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Fig. 1. Spatial (z-axis) and time/energy (y-axis) resolution of typical characterization techniques®!l.

Brony HH 82331, PRI, R A PRI 4 o 1 [ 285 L A i
(UTRALEL S s il SR e, %o 4 [ A L v 1) S &2
FKHEZEL Sagane FEBPIHIRLL LiPON (Lisg 3PO3 sNj 99)
YR AR R BT, DAY AR A, SEBixT 4 Jm g
#£ Cu|LiPON S b A2 DURRURNS Hh 3 2 9 )
7 SEM LI . At AT 75 G A OR 47 A0 R AR S
(Cu|LiPON/LATP J /LiPON|Li) %% 78 B {k 2
SEM #ih &, I i E T —ANL, DMET
SEM WL, W&l 2(a) fizs. FERT4R HL (e X S 2%
731 BP0 G AR S R LA /MRS (< 1 pm)
FUIRDTAR, FEBA) IR i A7 WA R 20 Rl A N A Kt
T (1 2(b) FEl 2(c)). 764G DU RN 1Y HL T
e DX, WSR3 T UTRE AR T 34 B Li| LiPON
4 DX IR BN 7E f e X, ORI
HF LiPON R M7 AR (K 2(d)—(31)). FAL
SEM A WEE R M : ER I E R 50 pA-cm 2 1
I SO I ) = O e VA= N L i
LiPON|Cu Ftfi I, B, 7630 X3, HE N T
UL T Cu A K, e, REEDIR Tk
(R AR 25 A K UROR S B BT R 2 5 S TR A
PL 50 pA-cm 2 i I, BEASUTRUA) A% O DX 5k
R, BB FUORY R . X R
P =R TR . YRR o R
JnE] 500 pA-cm 2 i, FEERCEHN—DREAL. AL
SEM XE I S ] L A e A vl Tz
SRR AR,

2018 4 Motoyama %5 ) 1, | LiPON {E &

A HL AR RS B 4R AR (current collector, CC))|
LiPON/LATP /LiPON|Li {4 [E 2548 3t 1
£ SEMSS, FHAEH PRI HAE R (14 3(a)),
KL SEM WSS 1 455 Ja SR A ) 52 B2 i A i 14
ARG R, EOWH RS T R AIR S & R AR EAS
RGN th A 2. 76 30 nm 1Y
Cu CC _ELA 100 pA-cm 2 oL 3 % B DB A, OF
ZHAZ 1—2 pm /MY ETE CC KRBT . |
T LiPON J& —F 8 A b A i JE fh S oRE, #R7E
LiPON 2 [ ] {37 B 1) B R 2R AR 2 AH S5 1. B
1 pm /N R R AR Cu )28 ik, — B
PP CC, HARBA IS (18 3(b) F1lEl 3(c)).
&1 3(d) 7~ PR M ad Y A o s v A AR
K’ 3(e) s TRAE IR I AEZE IR K o 4 L BR A
&JEJ5, Cu CC M) SEM F&. HHocss REm,
T PR TCAR Y 3 H 7 B A S U AR A7 ERASE ) 484
TS .

Zheng % (0] 4y g fof 700 4 [ 25 B0 L R 4
FIFHFREE SEM X4 [ A5 H 42U Tt e il e i R A T
SEEFORI. AR IRl 4(a) B, OB E e AR A L R
SRAAALYIZE LipO 1 HE Bk 29 K 4 SACNT 41
50 1 K (= B QBN S T o 1Y (X (DS
B2 Li-Oy AT 1 b ol 5 e a 5R, 4
SN E R F=) LigOq MY R S3f. NIE 4(D)
Fiis, FEESF (200 Pa SR RO RE
Liy O, BRAR/INBURLAE = ARSI 2R, JFAE 3000 s Y

198102-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 70, No. 19 (2021) 198102

