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Abstract: The site occupancy and migration of charge carriers such as Li and Na, together
with rearrangements of anionic sublattices involving O and F, directly govern phase
transitions, ion transport, and structural stability in ion batteries. However, the weak electron-
scattering ability of light elements and their coexistence with transition metals make their
atomic-scale structures difficult to resolve directly. This review summarizes the physical basis,
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technical advances, and representative battery applications of high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM), annular bright-field scanning
transmission electron microscopy (ABF-STEM), integrated differential phase-contrast
scanning transmission electron microscopy (iDPC-STEM), and electron ptychography.
HAADF-STEM provides robust characterization of heavy-element frameworks, cation defects,
and structural reconstruction. ABF-STEM extends direct imaging to light-element columns
such as Li and O. By improving the utilization of low-angle scattered electrons, iDPC-STEM
enables simultaneous visualization of light and heavy elements and reveals Li-site occupancy,
local lithiation states, and heterogeneous deintercalation. Electron ptychography reconstructs
phase information from four-dimensional diffraction datasets and permits post-acquisition
aberration correction, providing high-contrast Li and O imaging at relatively low electron
doses. Its recent applications have further enabled identification of unconventional Li sites and
three-dimensional analysis of vacancy distributions. Nevertheless, visualizing light elements
does not necessarily ensure reliable quantification. Specimen thickness, crystal tilt, multiple
scattering, projection overlap, and electron-beam damage can all modify the intensity and
apparent positions of weakly scattering atomic columns. Future studies should therefore
establish standardized workflows integrating low-dose acquisition, image simulation,
uncertainty evaluation, and multimodal validation. Combined with cryogenic and in situ
experiments, multislice ptychographic reconstruction, and data-driven analysis, these
developments are expected to enable quantitative determination of the three-dimensional
occupancy and dynamic migration of light elements, providing a more reliable structural basis
for understanding battery reactions and degradation mechanisms.

Keywords: lon batteries; Light elements; atomic-resolution imaging

WA LA 5 485 2 T B A RO fik g
BORMI AR, PR E THIBX G EEE . 1547
firs AR VEREAN 2 AR R EOR AW T LY
T WA B e A B DR T 1 5 MR T LE DR PN 35 2 B T
RIS 5 RN, T I S Rl R R BT R
AL L IERE MR B 45 K B A, Li AT Na 554K
TETHERL SO A AL E AR 8 5 1)
J1%5 ALK IRAR . AT ORI & 1 A i
JE ) 5 e L R D 5 R AR R DDA SR H
C. OMFZETTRIEL 24 T . iR
S e [ HL e o i e PR, AR R RUEE
ErERICRIIME ., AN, B
Tl RENLA . Vk RE L IR AT F T % R B 2Rl . X
SYERATHT . R AT XS A AL I
PRANIR Bl 1 25 5K B 45 52 Bt ATRE 1 259 & 1A 4
. JTERMSMEECALE S, (HIE % XL T 0 #
LTI T TINR: T B A N VA = R LD NP O
ey 22 59, S bR B AR R A B 2 1 R AR

P, ANFEBURLZ 8] SRR T S N AR 8],
FARRE RS XS 2 18], #AT BEAF AEAN R 5 B
A BCRES . R ai # BRI G MR FR K — /s
oy, HWREE SR s MARMEHIRL, X
XA R 9 18] R AR T R R AL T RS 1
BYIFEK.
BERIEEN BT RMGEARE, EARFEK
JEFHEB R FS R e R T 45 4% i 0 A S 2 T TP g
BT, SR, IO TR RE 58
M 5Fe. Co. NiflMn %5 4 )& [F i AETET
BIUCRG S A AW EICHERM LM, FN, il
L 0 T SR BB, R T RE SR A
(NI =R RN <15 N R N SR 2 B 1
sk 70 2R AR R I T e 15 5 55 A0 SR 453 05 7 7 T £
PR T A AR I 3 1 0 AT T R RO R
(HAADF-STEM) 5744 5 it 3 ALl 5 B 1
Hi91.6-2.0 X J7 BB, @A MEd R E A
FHE TR JR T RHER AR IS5/ A, E LR



FRHAE: & REE TRl RETR: BT o T B soRit kS € 8kil 3

TR SN, OFE 51t ¥ & 8 JL A 1%
R H AR 55 i 4 R, IR R R IC R
e, WU E#E G BT B MR (ABF-
STEMD FI| I 8337 5% P e 52 M VG B B i, i
B, HLRE TR E 2 &0 N F SR,
B AR 0 2 At P R0 R o7 B 0 4 2 BB o S
WUMETR . BEERITR ARG E IR M, B 5 R R
T3 22 43 AR At P2 4 3% i F 1 AUk i% (iDPC-
STEM) i idic % fL 1 A& A 5 1A i 3 I 5 22
G AT Ry, B TR A O T R AL
K, MR EF TR BRGSO kR, b
 EE AR R AR 2 A 4D-STEM BRI K, H
T B RS AR T a6 R BN Rl A B ) 4R
BIRETR B AE AR AL, 5 2 BV AR AL,
I AT ARV T R T R IR FEAE R
N = AEERRE S T R A B I TR, R EIAR R
J& S W T FL It A R R T 43 PR AE A T 3R A
%, BIOURHEBERAR, BT RGHEA SR E A £
YT R AR

