO,cycled
e

- Dimensional (2D/3D) forms and microstructures

it

e e
puiif e b s e s R R 7/ b7 S vy |1 P S E R
w1 Lorentz FJ1E F vy HE D12k & i 1) i i 5T
HECH L X IR, SR G AA M. wmif(a)/
TR FEBAIEE . SR Z R K To 1
R S 2 05 TR I N AR R A
A T AR SOKE A B FD R AT X ST 2
(SR-X)BEAR P FEA /32 . TAEJRER . ASSBs SZfp N
(B 1), VLRI TE i SR AT ) 3R

- Oxidation state -Local atomic structure

-Coordination surroundings

L J1iE]
2465 2470 24752480 2468 2470247224748320 8340 8360 8380
Photon encrgy/eV  Photon energy/eV  Photon energy/eV'

573 623 673 723 773 823 873 923

173 174 175 176 17.7
20/°)

- Lattice constants - Site occupation

- Strain/stress

1 SR—X HiARMIFA 2 K ASSBs i )

Fig. 1 Fundamental classification of SR—X technologies and ASSBs applications

WA E W 2024-12-28. BT HM: 2025-01-11,
FEWH: HxRERRIEEES(U21A2080, 22479009).
BHEE: R HA99%6—), B, MLwik.
WEEE: WWE0975—), &, ML, #R.

[5—9]

Received date: 2024-12-28. Revised date: 2025-01-11.

First author: WU Meng (1996-), male, Doctoral candidate.

E-mail: d202210727@xs.ustb.edu.cn

Correspondent author: FAN Lizhen (1975-), female, Ph.D., Professor.

E-mail: fanlizhen@ustb.edu.cn



. 1470 - CREFR Eh22 4D

J Chin Ceram Soc, 2025, 53(6): 1469-1477

2025 4F

1 SR-X A £ F o3 F Iy i b ]

SR-X H A TR 0 45 4 A1 AL RS (n
A PREE R A B IR BRI O & 55 A 7
TH. HAmmiEe. s A %8N X
SRR, BRSO SR RIETR R, WU il
VAL GEAREE T, ISR [F 23 REE R
(R AL 2205 2 o SR—X BERALHE £ Fl S8 7772,
AT, T3z N T Be A R 8 U ) BOR £ 24
B EB R X R AT (SXRD). X S 2R IR ISUAS 40 45
FI(XAFS). [FPHR ST X 5260 fL 1 RE 1 (SXPS) A [A]
AR X S B MBL(SXM).
1.1 SXRD

SXRD 1) TAEJFEHE 5 58 XRD AH1EL, BIGE 1
45 SR-X IR HRSRT A i J5 R AR AH O AT IS 5
SRFE . AL E AT SRS EIREOM B ARG R
BFEAFAN S SEG ARG RN LK
WOk, 55265 2% XRD A H, SXRD A A
A T L FEA [A) 3 R 20 HL X 2R R RE S r R, w]
DA S s AT S S B 2, seBl 2 A 3k
AL S WORE TR U S 2546 Z3 AT o SR—-X BRAE
SXRD BENEH FHAREFRAE, CURA ERERG RS
FE P LR T S ST WO S R AAT O, TR 7 L
MR REE LR, BAh, FIH R AL SXRD BoAR A
DL I FHIE 5 ASSBs fEANE THL A& F T~ SEs A [#Hl—
[E5] S A =42 () 5 AL R S A i
1.2 XAFS

XAFS 3 22 & —Fi FH T80 70 SO0 R ik
Ji - JE SR 0 4 M B Ak 2 A5 A5 B 5K R AE H
Ko B PLESP K SR-X SEMBE LS, JHT
WS J5 A JE LT UK BRI P A TR U &R
FEMR WO R 3 Je i RE X, G HEL T 32 4 AT 5 U
2 U BUR W R BIR G TE RS A 4510, i i R
A2 3 1] 43 # Jia SR T TOW 45 4 5 A S R R A
B RyERe BV, XAFS T8I0 X 1 4kin
2 W W (XANES) FL o @ il X 5 48 W Ui %
(EXAFS). XANES *f 7t 2= 8 A A S A7 24 858 060 FR
PRSI R v, R o BT R Ui R A AN
T R S 3R IR R 2 25 A el 7 45 M s B U
EXAFS & H T WIS 1 R a5 i, FFR At
BEJE T 200 R OB K A 45 BIPL thak,
XAFS ] 5 58 B J s I 7 A0 P88 56 A A AN S
T i ps R g i ik 7, (8] 0 B T € TE
T T MR JR) 30 45 R Al