(a) Hole (b) 0's
LATP sheet / (c) 30 s
R ———  Lifim !
A
Brass plate
(d) 60 s

SEF P

SEM view point
(e) 150 s
5 i

B2 (a) TR HL A5 4 i H 7 I 8% F s B8 81 B 7 W % B2 50 pA-em 2 T, SR M AE OB SO i 7 b iy JELAL SEM &
(b) 0's; (c) 30 s; (d) 60 s; (e) 150 s; (f) 300 s; (g) 900 s; (h) 1800 s; (i) 3600 s

Fig. 2. (a) Schematic diagram of the battery design for in situ electrochemical SEMPBY: in situ SEM images of the Cu working elec-
trode acquired at (b) 0, (c¢) 30, (d) 60, (e) 150, (f) 300, (g) 900, (h) 1800 and (i) 3600 s, during Li plating at the current density of
50 pA-cm 234,

1000 s

-
-

(a) Viewport (3.0 mm dia.)
-—

Cu (5.0 mm dia.) LiPON 200 s 1200 s

LATP
LiPON

(b)
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DX 3 A 44 f TR o et v [R] BS 200 s B9 3% 22 SEM G B9 () 4848 ol Cu CC BB A= KR 318 B9 (o) FHZEIR/K bR 25 DTS Cu
CC Jify SEM [&] 4 ]

Fig. 3. (a) Electrochemical cell design for the in situ SEM observation®; sequential SEM images taken (b) every 5 min, and (c)
every 200 s of the region in the dashed region in Figure (b)P; (d) illustration of the breaking of the Cu CC film by the growth of a
Li rod®}; (e) SEM image of the Cu CC film after removing the plated lithium with distilled waterl®.
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Fig. 4. (a) Schematic view of a microscale all solid-state Li-O, battery for in situ SEM observation®l; in situ SEM images of the

cathode surface during the (b) discharge and (c) charge process/*d.
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Fig. 5. (a) ADF-STEM image of the interfacial region between the cathode and solid electrolyte LASGTP in the solid-state
battery®; (b) evolution of the average Li concentration in the entire cathode film in Figure (a)P¥; (c), (d) evolution of Li concen-
trations at points 1-3 and 4-6, respectively; (e)—(j) evolution of the Li maps at stages A (3—18 nA‘h), B (39-53 nA-h), and C

(open-circuit state for 30 min between the charge and discharge reactions), respectivelyl®l.
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Continuous side reaction
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LATP (i SR AE 8/ ff i A Ak it = T 2
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o, LATP GKEELE LA 80 N kAR T 7™ 5 1R ik
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PO e A TS Y, U A R IR R A T

Amorphization
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6 (a)— (d) LATP 544 J& S i 50 TEM [ B9 5 6 Jm 41 | T (e) MIS (HLATP i) SAED & B9 7R BN T2 (g) FIA

P42 (h) T LATPLi Fi 9 6~ - B 2k 3Ll B9

Fig. 6. (a)—(d) In situ TEM images of the reaction between a LATP wire and a Li metall®; SAED pattern of LATP before (e) and
after (f) reaction with the lithium metal®); illustration of the chemomechanical failure mechanism at the LATP|lithium interface:

(g) without an artificial layer®; (h) with the protection layer/®.
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Kl 7 (a) AFM-ETEM % #/R5 & & 1; (b) TEM EHZ IR —A4 AFM 28 B3 B 4 8 14 Al 15 (c) TEM B 7R 49k
G AE S B AFM 2R3 BB (d), (e), (g) BRARAUE KB ERT TEM EIHE UY; (£) AR IR A 4 T ) 48 6 200 00 Je KV 7T 0y, 5 55 A0 B
PRI O ZR P 10 () 8 A 25000 2 P s S R, I (A A 042 1 A R ) St e g 6 R 14

Fig. 7. (a) Schematic diagram of the AFM-ETEM set-up/*!; (b) TEM image showing an AFM cantilever approaching the counter
electrode of Li metal’!; (c) TEM image showing a CNT attached to a flattened AFM tip/*!l; (d), (e), (g) time-lapse TEM images of
Li whisker growth*l; (f) plot of the maximum stress o, versus equivalent diameter for Li whiskers with different growth
directions*!l; (h) critical compressive stress (when the growth of a Li whisker stops) versus applied voltage for eight Li whiskers

tested Y.