RELIMOFERILRIETH OLREELFH
MR RS, SRATE BT I 55 4 B S AN SR [
T 58 AT FE 0 R K 0w FUE BT BE R
A RELA . B, JRTRE SR, AREL. ZEE
. FLT R R AN A A 3 T V8 P RE U BT B AT
B X iHREERS MG, PB4
RS HORIE N ARt S o i 4 45 0. ik, 1%
YUKW GRS IEEMN “BEHE WEITER” ¥
“HT LS AR R LS “BE R X AN AR LR
DK e 75 e B R L A7 07 . S B RN S R A A
KL EE RS HiF HAADF. ABF. iDPC Al T8
B RRGIE B T AR U R R IR RIS, 4
LU0 R (v TS RV EG AT BE LA, BRI
W& FYE R AN R EERIR, JFRsRILER
WAl GhE s, ETREEH. S4EE gL R
A U A R, S ST BB HL] . SR 4%
PF5 it R L T B R, AR AN ILR
BAR T A B SR 5 SR A W] SRR DL R AR
. =4 BRIEN R RIS %,

1 BT oH8 T E AR e oAl

FEFRES T BB T, SR TIRENZE A
FHRFE AL, B 5 7 AU L ARSI 851 T AR

S RAH T AT B R A AR T X
Tl FET AT S PR vk 3 A0 AN 7] 1 P2 10 L)
R ER. NG —MURRETE, TRt E
RACERIM A5 X D WIAE 5 580 (Do HAik,
R) & BEARATHSERE, kORI %1 AL dr . AN
JIE NI ZE S B S RBUS R I A5 X 38 D J H A L b £
ENGE

S,(R) = [I(k,R)d?k.k € D (1)
a HAADF-STEM b ABF-STEM C iDPC-STEM d Electron ptychography
/ ) /
o000 o000 e o000 e ® 0/8 @ « sample
= "B e

E1 OMERFIHDEESEFEMRGHENRERE
[#. (a) HAADF-STEM, (b) ABF-STEM, (c)iDPC-
STEM, (d) BFEELTHMRE-

Fig. 1 Schematic illustration of four atomic-
resolution scanning transmission electron
microscopy imaging methods. (a) HAADF-STEM, (b)
ABF-STEM, (c) iDPC-STEM, (d) electron ptychography.
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Fig. 2 Representative applications of HAADF-STEM in battery materials. (a) Crystal structure and [010] HAADF-
STEM image of olivine LiFePO,*?; (b) O1-type stacking in LiCoO, charged to 4.5 V*%; (c) layered-to-rock-salt
surface reconstruction in cycled NCM and the corresponding FFT patterns®; and (d) cycling-induced layered-
to-spinel transformation in a Li-rich layered cathode®.
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Fig. 3 Representative applications of ABF-STEM for light-element characterization in ion-battery materials. (a-
c) ABF-STEM images of pristine LiFePO,, fully charged FePO,, and half-charged Li,,FePO**. (d) Coexistence of
Li4Ti5012 (Li4), Li,Ti,O,, (Li7), and Na,LiTi,O,, (NabLi), together with their phase boundaries, in a partially
sodiated Li,Ti,O,, particle®. (e-g) HAADF/ABF-STEM images, an enlarged ABF image, and intensity profiles of
charged Li,IrO,*". (h) HAADF- and ABF-STEM images of a single-atomic-layer defect in the LLTO solid
electrolyte®".
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Figure 4 Atomic-scale characterization of lithium sites and local delithiation by iDPC-STEM. (a) HAADF image,
structural model, iDPC image, and corresponding intensity profiles of the R phase in an Al-doped Li-rich
layered cathode viewed along the [210] zone axis®?. (b—e) Phase distribution in a delithiated LiFePO, particle:
(b) phase map and EELS acquisition path; (c) evolution of the Fe-L, , edge spectra with delithiation; and (d, e)
atomic-resolution iDPC images of Li-rich and Li-poor regions, respectively, showing their different Li-channel
occupancies™,
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Figure 5 Electron ptychographic imaging of Li migration sites and three-dimensional vacancies. (a-e)
Structure of Li,,Ni,,Mn,,Co,,,0, charged to the beginning of the high-voltage plateau: (a, c) ADF images
acquired along the mixed and [010] zone axes, respectively; (b, d) corresponding ptychographic phase images
and intensity profiles; and (e) structural model of the tetrahedral Li-Li dumbbell configuration®. (f-h) Multislice
electron ptychographic reconstruction of NMC111 viewed along the [211] zone axis: (f) sum of the reconstructed
slices; (g) depth-dependent phase profile extracted along the atomic-column row marked by the green dashed
line; and (h) reconstructed slices at depths of 6 and 10 nm"®.
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Figure 6 Typical parameter dependence of light-element contrast in ABF-STEM and iDPC-STEM imaging. (a)
ABF-STEM images of BaTiO, obtained with the electron probe focused at the entrance surface, middle, and exit
surface of the specimen, together with the corresponding locally averaged and simulated images. (b) Simulated

iDPC-STEM images acquired using different probe convergence semi-angles (CA = 15, 20, 25 and 30 mrad). (c)
Corresponding O-column intensity as a function of specimen thickness.
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