1.3 SXPS

SXPS &) SR-X SFLRHESHAE SR E, FIA
FEL SO (S i 3R T TR IR R T Ok LT,
WL HENBRE AT H Al sk A B g 1€, 4>
BTUEAT B | 3 S RS (E B SIS R S 3R T UG 3R
W 25 SR EE I EVE . E R, 5=
XPS ML, A s B A s A B HE % SXPS R
Refg SN k. it e e P &R, H2
TES 2R R GRS KX 0 AR 2R AS R L 745
Mo MeAh, I8 RO T R EAE AT ST K T
IRPE R, XN AR IR B2 3 AR EH 43 4
I N A
14 SXM

SXRD. XAFS &4 AR 32 B k3R SEs K H A
THT ZH BRI 25 1 () P38 A5 JS, (ELHE DA 3 F v A 30
TRy P RS S . SR, S BRRE
AAAE AT T B S AT I AR AR AL b 2 2
RAT AR EERZW . Kk, KR E ST
X TR FEMRL T A R LB 2 OC . SXM
REeME LAAER N7 s E B0 8% 2] f b i ks 47 i 7
WSS R, A BT ARV R R i R
WL . SXM EE R SR-X S48 5 18 SR A0
TER I B "R -ERNER, &
AN ) G AR AR AR AT 0 5% e R 55 ) g o T
18, CASCZIUGTFE S EEM . By S o A SRS A A 3R
RN, FEREAS AT S, L SXM HR E
A5 35 S XS AR AR (TXIM) AT X SR 2R i J2 414
MBXTM)HEA 2 28, I THREEGRERYS X 4
REEA R, JEHAE X WO ZMin RN TR
FRAE, PRI AT DUEE TXM BRI TR E FE TR
TEGK R IO AS B o Aiifd o Jid XTM R
AT DATE 5127 [ o E A i (1) = 4R 45 44, AT S8 =
YR IMESE BRI TR 2 Ak, Bl n s 5] 4 2
PR B A T AR AR R} R 2 e 24 2P,

2 SR-X ¥ ATE ASSBs #F % # Hy i Fl

T LHL SEs 11 ASSBs Al B w24 1t M e
e, AN F — R EREHE AT A T
fBIE 3 o SR, BIUA [ 25 H AR ZR A7 770 35 23R 1 g
7 PEIPEREAS JE RN 25 B R o ol S OB A, A
R PR ) L AR AL A e A sz B T DRIk, 4 T
fit ASSBs H & TEHLLL > G5 A6 PR B8 9 BT A
HARZ M SRR, 24 It R L) 4
e 4 LM FELAL 2 R R ) AT AR . @RI SR-X



5355 6

S PR XA S e R S R .« 1471 -

FAEFAAE TEH AR DU 77 TH [ ARE L 3, o] DA
N ] 25 Ho i o SR ST R O 25 1) IR T 1%
R IE B FE 3B AT b R A Rl SR THT2H 43 (1) S R AT
AT N
2.1 SR-X #iAK7E SEs #3895

SEs #& ASSBs iz L &I 7 Fada i 7 1)
WA, L RE 3 B T R R B oM 25 1)
I3Ai e RGUWTIT SEs MRH 45 KM B IR] 1) N 7E
RER,  JUIHAE A IS AT i 2 O 45 4 (1) B A5
b, SERF EATIE A AR E, SRR L F AT s L
il ARAARIE 2 R S5 DS S T3 B I B A
HERE

UK SR-X HARTEMFAT AL SEs A BHIAH 2
SR Ry Ak 5 5 4, a7 B AR S ML 55 7 T R 4
TEZEMEM. Bl Sun ZFIH SXRD BFFL T 7k
VIR 1Y) SEs 44 R 2 AR AT 4 43 45 F R AE I
TR B T Em T . L WU ER IR A
SXRD &3 5 7RG BC o7 NaTaClg (LCF—Ta)lé 3 i 8
ERBRETRE MG S, R4S M
LCF-Ta fERKEERIRET AL NIETEA, HARSE
Eifsf NagosLay 75Clg 8% Nag 75Smy 75Clg 45 ft A T B [
k. f£4 XRD o Mae EAR UK, HELA
A PR LCF-Ta MITIESE S, WU R E R0
BIETLEER, ToiEHE He 1 545 SAr T s
REER . VR AR R A S R O T Na'fE
R Y S AR A R (2 Ty W G BU RV CIEST N
TosE T KA S R S A L R T Na" i ading
SEs AL FRE S MaifE . S5 R
SEMEEYIFG, X LR IR AR FGRT&
FRSEIE R . FEAE S0 R I 2 A AR A R
SXRD ] HT AL 4 AT B M R & i A8 AT i
FEH O ZE A RS0, e SRS T R ELEE M6
Y75 . Adams 5 R SXRD HARER T 138 kil
FERT LipnAlLGea(POs)s (LAGP)I 5P A #545 |
Fe AR R SR e s 2 froR, 4
FEMIM#E 578 CHY LA, fild, (214)F1(300) 7%
g 558 A AR 35 3 B T IR KGR BE B T2 750 CHF
TER A 1A] A BE S B AL G 2B . LAk, 7EIR
KEERBF A B, FUER LiGey(POy); (LGP)&FE i
TR R, (ABEE IR E T LGP A< %W
K, M 2O FELLIM LAGP 4. T K2
¥ ASSBs WAERSMNE )] F A R IEWIZ1T, B,
T f# R J1%F SEs S5 KR [ 520 A [ 7 25 22 . Liang
SR E AL SXRD A58 T K 77(0.2-2.0 GPa) X}

