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Applications of Focused Ion Beam-Scanning Electron Microscope in
Research of Lithium-Ion Battery
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2. Beijing New Energy Vehicle Co. Ltd., Beijing 100176, China)

Abstract: As an important battery technology in the field of new energy storage, lithium-ion battery has a broad
development prospect. In recent years, the development of battery materials and the optimization of the preparation
processes have been the focus of lithium-ion battery technology research. Focused ion beam-scanning electron
microscope (FIB-SEM) is a microanalysis instrument with both micromachining and imaging capabilities. It has the
advantages of precision machining at micro/nano-meter scale, high-resolution imaging, and applicability to a wide range
of samples, which can provide important technical support for material characterization of lithium-ion batteries. The
various application statuses of FIB-SEM in the research of lithium-ion battery materials were summarized in detail, and
the expanded functions of FIB-SEM combined with other instruments were also introduced. Finally, the development of
FIB-SEM in the research of lithium-ion batteries was prospected.
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TN ZE AR T A ST A, A fer e e A
FBHIEAT B 92 B R AR AR B AT RS P RE = [H] B A 3L
KR, RGP B OCHE. PRI, & e Se ik A%
A N RAR T AN A 7 Ha Wt ARt A S T 6 722 A
Xof R L ) A 9 B A R S

B L R PR R T L B
JEERT S A AL S50 53 K . H Yt A L 25 A AN DU
SRR WARIE T A X AT X B REis
i &6k, F B H - B 78% (transmission electron
microscope, TEM). 1 i B F i fil % (scanning
electron microscope, SEM) F1 5 J7 i fif % (atomic
force microscope, AFM) %" JTAE ke, UK 1 .1
R AE RS R Tt A LA 1 B AERSR R Y2 R
PROHL 7~ AR ORI Ry R AR B T R i T A
%% (focused ion beam-scanning electron microscope,
FIB-SEM), 8 7 A (FIB) 2 H A5 45 8
B IR A AR R SRR AR ELAE A, S
MR AR . 20 Bl FTTRAE D RE. I BR CTEM £
Bt W, B ASE RS b Tz L R
FIB 1IN L RE ) F137 A S48 L 7 S BB 1) 1A o3
Hrie JIAHE, A, FIB-SEM 1] LUEF X 45 2 A3 i [R] A i
T UIRIFI SR, S B HL AR N T 55 i LS 53
B, ARG N T AN AE 23 B RE S0 I 1
23 [H].

Bl A mAE . w2 KA 4 o
(4 B L L AR 2 RHIE AR E SR 2L [R) B A,
PR 0 FE AL S AR v, R TR AR AR
FERRE R A HE . A 258 70 ikl B, 8 1
(e A I 7T BB 255 | S TE AR A REFR BB B4 R 1
SERRAE. WEAN, TR AR AR B 2 T 23 AR R
o s 1) [ A B i 5t B 1T (solid-electrolyte interface,
SED) JZ. HLRARHMBOULZE 6 14428 A B HER2 ) 21 2 1
FL Y A PERE. PR, A HERAE FR AR A RL 5 A 28 Ak AT
DA Ay i o e M RE A1 B - i b SR R R R BOR
SCHE.

FIB-SEM A AT LU SEM D BERAE L it 1F
B L0 B4R A R} %) 2 T SOUEIE B3, 38 fE 98
FIB XJ BT RHIEAT DI, 20 A FE R A GOML 45 4
PRIt FIB-SEM 2 HL it 0o i A kB A
SCHE AT EHIRTEE S0 RAE | JEAL I | =4k d 4L
AR FIB-SEM 5 HAWAL &1k H] 4 4> 75 T P 4097 41
FIB-SEM 74 1 FL L AFF 5 H ) 7 FH 52477