I, 7EJRA. TEM b, 3 5l 8 4 s fe 28 R rp 2% (focused ion beam, FIB) 1 T¥G 4TI F 45, YA
75 1M AR W) 2R T AL 2 A S F T, k4l P PO 7 R ] 2 P S T 5 R R ) et AN T
AN ) S o [T 285 F b e ) LA B 1T A A R T S PR SEAZMG. I, JEAE TEM AW i) $4oue [ 25 H,
[P 285 H i B A S L, T 2R IR TR L5 S o 2 R [T 285 R b R AT A 0 R v i v A R
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Fig. 8. Schematic diagram of typical setup for in situ XRD of batteries in (a) reflection model*¥, and (b) transmission model*”);

(c) the in situ XRD pattern of a NCM811 cathode during a charge-discharge cycle, with the synchrotron X-ray, with local zoom in

view at around 1.3 A ! shown in Figure (d)1%; (e) evolution of relative concentration of different phases calculated based on data in

Figure (d)!.
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Fig. 9. (a) Typical solid-state battery for in situ XPS characterizationl®!, and (b) Diagram of in situ XPS systemP”); during the elec-
trochemical deposition of 31 nm thick Li metal on LGPS solid electrolyte, evolution of the (c) S 2p spectra, (d) Ge 3d spectra, (e) P
2p/Ge 2p spectra, and (f) the evolution of relative molar concentration of phases, including LigP, Li,S, and Li-Ge alloy, etcl”; the

color stripes in Figure (c)—(e) indicate binding energy regions of typical compositions™.
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Fig. 10. (a) Diagram of a typical in situ XANES systemP?, and (b) the corresponding battery structure design®?; Cl K-edge XANES
spectra of the solid electrolyte LizInClg acquired during its exposure for120 min in (¢) mixture of dry air and moisture, (d) dry air,
and (e) mixture of Ar and moisturel®; (f) operando S K-edge spectra with (g) first derivative mapping, and (h) Ni K-edge of a
NCMS811-LGPS solid state battery during a full cycle, with the charge/discharge profile shown in Figure (i),
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Fig. 11. (a) Image formation process based on in situ XANES investigation of a CugSn; anodel’; in operando 2D TXM-XANES

mapping of a NCM622 cathode particle during its charging process in (b) a solid-state battery, and (c) a Li-ion battery based on a

conventional liquid electrolyte, with the corresponding schematic view included!!.
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Fig. 12. (a) Schematic diagram of the X-ray tomography process™. Coherent X-rays are transmitted through the sample mounted
on a rotating stage and then converted into visible light via a scintillator, the image is then optically magnified and recorded by a
CMOS detector. The projected imaging process was continued during the gradual rotation of the sample, finally the data set is re-
constructed into a 3D structure; (b) 3D morphology renderings of a LGPS pellet during the cycling of a Li|LGPS|Li battery with
operando X-ray tomography!™; (c) operando X-ray tomography detected 3D growth of the Li|LSPS interface at 1 mA-cm 2 current,
with blue region indicates Li metal, brown for the interface, and yellow for LSPS solid electrolytel™; (d) volumetric evolution of
Li|LSPS interface and the Li at the two electrodes based on Figure (c)[™; (e) profile of the fraction of total current due to Li oxida-

tion vs the thickness of the interface™; (f) evolution of the voids at the Li|LSPS interface region during the stripping process™.
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Fig. 13. (a) Schematic diagram of the operando CT-XANES system(™; (b) 3D mapping of the composite electrode (LiCoQ,:Liy2Coyqg
O3 = 8:2) during the charge process’; the evolution of (c) phases and (d) phase volume fraction in the LiFePQ, particle during