Na;SbS, Bifbdy s it f ki s ki et Bt Tk
MR, MK SXRD A7t ) 5 s 20 HiL# IHFE
WARDE . KBS FE— RS 3 o2 S 2 Uy
#H NasSbS, &5 #H Hh A8 T FAR RIS 4 o 256 i Ar
Raman Y5145 % B NasSbS, 11U 75 A1 b7 77 Al 45
P A e B 78 A0 AR AR e s, XA A
TAE SE B R AR R BEAR T o

Temperature/ C
573 623 673 723 773 823 873 923

173 17.4 17.5 17.6 17.7
2000
(a) 2D map
(214) (300)

Intensity

172 113 174 175 176 9.4
2000)

(b) Selected SXRD patterns

K2 LAGP fE#Gd b AR S 2 ™)
Fig. 2 Phase evolution of LAGP during the heating cycle

XAFS AR AT LLRAEA B A TR A
TC A B 22 B o AT 55 SR i S5 A A5 I, AR
Z N T ARNT SEs il ik 2= s 1 R TE B T1% 5
MLl . 40 Zhang %5 F|H XAFS f##r 1 G € ¥
Liy sZrClsF 5005 (LZCFO) HLfif J5i FIAk 27 25 A =) 350 S
THEH, BT EE A TR XANES
eI 3a)fE7~ LZCFO 5% HFE A 7E 18020 eV 4k
JEBUARBAR) Zr K FIA0L B e mA G 1T 21,
R F A O B 49 Rk A Ze AL H 51
Zr f 5 R R4 f o PR 1E . Fourier 284t EXAFS
(Bl 3b) KN A4 EXAFS(B 3e)ithift— 8~
SETE B RAEAL T 29 2 A A 1.5 A b 43 A AFAE Ze—Cl
M Zr—F/O #ETC A7, IF 5K AR B AR R N A7 7E
[ZrClFyO] ® 2 e fir 2 T A 3R 8 . Horpr, F A
O #2577 Zr Bofr, I A+ MREE

[3]



. 1472 - CREFR Eh22 4D

J Chin Ceram Soc, 2025, 53(6): 1469-1477

2025 4F

Jr AR AR S AR AL 43, X S FE AP AE W] DA
Li™ ™ B LA 48 17 {2 15 Hger B3 iz . R SR-X
ARFAE LR T B Fe AE — IR E IR N I 451421k,
A BT 90 B AR T 5 7K 43 ) I S R AL . B il Li
SR F JEAL SXRD 255 JR AL XAFS BARAS T & =
BEZ5H LigN,Cly (LNC)I 2SR e iR, B e
P TEIREIIRE T (LN 20%) % B Al IE K, SXRD
Kl LisCI(HO)s A1 NH4Cl 25 Bl = W5 A i (0L 1

ZrF, Zr—OfF
= ZrF,
S
§ —_ 210, | \
5 LZCFO| & /] \~Z10,
] < =
= LZC | = Zr—Cl
S8 7zCl | E LZCFO
o
£ LzZC
[=]
Z ZrCl,
18000 18050 18100 1 2 3 4 5
Photon energy/eV R/A

(a) Zr K-edge XANES™?"!

150

Exposure-ambient air operando SXRD
PP ]

) A
e AN W, DU NS ———
|

W ' A i m————y
:k% =

LigN,CL;-ICSD 00-024-0605
Li,CI(OH);-ICSD 04-010-7820
NH.CI-ICSD 00-007-0007

il ||1 1”']..;.1 Jolal ll. e e

10 20 30
20/()(3=0.729 291 A)

(d) Operando SXRD patterns of LNC!?!

Intensity

il

40

(b) Fourier transformed EXAFS??")