1 WREERERRALE

1.1 ERAR

P A BB S R b D AR R AR T2 A R TR
BECR TR AR . B R E RN = JU M RE . BRES 4E R A
(LiNi,Co,Mn,,0,, NCM)! FI £ £ £/ B 4%
(LiNi,Co,Al, ,0,, NCA)# = JCIE AR H H A 5
[R5 =2 V& SO A N Y = 3 1 -l
W R 2 BB —. 2 = e IE AR R
JiE B H 4 KA P 3R T S ) K R S BROR 1 B
WIE S, 76 e R vh, X RS R A5 H ] g 25
TR A S BN ER AR, SR S g 4l
PG, 7= R 480 X R B A T B
AR BTG 0, 3825 s E A A R A # AR, 2R
“ICIEAR AR E PR B A R R, AU ER R
T XE LA T2 75 PN 40 i, PRI AT LA FIB-
SEM 43 R AE =0 IE M A RS ™, A LT
SRUNE W AN Y A5 1 B T 7 45 5 1%, FIB-SEM RE
B TE AR XA T IR, A5 4 TR B 3 T 1
B AT B M AR Kim 48" 6 LiNi, Co,,Mn,,0, fifi
JFH AR AR R SR A (1) £ s W IR A 7 2 T Ak BRI A e
J& 153 ST-LiNi, (Co,,Mn,,0,, & ] FIB ¥ %] J5 H
SEM W% 5% Lb 9 Aok BHFE 150 A~ 78 7 HL A 36 s
1E W b4 R I8 S5 A8 A, i 11 ] L, B ORE ST-
LiNi,(Co,,Mn,,0, tHEARAL A LiNiy Co,,Mny,0,,
H P ] S ZE A () 0B R sk /b, R B T AR S
TEARE . BT, SRR AL kR EA B
Z= . B AN G 25 A 1 T4 FE USRIk ks
TE AR 5 A R 5 700 %) AR A e P R TS, 22
WEEB B A V2% B AL [ B 1(b)], X Fh R4
TESUEAE B F AU Tl B =L 0, 8k “ e
BN (curtain effect). J8/INIT T A . 8 02+ K
Ly 1 N 0 2 T T AL T e e A T = i
IS 18), BT LIAE— e R L2 “ ok .
1.2 fatR#tel

H i, 1R A 2 S 7 F i S R R LA
Fbkk Ry, R BT A 852 0] LiC, M Al #EAIL I,
FHFE b B 6 2 AR 372 mAh/g, 42 TH423 18]+
I3 BR. alirk oo R B B B A i, ik
4 200 mAh/g, it = T A s X R R (R Al bf
BHE 70 R b R AR R B A AR AR LR S
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Fig. 1 FIB-SEM cross-section images of

(a) LiNiy4Co,,Mn,,0, and (b) ST-LiNi,,Co,,Mn,,0,

particles after 150 cycles™

FOPH e} 24 AR Ak, T OGP BE 1 SR
Uk, PR FE L R R R T L 1 v b e £
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holder
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FIB-SEM S iF 5 R OB BUE 1 A% A= KALER Y
A AT AL TR Y s ORI B SR
Frimdl R R)Z | AR S5 R B H A S
AR T 4 JE AR SET 2 AT BEAR A A A
BARBERE, Wl T v BE A B R 20 o i 3 =) 8
A FREHFFE RN, R4
SR FIVE VR 23R £ B 1 R4 il W 7 2 0B (eryogenic
focused ion beam-scanning electron microscope, cryo-
FIB-SEM) ] LLE 4 8 ¥ R 26 F 8 3R 45 4 # A1
SEI 2 = e BUBUBAR" ™, %40 F il & i ok -+
OrEUE, EHGR AR TE A, RENE A RO e R B LA
Lt S 25 R {5 .

2 RGN

LR = o RT3 N DR VA TR 1 e 3 B
REAS A F A RE I I 9 B A 422 %) S A B, %o 7
PERE AR I e 2 O E B Sl AR R
DA S T L S P LS T AR A5, R FIB-
SEM A7 A LI, AT LA {8 A 280 b S B 3 B F S
WOBHEAE P 52 7 rh (e oK RUBE A0 30 it 22 I gk A 7
PLERAF5E. Cheng 55" i ] FIB-SEM il % T #14E
ik F NMC-811(LiNi,Mn,,Co,,0,) VK Bk i A
AT, B L2 e il ), E— 045G SEM S fbeE
TAESG, FIFHE 2(a) A2 B S0 1 IE R ks
TE T I AR A B ORI, 48 s T H N S
A RN B . 2480 — BRL Y O IF LR I A,
BWE A KRR, BB A RAERAR T B
HLi.

Al collector
holder

scanning electron microscope

FIB chamber

B2 (a) BEMNMBESHMERDEE NMC-811 ERFRAEEREE", (b) 7 FIB-SEM R B FEBREHE,
14 Li B, LGPS EIZSEMBEM In 8 BH W 22 EAXTBERE

Fig.2 (a) Schematic illustration of in situ battery setup for observation of individual NMC-811 particle under realistic