Volume fraction
4

the charge process!(™.
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P HLIRIT Lig 5481 74P 1 .44811.7Clo 3 FUARIALHY,
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TH = e+ raE . Li 55 B R A7
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PR B R A A, 25 A 14(g) RO R Y E
FEZE0%, SRIZ A C PR R . AN TR
MRANET-B, 7EHL M & A SEBR BRI, 27 IR ER Y
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D el A — ol <l 2 RS . R T AR
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SRR I RO R HOR AT LU R
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Li 43 )8 B9 (c) #428 Li|LLZO|Li %5k i ¥ Y J5 A2 NDP 3% [&] B9); () Sy e o —AS S 40 - I 8 B 3 2 v ) NDP 3% [ B59; (e) FRER i 72
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N B JE

Fig. 14. Schematic of the (a) NDP system, and (b) asymmetric battery design for NDP measurement; while only the CNT cathode
needs to be replaced by Li metal in symmetric cellsi®; typical in situ NDP spectra of a Li|LLZO|Li symmetric cell (c) at different
times, and (d) during a plating-stripping cyclel®; (e) 2D projection of the NDP spectra acquired every 5 min during the cycling pro-
cess of the symmetric cell®); in situ NDP measurement for diagnosing short-circuit of a symmetric cell during the (f) predicted and
(g) “dynamic short-circuit” stage of the cycling process, with blue for voltage, green for charge, and red for NDP counts, respect-

ively®); (h) schematic of the “dynamic short-circuit” mechanism/®?.
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Fig. 15. Schematic diagram of the battery design for in situ Raman measurement of the LiCoO, electrode at (a) the front side and

(b) the backsidel®; in situ Raman spectra acquired at front side of the Li,CoO, cathode during (c) charging and (d) discharging

process!6,

JE P TEM WL, HAGE A AL TEM /Y
L. 38 AR A 2R T T — )= A R Y 4K
AL, AT LA R T SR P 23 (surface enhanced
Raman spectroscopy, SERS), $i7 2 {5 5 5 J& ] 14
W 3—6 ERLL, M R G ) A
PO CTER AR T2 T 1125 it S At 4% 2 v v
(1) FL A 5 LR R 9y, IR 2 3K 2 F Yt b e
Y TH 53 F 254, DL SOAT g iy Fe i e v ) 7 4 45
FAr S CIER AN LUE P E T R |
() R S5 5K R, S 2R e AR FE A 2 T8 S 1o LA
e FL AR - [T A i e o T s I A B — AR R A