Exposure time/min

£
=

3d), FRHW] LNC 5/K5T 5 KAESHBEER N . 5
fi7 XANES A5 I 285 Fat— 50k SR i 78 2 7K U
T, Cl K1 XANES #E35) 2= 754 2827.7 eV Abj=4:
AR e 3e), RSB SEMESS
LNC S5ML 08, 124 LNC REfET1Hs
AN RN ] S AT DR FF 8 i R o AR, R
AR T 5 P B R rtk ez taoe tl, RIT KRR
il 18 S FH o

35
3.0
‘% 2.5
2
1.5
——
=
R
0 2 4 6 8 10 12 14
kl/A
(c) Phase-uncorrected wavelet transformed EXAFS??”
Ambient air-2 h
CIK-edge Ambient air-1 h
Ambient air-20 min
z Ambient air-5 min
] Pristine-Li,N,Cl,
2 —LiCL
g
=]
8
S
g
S
Z
2800 2820 2840 2860 2880
Photon energy/eV

(e) In situ Cl K-edge XANES studies of LNC*!

Kl 3 LZCFO Jaiffifl 45 M Rl LNC %55 75 7 S T 4581k
Fig. 3 Local chemical structure of LZCFO and structural changes of LNC exposed to air atmosphere

SXM FEART] LA TEA7 I F g 53 (1) = 4E o
SERIFTESREREG, A BT RSB N ARG . St
fileF R AT A . 0 Zhu ZEFIH TXM HARER
7 LL Li(NijsMny5C013)0; 5 Liy3Tij 7Al3(POs); A
Super-P 3 HTR N E B U A AR = 4R FR 2
BOR LA 2 J5R s R AW 1 3 T 189 AR A 34 ),
R A 34 0 20 4 KB (1300 psi), RAIERZHE
fifJoT S TXM A5 3 7~ 5 v LR 23 i B R A TR
(1 ] — [ e o TR AR, AT 20 L 7 [ 45 AR P 35
HEAAE . S NIIE R ) I FEAK SEs Bk R~ A
BT FLIR 5 B R B AR AR B T . R
FHE 7 BB (SEM) R AE & 8 A RL J S 1 R
TSR AR AL R, B TR IR R, R AR,

AR FIRBEGRIE L R KA ) I N N EEE R
il Tk FEAREARL ) SEA TR R, S
A2 g, B BOR AR EE R SO, M
MR FARZE . BRARHERA L, X RIES K=k
s, M2 T, KM SR-X IHHEILEZH
F AR (SX-CT) AT LLTE AN IR F It (R 175 45 T A
TG 451 0 552 H Y 32 AT B FEL AR SR O T A 45 4 A 5 FR
B FLTHT B fuh AR Ak, AT R N T AR N 4 S R P
Aol FEME. W Cui F5FH SX-CT nI#ifk 7 M
LisPSsCl (LPSC) & £ Hi fift i i JI5 (CSF) #1 NIl 14
LPSC F 7F Lyt 415 A 3ok A2 v i R 0 J82 ik /e 4 7= A=
LS T #2004 BiroR, Li-In/CSF/Li-In
X R FL LR A1 B S5 AT DR e P R T A



5355 6

S AP XA B A S b N S R < 1473 -

JUTFBA FLIA R S SR iB 5 8 5= 5 . Fett CSF
IS5 D L 7 T R 8L R BRCRE M ) T S T
B, IERER . X T LPSC XK B it
AN 5] LU/ B 3 A R 5 M RMA R AR
FLIFTE AR SR g A AR K, 5 305 T RS 3 FEL IR
MBS . F4h, T SX-CT LHinl
A FEARAR S, S5 B AR 0 04 P9 3 L R
~F RSO3 A AT DAAS BB A s PR

C

4 Li-In MR SX-CT /nsz &l
Fig. 4 SX—CT of Li~in symmetrical cells”

2.2 SR-X ¥ AK7E SEs/#Rk 5 EHF 5% o B9
SEs/ it AL A& [ A b O E A L, B
FIEFY G (AR A AR AN
VIR A R . BEAh, A DRI T 3R B [ [ S ()
b2 Ra e M RS ASSBs iV AL = E kR,
Uk, A2 ASSBs H LA —HL AR5 S T R WL (L)
1025 AT IR NI F SR AR 7 it P g S 1B AL o
SR-X FARREM AL TCAR HUBIF 70 [ 25 it )
HGH, RS TR A R R o S A A 20
RO TEAAR A, AR T fFAT S 8L 48 5
HilE A %
22.1 SEs/IEMRFE AW SEs A mE T H
S TR DR, (H SRR 5 R 1%
%5 SEs T B1E M T 58 IERR 45T B0
M- R AR, AR, iR pes 2 S HUE -
SRR 7 o SR 5484k, R )%k 2 76 AL
WA . Rk, R SR-X HARMF T e st i 2
H (o] — ] 5% 1T 2H 73 K 45 K 73 Ak Sk T A A R T S A%
Hah )1 oS AR AR R R A =R .
Vardar 2545418 XPS. XANES 1 SXRD $ A5