119]

conditions” ", (b) schematic of electrochemical device comprising Li anode, LGPS SE, and W tip coated with In as the counter
electrode inside FIB-SEM""
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e S, — R G ERA R, 7
FEL BTG P AR L 28 A B R E R I AR A LA
7] 2 P i 50 ) A T 1) R 1 285 5 L S A 9
(18 ) 2 ) R TR AROR A 70 ik rl ot A e 0 A
AR, 25 5 350 [ U1 7= A= 0 g, DA i34 4.
FIH] FIB-SEM #E4 718K 1f WA 2 7 7] 285 Hi b 119 2R 34 0
Mo B AT B B 1E . Zhao 255" M T IR HE,
fh2z 28 B, WK 200) 517, 400 T 125 H i
Li,oGeP,S,,(LGPS) B b2 AL, [ Ao e
T LGPS iy A= Fvks AL 9 3 F2. FIB-SEM
BUBE T (0 B 5T SR S TAR fa b, 4 Ja 481 R X e i,
SR FH 4 i A 3 B T AR P i1 5 F AR O, I PR 253
4y 2 1) fioh K4 FEAR Akt B & B LGPS AR
AT RSTRO.

I B3RSz 4h, BT FIB-SEM W g4 ] 5230
T AR A A AR B R 4 ] 285 R vl v AR i A
KRR AT U, Zhao 25 SRy B S TE B2
FEL A T A A R ARAEE TR AR, R FIB-SEM 5K
Hef R 1) T [ 2 A o 1) 80 A, R T A S48
A B A . AT S — 2B SR AR T K
0 BRI, [ 2 H P AR R A I S R, RS T
P T2 4 VTR T 350 265 i ot o U 4 T 5
.

3 ZHEWM

PR A AR 180 T L5 A o L) = R it
BEA 9 "R SUE B, 1Rl oA B 5T R ik
i ZARICE TR A0 15 B, —4EF A4 /2 FIB-SEM HY T
B —. 1l B 5 O RS AT E DI (D)

285 A WU N RS R, R AR B ) — 4k R
P R A B A5 SRR 5 0 = S5 A 15 B —4Eliig
(953 B R 5 0] B IR ERT SEM A% /K SF 8 BUAH 56
Y E A AN RE X RE S 7S [ S5 AT T AR
30T, AT LIRS M RLBURL B e Tt S Rl
g55), LB E 4 R ARR R B
Song %P XA FIE I BT BB R AT T
=deE Ay, YIF X B anE 3(a) s, #H FIB-SEM
ST Li(Li,,Mng 5,Ni, 13C0, 15)O, TEARBURE 7 8 e
KRG 285700 AR 1 PR T AT S A8 Ak, B I PR B
B, WEHEA R S R BOR MR L B
WA N IES BRI A R 218 A0, g S
TUURBURL AR L R A TR A OC. Yang 2P A
cryo-FIB-SEM XL 1E B4 J5 21 4 & fh Ak () T8 35 9 itk
177 =4, A7 3 WIS [R] F A v 2 X 2 5 1
TR A f LB ) 7= A A ik 2 5 ).
1T FIB-SEM A4 i T3 [l A7 B, )2 2 U1 %
£ SEM EURFERT ALK, 78 JLRCK B JUROKR R
AR St P R SR T2 SRR RUBE ) — ke S A ]
H TEM 1 X 5§ £k 44 K 7 )2 49 4 (nano-CT) 52 3,
TEM 53 R 5 T nano-CT. i Z& K2 DA 1Y =4k
P R X 22 434 (micro-CT) 7. ¥4
FIB-SEM Y5 micro-CT #4454, RE & 5230 H AT 440k
FLBRRAE A R R = 25 ™Y, 18] 3(b) J2&: FIB-
SEM Fil micro-CT #F47 FL M} = 4 B F4 il AR A5
B A H micro-CT A5 1 FiUL ) — HEHE 4L 4514
7.8.(D), FAIH FIB-SEM 43 5l 4R BUROK RUBE T ik
R ZE TR 53 A7 17 O (1) LA S 28 K R T B Rl 225 351 9
ERFLBRZE A (1), ZE B A58 T ARZ KT B i 45
¥ B (IV). B F Y — 4 44 Bl T JR X H Al

3Dre- %
construction

transport
b, parameters

B3 (a)BikE BT FIB-SEM =4 E#8 512 X5, (b) i@ FIB-SEM #1 micro-CT #1T Bk = 4 E 4™

125]

Fig.3 (a) FIB-SEM configuration and trench formed within electrode sample™, (b) 3D reconstruction of electrode sample
using FIB-SEM and micro-CT"”
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4 FIB-SEM 5 E i3y REx F