5.2 JE{i NMR 5&{ MRI

Bitg 3% (nuclear magnetic resonance spec-

troscopy, NMR) J&HEHAS N E 1 I T AE it

rhOGH SRR S AR TR R . PRIk, BN T R Y
H g FHORN e . il R B AR IC B R A, %
T LR AT DL R P o i AR A2 153 5 454
A 9901 g ] H T A% G L 4R iR (magnetic reso-
nance imaging, MRI). 7E£EH A5, HoAsHE L
;I:Zﬁ 7Li, GLi, 23Na, 1H, 130’ 19F K7 29Gi g(sf E{&*ﬁg
Feanh, - FRTESA 7 W Y P B LIz 3 A] DL
A N B 110 45 o) S P 457 2874t DT AR A 1 0 %
R NMR El; 16 F B, T2 g2,
2 S, i NMR Sk ve ik, PR
X 3 [ ASRE A, O R A e (magic angle
spinning, MAS) 77 2, #HEMELE —1 5 E
¥ Je f R E £ 54 7O Sl AT v BB, T LKy
Tl AR 1) 45 1) S MR R B80T, 3R A5 = o B
R R T . i, B A 5 02 [ IH 4 1) 38 ) R
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%5 1Y IR AL A5 NMR HL A2 (c) 78 NMR #R3k B B 92 F T R 47 D 467 [T 28 MRI i SR (d) PATERIE S (e) 18] 5k B AR Y HL 3
IRER 2 X T (F) 4k (g) T SiO (a-SiO) ML AR A1 HL I HEAT 9 "Li JE 42 NMR i 5 K H s B B[] (% 722 4k il 2 2. %
A AR JE 0 4R [ A R A R 2R 6 R R St AT B R TH SPRITE (T1 AR 5 28 T 1%, B single point ramped imaging with
T1 enhancement) MRI AR 81 A (h) F0HRARA 2 76 10 pA HL FIZAT (1) 17, (§) 34, (k) 51 h 5 20 i AE i ml i R is 47 (1) 6,
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Fig. 16. (a) Components of a typical battery for solid state NMR measurement, including current collector, electrodes, separator,
and the plastic cell capsule consisting of 3 PEEK structures®?; (b) a NMR battery after assembly®?; (c) a photo of the battery in
the NMR probel®?; schematic of symmetric cells with (d) parallel wire, and (e) disk electrodes?; "Li in situ NMR spectra and cell
voltage during the cycling of the half-cell based on (f) pure Si, and (g) a-SiO electrodel; in situ '"H SPRITE MRI images of the
lithium coated copper disk electrodes in a symmetric cell: (h) At initial state, after operation at +10 pA for (i) 17, (j) 34 and (k)
51 h; and after operation at —10 pA current for (1) 6, (m) 40 and (o) 77 h.
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J Ak, AT LA [ 28 b A T S A A I B, AR
AR FEAR Rz 5 RSB L.
DEfL o HE AR 2 Y (differential electrochemical

mass spectrometry, DEMS) ¥ B fb 2% 5 i 4347
BORMZE G, AT LASE A I 42 [ 2540 B e A 7
JI 7 A AR R 26 DL R A i 3 25 11021 7 3 A
PR 285 H W A (] 94 F, s DX ) ] B ) i B I AL
il AL KT ] R Y (time of flight
secondary ion mass spectrometry, ToF-SIMS) &
T RO A R T g A AT R T AR R K
BT, AT RLHDR B E AR TR | B B 8 a 1
T AR o8 B 53 A 031 X TR A5 4 [ 2 3
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I AT SR LR B AT E 3 S U 58 Ah-1T I
IR (ultraviolet and visible (UV-vis) spec-
trophotometry) 38 i 8 1 i 2 e AW AT I8 4 N
i AR RE R AL A WA A T S B b 2, T
FH TR LT 186 A5 2R 5 v A o 1) L H YL 7 72
LR R Z2 AR TR A AT ST
BLER 04, T 57 S I SO DO FH %o 8 4 g (109)
B AR T 100 FEDE PR AR rh R T A KSR A 2
b AR B R ik 55 Wi 0071 LA R v s P FR i g A
A6 18 RIS

TR %

ARG T R B X-Sk L T DR
EL PR AR B FEA TR | ThE SR TAF5E
[ AR b v AR RS R ZE IR BEIRAS TR L S
H bt A b ) 3 A 0 AR S AR AL AR AT
FEME . A FE AR SO AT, REHS BT A B
RN R T A et e R AR A AR B BT AE T
JHC R T R v P BRI T S SR, AT 7 B
TR JZ U A L5 25 1 A DR SR S 7 ) ) B
FE2EHLE], PSS AR 2 KT, MR
T AR A g R A ) B AR A N S O
W A SCUAGN A B [ R AF AR 5 FH RS S
Ped, & TAFE B E, A7 LA R # B A REE
X} FEL 9L 7 IR 3 A R 2 R ATL B R e SR AL
PEAT AT, BRI, AL SEM A A ik
T o T R UL P AR s T A PR T 1) 2R 1T P
FAFE AR AL, T T B L AR AR b TR A
TEM I FH &5 A8 fL T 3 283 i R i ™= 2 — R 91 i
PES ARG 055, AT RASE LR 9025 18] 5
R R R 1 eV HAERE/MER (EELS)
Xof LT S S AR 2540 5 A 2R AR S T TR B R AR R
XoF L RO i ) % LA B %, T FLERER R e
IR R G 1T BT 48 oK RUBE R b 1 F Ak 2 B
TR AR, (SIS 5 S R 2 R F L )
F T 2% TR X 2 B AT 4 ] 245 F LA A
SRS RE S, AT LA #1785 F bt B A T Ak ey ik
PR (R XRD) olis 20 (BT R0 5
XRD, XANES & CT E#r &) 5, ik
HLIh R A (XRD) | 443 M fb2 25 (XANES)
Je = A2 (CT) 255 8. i 4 1o 2 v fURK 1) Ji
L X-BHEi Ok ot 75 B (XPS) AT LS R