TAMAT LisLasZr,01, (LLZO) SEs f1 LiCoO,
(LCO) 1F 5% v B 7E vy il B K A B s 5 T A B A 45
AR, 500 °C iR IR KORE S AE XPS fh£RIEM] La
AR Zr JUER A 59 #E] LCO S5 W, H&M
X320 100 nmo. A [ b R 5 R 3 A7 AR
LCO. LLZO A1 Li,CO; O K il XANES 5%, HPE
FHIB R EIRTE LLZO 559 EIRMHT T %, £
LLZO #1 LCO &A= 71 S B TR il = 4. 4k,
500 ‘Chedifa LCO YIRE/LLZO H 3L Li,COs.
La,Zr,0; 1 LaCoO; 25 SXRD Z%ffilg, Ht—PiEsk
GRS SR A e A b R AR . PRI A IS . 4
IR KIS E] BA KL TG CO, bR A Bh T /b iR 24 i
AHAE R, AT 32 5 T 85 iz .

WA SEs A i B 1 HL 5 3 Mo Hh SR 1 S5
PE, AIEES AR RHE SR FE T DL—& & /1R
ATV R AN S 1T G 75 iR R i R0, SR, A
eyt E R e w RE, SR B E
PR G 23 AR SR A A il S L, AT S5 50 FRL i
KA. DRIk, JEIEERALY) R S AR 1 S I
SR B R B EAT LR S W Sun S5 FH AL
XANES AW T LiNiggMng;Cop 0, (NMC811)
1IEM 5 LijGeP,S1, (LGPS) SEs 2 A4 #J% ASSBs 7
FELAK S G PRI AR o 1 L s s AT AT s
B, 56 TERR Ni K U /EPE PR 72 o e B m 3 e
REJEAS, FHIGERI I ER NN & N /NI T
AR JE R R, S K IATE e i FE v
KA RIS, BRI T 2472.5eV
AhsFEAEI S K A5 5 (MR Li,S AH), F£H
NMCS811 5 LGPS 7E Ak s AT I 22 51 7 i |l )
Rio AN, S K il —ur- S A B At 17 5 B
AT, P S e i X Sk i) s Ffaig, i3t
—EM IS AT IR NMC811/LGPS [A]f) A1
BN IR IF AT XANES B 7845 SR W mR AL
L AE v R AR JBOR I AR o 5 A IE AR A T
AR, SRS BIER R G5 E AR RE IR .
222 SEs/#k A KR 7 IR AR AN 5 A AT
SR-X AW FH TR 9T SEs/ bk A i 7 45 F Al
(YL 2 e R AL . a0 Liu %% R H & 66 XPS
(HE-XPS)E AT 1" Li; 3Al3Ti; 7(PO4)s (LATP)/Li
G AEIEARTE TV NS s mEE®. 548
XPS fHLk, HE-XPS RE#IHIL I8 TR e E R
2 R R BE T A T AL A5 B, FOR R
AR T B I, 2B a] UE S 10 nm
PR,



. 1474 - CREFR Eh22 4D

J Chin Ceram Soc, 2025, 53(6): 1469-1477

2025 4F

Kl 6 Jy LATP/Li %) 1l HE-XPS $ AR 5T
HHE 6 7] L, AN [FSUK BE R B 4G LATP £ /it HE-XPS
Rl R BB TiY, B TP MIAEAE A TR
TE il & A AT FE I R oL S AT e . 165 ,
HE-XPS %% 7~ LATP/Li AT % Tit Hik R

Intensity
Intensity

: Li,S reference
LGPS reference

T, BVRELE 6 keV U B T 5T R B T 5 5,
R Li X LATP [agillEAER . 4% LATP #H4T
LisPO, B3 FF UL B R, AXE 3 keV BEHAbHE
W) TEE S, 2R NS A R R R
TR SR, TR L Li R S .

Intensity

=

2465 2470 2475 2480 2468 2470 2472 2474 8320 8340 8360 8380
Photon energy/eV Photon energy/eV Photon energy/eV

KI5 NMC811-LGPS ASSBs HL{b = FR i 72 ) 5 A XANES #f 7¢ !
Fig. 5 Operando XANES study of ASSBs with NMC811-LGPS composite cathodes during cycling!”?

LATP fresh LAIP cycled LATP@175Li;PO, cycled
Ti*
o Ti% T
=
2
3
o 2 z z
£| € z z 75%
[=] Q Q 15)
£ = | £
470 465 460 455 450470 465 460 455 450 470 465 460 455 450  100%Ti*
B.E/eV B.E/eV B.E/eV

K6 LATP/Li fitk 71 HE-XPS H AR5
Fig. 6 Study on HE-XPS technology of the LATP/Li anode interface®

IEER, s SEs IR FHSE. mik
s Ve R T AR TSR 44 2 B 12 SRR AR,
B A R BT B 5 A e 3 B L R S
R KR B P SR, SRR AR E PERFSEEAL .