X R L A R ZRAE, BT A TEM W
ERE R T HEEUR, e B iR 2. HAZ BR T
T RE T, MO Y JE B R e g X T
ST B LR RE, BT DL E I T TEM O, K
Z2 UG0S D)5 XA i A T VR B R I
AT UGB, B0 R ) 5 AR A R R
VIENGE. X TIG R 2 0 A AN 4 F e s/ IR
(9 IE AR RO, SR A% G A LA JE TR 8 iy vk
MELAZRAS BHARAY TEM A5 Tl FIB-SEM A] LLid it
PG AREZ, DA R AR B8 R AR B R Ao 4R BT 7
BLAPAT Y RE S, 2D R B AE 100 nm LA
YRR . FIB-SEM il £5 4 it 4 J52 15 ] LA ik 7 e
D7 BT, — A2 H U, 75— A 2AR S SEM %)
JEE BT JEE L. >4 o 3ok v 38 ) 8 T S O R S 25
L, WA BE 52, T2 A B . A PR Ul T A
Ko KA BEFEANRERE S, ARG EH
S M OO 485 ) () O Z8, E 408 6 3 P 2 12 T LA gk
IR

TEM A B S 52 Mtk A1 A 2 B R 2 R AR FH
TFIRHE. it 2R G5 2R b A A8 R A SR
S [n) 8, BHASAR 25 188, FRARAS R PERE,
A BE IR IE 1 3 3 15 35 31 HE - i 7% 5% (high-angle

reconstruction layer

annular dark-field scanning transmission electron
microscope, HAADF-STEM) i D Wi %% 2] iX Ff AH
AR Zhang 450 X e T —FfofE B4 NMC-811
(QSC-811) Fl#Fh NMC-811(SC-811), BN THYHMH
A SEA—2,, il FIB YIJFREAEWIER 3] QSC-811
HAEAE T 22 1 b L {8 FIB #E— 20 il % TEM A
i, Il 1t HAADF-STEM WA I 14 1E A B0k
FM. 4nE 4 Fros, AT SC-811, QSC-811 A3 )55
1520 nm DL b # R mE A, A S BEHL AT R O1
JE R AR IR AR SRS . i B A A T BOBORL B 25
Dy W AR IS 375 A B, PRI B S G SR 2 1
W R SE T Btz —.

X4 A L, FIF FIB-SEM (98 FI AT
Tfg, AT LAAs i 0 oK it 2 ¥ T T TEM 5Lz
LI, ARAFILTE AR e A0 A A . ST (LR St A2
BpE 45 (5 B, Gong 455 R A FIB K¢ 1E it (LiCoO,
1 Aw) FT 2 H LigsLa,54Y 16211 75T2,,50) i
TEJFAITHLES R b, P40 T A DX Sl 3 ik
TEM W] T LiCoO, BIZ5 #4848 Fl 2 fh ik L 4L
¥ 2 VR FIB-SEM 4 Pk TEM I FH i T LURFF 5% Hy
e 0 R i B A S T, 3] 400 2 A FL i S5 5 T ( cathodle-
electrolyte interface, CEI) 5 SEI 245",

FIB-SEM 5 1 1 15 HU A A7 4 2 K (electron
backscattering diffraction, EBSD)# il %5 1% H, 7T L
HE— 25 43 b AT R A RS R 43 A5, Quinn

~5 nm

uniform RS

O1+RS

4 fEIREHI(a) ~ (c)SC-811 F(d) ~ (f) QSC-811 K EF %7 L K B4l K T A9 HAADF-STEM & ™
Fig. 4 Cross-section images and HAADF-STEM images of (a) ~ (c) cycled SC-811 surface,
(d) ~ () cycled QSC-811 surface™
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250 38 5 EBSD #5817 NMC 4R} s B i) 43
A FHE B, W5 T AT RE nY 2 B A pLEE. an
Kl 5(a) iz, 4545 FIB (3% 2L U1 HIF1 EBSD UM%,
AT RLSEEE 3D EBSD H A, FeA B 4 T A b A I )
fHE.

“ICIERA R £ H B2 AL Mg, Ti 588
BT AR A AR e D, S A AL R fE
i (L X B4R 35% 1Y (energy dispersive spectrometer,
EDS) A] ] T #b 75 # 1 i 5315 .. Zhang %" 5 i
FIB 3453 T LiNig00Co00,0,Mgg 00, — UL 14 K 1T ,
FfH EDS =% i ks N TR A 3 34 7, 45
RARUIT Mg TG ER U BE 24 B A8 k. BORLH 0 Ak
Ni JCER MY & i i, B0 B3R R AR,
Mg JCE % & 5, B 0 B R E =, 1 Co
JCE W E L ABEN B % A AR . Tu 257 355
TR AR i, AR A B AR TN Sn )2,
T AR AS o= A, [R]B B At T 8 PR AL i i
S R H eryo-FIB-SEM #4534 i # 1T, IF45 &
EDS JCE 4t A4 [ 5] 5(b)], RAEAT 24 8B