L R AT T R AR S5 b8 B AR A, et
B X-BHERFARBOEEM H, A LR, AT
DI ERT =, I 5 B Y sl R 5%
KA EAE T, X 4 [ 25 v AT A5 19 2B RE
FEXTE M EELS ML Li 5 H SR EITR K&
JR T BT A TG R RURR, X 4 [ A il
TRZS R I b S S iR B i A R S B T S
FHL 3P T ) e A EL A TR L SR P R AR
NMR (85T NMR B MRI) A& 2 [ e 74
AN R T 1) I AR SR 7 T KT B B S ) R
PR, PR AT LAZE & R 2R b il ok e 1k /2 1
S3HT IE AR L A2 B B SR A AR g
T U R VR T AR 2 T8 43 % A SO ) —F el
SRR, TP i T ARG 4 [ 2 b LA
ol [ A FRL A I 5% T () A R o0 B 25 A i AR AR 46

AL ROEB AR A Hia G, Bfh
HA H s R AR PETE 2L, W 7ERE ST i R R
FH—Fh a2 & R R LRI R A R AF AR X4 [
AT AT S R GRS, B LR ARG
KT | o o 3 B JEUAN FAE F A G s o] 40 R
RET T LR 528 [ Hep e it — D4, B R
5 RGUH BRI ek, R SATE L
)R VA= 11 5 N I B R O R o 1 PO A R L A
G A SRS T JAN FARH AR AT AR FLH Y 7S
R AR X R R G A o I e AT 2 T )
T HEAT SERT WS IN, B E TR ROREs # L 415y . TR
A 2E 3543 A7 5 7 T A 38 A8 o R S ) i i L b
SHESIRRER, HIREA RS HMF T 4 [E A4 i
AT SRR R VA L A R B A B LA, AT HE
S A A BT, IR e A A
T B A
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Abstract

In recent years, mobile consumer electronics and electric vehicles have been developing rapidly, and they
have been hunting for lithium batteries with high energy density, high safety and stability, to alleviate the
range anxiety and improve their stability over long term operations. These make all-solid-state lithium batteries
very attractive and they have been under intense investigations. However, the development of high-performance
all-solid-state lithium batteries requires an in-depth understanding of their charge and discharge mechanism,
their degradation process, along with the evolution of the microstructures, phase compositions, chemical states
and their distributions, etc., inside the battery and at the interface. This paper summarizes the basic principles,
functions, and the representative advances in investigation of the dynamics and failure mechanism of electrode
materials and interfaces in solid-state lithium batteries under working conditions, with typical in-situ
characterization techniques, including in-situ microscopy (in-situ scanning electron microscopy (SEM), in-situ
transmission electron microscopy (TEM)), in-situ X-ray techniques (in-situ X-ray diffraction (XRD)), in-situ X-
ray photoelectron spectroscopy (XPS), in-situ near-edge structure X-ray absorption spectroscopy (XANES), in-
situ X-ray tomography), in-situ neutron techniques (in-situ neutron diffraction (ND), in-situ neutron depth
profiling (NDP)) and in-situ spectroscopies (in-situ Raman spectroscopy, in-situ nuclear magnetic resonance
(NMR) and in-situ nuclear magnetic resonance imaging (MRI)), etc. We also discussed the application of future

advanced in-situ characterization techniques in the investigation of all-solid-state lithium batteries.

Keywords: in-situ, characterization techniques, all solid-state lithium batteries
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