DRI, 487 i A0 SEs/fAl Fr T B oy A S 14 32 4k )
il b Fe R ML B R B, fiL Chen %5454
XANES K& Z el X 2RI it (WX AS) B AR
7~ T LisYClg (LYC)5 Li-In &4 bR AEFR o FE p 7



5355 6

B 5 FPARAT X G RBORAE el A b P K N 5 e B < 1475 -

AR ZE A TS, FFAIESER LisyIn Y Clg ful—FE fi# i
A2 (AED IR, 1830 5 bR Y K b
5 LYC XANES Bl REFMHLE R B, K] AEI
o Y SR AF R EAL S R . AR In K 325 5
ReRALIER, £ Li-In S &5 In &EAEL.
AN, FHHE Cl K 4 pXAS K4t & AEL #
In 4d—Cl1 3p HLEVR A5 InCls FIE L InClg J\ EAA )
In-Cl 8225180, #E—PE AEL 22 /L In
BCAZ I In SACIRIAE, 40 InCly #1 In 281K
Li3YInClg 5% Lis (InyYClg. AEI JZ M HLAL 22 JF AT
AT LA LY C AT Li K SRR, AT ik
B sk ASSBs B4 E TR

SEs/Li St [HA% i Az 4K A2 S 80 H i i 2 =
TR, R0k A7 A S T 1) S T AR RGOS T S i
i T 85 P B Ak S i AR KL B A BB .
Bruce S| JFEA SXCT HARTTRAL T A A K
R, FFEFE T LPSC HMR MM AL 5k mA K
] FR AR S PERY, AEARIN, LPSC/Li YRR S &b Bl 30
HEZ“Hrim AL, MU B K YU 2 5] i
THF MO EREM ., JF AL SXCT SR
LG RGO — 8, RFGUR T BNE 7
WHFNAG I SRR M. A, ZHF TR
LPSC/Li SISO BB R T4 fb A K SR 4 s
IXBN G0 FIHT,  FF T AR B DG BH L LA o
NESTFRESUE AR R . IIZJEAL SXM HiAR Nyse
B EDRLAN TG0 2 A [ 25 rth 2 A 2 2 S T A
TS AT . T SXM HR, FI
] 4 FEL P 0 5 A M T T RO L AR A 25 A T 7R
BEATE BT @ AL SR R BB J) 2 S A
PEBE H] A A D M 4B 7R F i R LB, A st e
ASSBs #2ffEAHHE T .

3 ZRE5RE

A ZHEKE, SR-X RIS C ORI HE
HBTF FE AN P] B L EERAE T B . AR T
AR SR-X BEARAE SEs S H F 11 5 T iR R 72 M
SR T SR-X BIARSEMEMTI LRI EG ) L AR
L VAZN I B TR A O (5 v N i B R LS Il
ST RS . 9tk ASSBs St HILIERE, R
K SR-X A Ji B A B AR L5 T -

1) RIS Z i B B iR AL SR RS,
Ao SR FT AT LA S IR M i [ 285 R i 2 47 I 22 AR -
[t S ISR, DL Bl 30 Fl vt P A
R S A D B I B IRl 2 S S T = 1]

I 20 3 2R A R i RUBE SRR R
ESMEEL, FITRAEUEITERM Liv Na
ES NN A= S 1oy PSS TE S

2) K SR HIHEHEARBABITT, HAF M
Z R iR R EA R . i an sl
& SXM M XAFS BT LA RIS (AR KT
SR AE R E R, A7 B TR0 2 f it s AR
S TR S8R

3) KJEE T SR-X BORRAL 7 S5 A7 f Ak
FHBACE, %ACE T B REBUL S 15 S 0RE
SRAEAT [ 25 it T BHE 3 AR T RALE, O HLREAE
IRl I A 6 R 2R (R 52 26 1 R AR S AR g ko7
179, ik SR HORALE R THL AR N ARG R A o

SE R

[11] FANLZ, HE H C, NAN C W. Tailoring inorganic—polymer composites
for the mass production of solid-state batteries[J]. Nat Rev Mater, 2021,
6:1003-1019.

[2] LI WH, LI M S, HU Y F, et al. Synchrotron-based X-ray absorption
fine structures, X-ray diffraction, and X-ray microscopy techniques
applied in the study of lithium secondary batteries[J]. Small Meth, 2018,
2(8): 1700341.

[3] WEN W, ZHANG LJ, FU YN, et al. Application of shanghai light
source in material science[J]. Modern Physics, 2019, 31(5): 9-26.