(a) single EBSD image
orientation

.| information (b)
extraction and

morphology from FIB-SEM orientation info

—JREE, )RR IR R, P E Sn)E,
TEESEE, UEH T Sn R Z AL

FIF FIB YIEIFE S 5, ol it —25 R C AT ]
R B F i &% (time of flight secondary ion mass
spectrometry, TOF-SIMS ) 4347 Hi, 4 5% 1h1 a¥ [ 25 H 3t
Fiab AR oe R, THIET R A B AR
FFRER R, PR R R 5 AR T,
FF38 2o v Rk SR A A R] A R, AS [R5 T
AT AN, AR AT ) AT RAXS 0 K AT E
ST, W S5 SR 4 R Ak LA R A F b A VR
eV, F| FH FIB-TOF-SIMS FAF1E A [R] B, f#f )it rh 41
WA B NMC811 IEM 2 i 1T R IR /7. AT
JE Gy T B R Rl i 5 F A IO v 0 PR U A
NMC811(C-NMC811), 4= % 1L H fift o H Ay B £
NMC811(F-NMC811) R I 2 F {55 1 Il 4%
w50, BAMS O i Lifg SR EM T E
5 LiF () CEL{R£ 32 BB B, s R 4EN L T2k %
EDS #i1 EBSD [ff{4:f% SEM, F/f] FIB 5 TOF-SIMS
BRFHEEAR, B F S e B PRBE T — MR 52 Al

.
3.0 35 4.0 4.5
Energy/keV

500 nm

(c) 0.5 0.5 0.015
F C-NMC811 o H
~ 04t — FENMCS811 04 t ~ — C-NMC811
. ] = 5 —— F-NMC811
= s —— C-NMC811 = 0.010
E 0.3 S 03 — F-NMC8I11 E
g z g
202} 202} e ——— £ .
= g —— = 0.005 b ——— ’
= = - g
S S o S
0.1 f = =01 "
_-‘_"‘——--__ ——
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
Sputtering time/s Sputtering time/s Sputtering time/s
5 () BARRMBMIEEEBNTR=S#EHNE"; (b))% % FIB-SEM & HEEHERE, E&E45 5 EDS ik

X i3 & 3 B 19 EDS 5 2"™"; (¢) FIB-TOF-SIMS R{EB 2 ER# I F. O Li TE 57"

1361,

Fig. 5 (a) 3D reconstruction of particle with morphological and grain orientation data™; (b) cryo-FIB-SEM image of cross-

section, with dashed lines showing EDS location, and corresponding EDS spectra

Bl (¢) F, O, and Li element distributions in

sputtered cathodes for FIB-TOF-SIMS "
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SEM XRELRIURL N ER TS, EDS XV AL — T 1E
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FAEFRAL T —Fhopr L.

5 BE5RE

FIB-SEM 7E £ & FHbAF R h 88 7)1z
AR . A FIB-SEM RSB N TR0 S Al 15 Dy g
AT LA L SR e} P 3 B T T 3 AR Ak, [,
FIB-SEM A& TEM # i il & () FE 22 T H., if 0]
PAE—454 EDS. EBSD. TOF-SIMS %5 £ fh RAIF
AR, 5B ER B H Tt FE R LI TR AR AT
FIB-SEM £ ARAT 5 ZEAR W & J&, DL S = R0R
P AT R AR A3 A N RS BE Y B A A 3 v
1) RO R B T AU T 5 B Tl &4
FIB 5 000 i A b A 3405, $24t 7 R RS Sl i
TN TR AR, X AS [R] (R r AR B4 sk, T 16 A5 3 1Y)
FIB-SEM il e 451k, A 28 i) 25 08 3 F ARG PE A
LR L TN TN ) | R R MU S DS WP )
FE, ST 5 AR ) AR R L AL T, eryo-FIB
BT ) T B RE S 0 DR AR 5 44, s G X AE TR 3
SERL B IER AT P A= 520 . R FIB-SEM . il 45 R i
RS R, A B TR HL AR Y, I SEM I
TEM %5 (= B 6] 43 HE R R AE R, B A EDS. TOF-
SIMS 45 B3 M B, A B T 04 F T4
- FL Yl 55 g Y A A ASCHTL ) 7 SISO D 43 A,
Horp SR S S0 AR Y 22 4k B 4 JR R AE A SR BT Y 2
. B S AR A AR B L L AFSY 2 4, BT FIB-
SEM 7 £ i Tth F1AEF Ll A5 50 . O A 18 2 0
FH, MG A KA B AR A R FE MUY s 70 40 & 45
P, B 7 bR R RS B AR A R R .
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