[4] MAI Z H. Development history and current situation of synchrotron
radiation-introduction to the new book “synchrotron radiation source
and its application”[J]. Modern Physics, 2014, 26(2): 65-71.

[5] SAFANAMA D, SHARMA N, RAO R P, et al. Structural evolution of
NASICON-type Li;xAlyGer x(PO4); using in situ synchrotron X-ray
powder diffraction[J]. J Mater Chem A, 2016, 4(20): 7718-7726.

[6] HU L, REN Y L, WANG C W, et al. Fusion bonding technique for
solvent-free fabrication of all-solid-state battery with ultrathin sulfide
electrolyte[J]. Adv Mater, 2024, 36(29): €2401909.

[7] LIX,REN Z H, NOROUZI BANIS M, et al. Unravelling the chemistry
and microstructure evolution of a cathodic interface in sulfide-based
all-solid-state Li-ion batteries[J]. ACS Energy Lett, 2019, 4(10):
2480-2488.

[8] LIU Y L, SUN Q, ZHAO Y, et al. Stabilizing the interface of
NASICON solid electrolyte against Li metal with atomic layer
deposition[J]. ACS Appl Mater Interfaces, 2018, 10(37): 31240-31248.

[9] LI T Y, KANG H X, ZHOU X W, et al. Three-dimensional
reconstruction and analysis of all-solid Li-ion battery electrode using
synchrotron transmission X-ray microscopy tomography[J]. ACS Appl
Mater Interfaces, 2018, 10(20): 16927-16931.

[10] ZHANG X Y, VAN HULZEN M, SINGH D P, et al. Direct view on
the phase evolution in individual LiFePO4 nanoparticles during Li-ion
battery cycling[J]. Nat Commun, 2015, 6: 8333.

[11] LIU X S, YANG W L, LIU Z. Recent progress on synchrotron-based in
situ soft X-ray spectroscopy for energy materials[J]. Adv Mater, 2014,
26(46): 7710-7729.

[12] YANG S L, WANG D N, LIANG G X, et al. Soft X-ray XANES



. 1476 - CREFR Eh22 4D

J Chin Ceram Soc, 2025, 53(6): 1469-1477

2025 4F

studies of various phases related to LiFePO, based cathode materials[J].
Energy Environ Sci, 2012, 5(5): 7007-7016.

[13] ZHANG S M, ZHAO F P, CHANG L Y, et al. Amorphous oxyhalide
matters for achieving lithium superionic conduction[J]. J Am Chem Soc,
2024, 146(5): 2977-2985.

[14] YASUNO S, SEO O, TAKAGI Y, et al. Development of hard X-ray
photoelectron spectroscopy using synchrotron radiation X-ray up to 30
keV[J]. Rev Sci Instrum, 2023, 94(11): 115113.

[15] SING M, BERNER G, GOSS K, et al. Profiling the interface electron
gas of LaAlO5/SrTiOs heterostructures with hard X-ray photoelectron
spectroscopy[J]. Phys Rev Lett, 2009, 102(17): 176805.

[16] XIANG Y X, LI X, CHENG Y Q, et al. Advanced characterization
techniques for solid state lithium battery research[J]. Mater Today,
2020, 36: 139-157.

[17] JANEK J, ZEIER W G. Challenges in speeding up solid-state battery
development[J]. Nat Energy, 2023, 8: 230-240.

[18] FU J M, WANG S, WU D J, et al. Halide heterogeneous structure
boosting ionic diffusion and high-voltage stability of sodium superionic
conductors[J]. Adv Mater, 2024, 36(3): 2308012.

[19] WANG H, YU M, WANG Y, et al. In-situ investigation of pressure
effect on structural evolution and conductivity of Na3;SbS, superionic
conductor[J]. J Power Sources, 2018, 401: 111-116.

[20] SHEN L, LT J L, KONG W J, et al. Anion-engineering toward
high-voltage-stable halide superionic conductors for all-solid-state
lithium batteries[J]. Adv Funct Mater, 2024, 34(48): 2408571.

[21]LI W H, LI M S, CHIEN P H, et al. Lithium-compatible and air-stable
vacancy-rich LigN,Cl; for high-areal capacity, long-cycling
all-solid-state lithium metal batteries[J]. Sci Adv, 2023, 9(42):
eadh4626.

[22]LIN X T, ZHANG S M, YANG M H, et al. A family of
dual-anion-based sodium superionic conductors for all-solid-state
sodium-ion batteries[J]. Nat Mater, 2025, 24(1): 83-91.

[23] WU M, LIU H, QI X, et al. Structure designing, interface engineering,
and application prospects for sodium-ion inorganic solid electrolytes[J].
InfoMat, 2024, 6(9): ¢12606.

[24] WANG C W, FU K, KAMMAMPATA S P, et al. Garnet-type
solid-state electrolytes: Materials, interfaces, and batteries[J]. Chem
Rev, 2020, 120(10): 4257-4300.

[25] VARDAR G, BOWMAN W J, LU Q Y, et al. Structure, chemistry, and
charge transfer resistance of the interface between Li;La3Zr;Oi;
electrolyte and LiCoO, cathode[J]. Chem Mater, 2018, 30(18):
6259-6276.

[26] LIU H, LIANG Y H, WANG C, et al. Priority and prospect of
sulfide-based solid-electrolyte membrane[J]. Adv Mater, 2023, 35(50):
€2206013.

[27] KOBAYASHI K, YABASHI M, TAKATA Y, et al. High
resolution-high energy X-ray photoelectron spectroscopy using
third-generation synchrotron radiation source, and its application to
Si-high k insulator systems[J]. 2003, 83(5): 1005-1007.

[28] WANG C H, LIANG J W, KIM J T, et al. Prospects of halide-based
all-solid-state batteries: From material design to practical application[J].
Sci Adv, 2022, 8(36): eadc9516.

[29] KIM S Y, BAK S M, JUN K, et al. Revealing dynamic evolution of the
anode-electrolyte interphase in all-solid-state batteries with excellent
cyclability[J]. Adv Energy Mater, 2024, 14(27): 2401299.

[30] NING Z Y, JOLLY D S, LI G C, et al. Visualizing plating-induced
cracking in lithium-anode solid-electrolyte cells[J]. Nat Mater, 2021,
20(8): 1121-1129.

Application and Prospects of Synchrotron X-Ray Technology for
All-Solid-State Batteries

WU Meng', LI Yang', LIU Hong?, WANG Xun', FAN Lizhen'
(1. Institute of Advanced Materials and Technology, Beijing University of Science and Technology, Beijing 100083, China;
2. School of Materials Science and Engineering, Tsinghua University, Beijing 100084, China)

Extended Abstract

All-solid-state batteries (ASSBs) emerge as a current research hotspot due to their high safety, extended cycle life, and elevated
energy density. Understanding the intrinsic relationship between the structure and performance of solid electrolytes (SEs), along with
interfacial charge transport properties, is crucial for the stable operation of ASSBs. Synchrotron radiation (SR) technology provides a
significant support for analyzing the composition-structure-performance relationship in ASSBs due to its high brightness and
adjustable energy. It is especially applicable to investigate the dynamic evolution of materials and interfaces, charge migration, and
failure mechanisms during battery cycling.

The review outlines the classification, principles, and applications of synchrotron radiation X-ray (SR-X) technologies, i.e.,
synchrotron X-ray diffraction (SXRD), X-ray absorption spectroscopy (XAS), synchrotron X-ray photoelectron spectroscopy (SXPS),
and synchrotron X-ray microscopy (SXM). The focus is on the advantages of SR in elucidating local structures, chemical states, and
microstructures.

The review also represents the applications and progress of SR-X in ASSBs. Initially, it highlights progress on using SR-X to
explore the composition-structure-property relationships in SEs and monitor structural evolution and charge mobility during ASSB
operation. The review represents the use of SR-X in detecting SEs/interfaces, examining changes in interface structure, composition,
and morphology during battery cycling, with a focus on SEs/cathode and SEs/anode interfaces.

Summary and prospects This review represents recent advancements in the application of SR-X techniques for studying SEs and
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their interfaces, emphasizing their unique capabilities in resolving local structures, chemical states, coordination environments, and
interfacial heterogeneities, while elucidating the failure mechanisms of ASSBs. To advance the practical implementation of ASSBs,
the future development on SR-X technology should focus on three key areas, i.e.,1) Advancing in-situ SR-X techniques with higher
temporal and spatial resolution. Real-time monitoring of the dynamic evolution of solid-solid interfaces during battery operation is
essential for capturing transient phenomena in chemical and electrochemical reactions. An atomic-scale resolution will enable a
detailed investigation of microstructural and chemical properties, particularly for sensitive elements like Li and Na. 2) Integrating
SR-X with complementary techniques for multiscale analysis. Combining methods such as SXM and XAFS can provide synergistic
insights into the microstructure and chemical composition of materials, offering a comprehensive understanding of both
heterogeneous and average properties in ASSB components. 3) Developing in-situ electrochemical cell designs compatible with SR-X
techniques. These configurations should ensure sufficient signal strength for characterizing material components and interfaces, while
maintaining a typical electrochemical behavior under synchrotron beamline conditions. Advancing these aspects will unlock the full
potential of SR-X techniques, driving the commercial viability of ASSBs.

Keywords synchrotron X-ray; all-solid-state batteries; inorganic solid electrolytes; interface



