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troscopy, EDS) & RAEH AR Sl G, SC8L 7ot
FEXTGIEH . AR | AR | fb2E (s B 2 YRR
TR R D AR 1425271 3 Jj T AR R a5 R RAE T 58
149 W FH 3

Cryo-TEM TE9) B -5 A A6l 20 35 14 A 7% 52 e 10
TR H R B LR, B TERIRE I 2 R %
B bR A B 25 5. — R s 1k
BURNAZL, B TEDRAERE O B S A RS T I i
WP o0 —JEMREE A AP S AT B AR S 7
R BRI AR B TR0 AD, DMIRIEN
SEYR AR S A SRR AR B BT . AR S SR
PIRH AR BRI T 7 22 X g3, FFAE AL EARIK

JP4 cryo-TEM {6 FoRIURFIR . 2 OB

(] oy e g AL | IR BV A B R e, O
LRI 1 AT DAL AF RO B FiT 52 SN H.
T EASCRENS M cryo-TEM W) 12 1R RIS %

2  Cryo-TEM # A

X} cryo-TEM AR AR BN T 5 Z 4 X
1, A B TSP RIS H eryo-TEM Fr i
FELAR S B6 5 7k 538 F A B2 P a4 R

B LR BB TEARIR T RUR, (AR G2 AL | A 5K
W AL O R B S EAATEAR BT 25 5.

551 R TR P I LR VR 1Y cryo-TEM
B2 HAZ O T8 5 PR TR 5 WA it P Y
KB A AR AR A, MR AR T
[P 72 S5 4. MRS AR O K R 0 VR i =
TEM #5M, FHIEATUR 2 2RI ATE ORI , TR
AW LIEs S - eI S P b S g5 4k
(plunge freezing), B )5 & 7E W A (~90 K)
TSRS | DA S ARG R P TR R, A
e S 1 UK AR ORI LS TR T | A B S5 A8 I
HRAEAE it J5 P A &R AN ), 7 AR HOR 4% T
il #8 HL 71 BH 7 092 R R A5 B 3R (cryogenic
focused ion beam, cryo-FIB) #i AR | =4 iif&n91%
URHL T2 494 (cryo-electron tomography, cryo-
ET) FE5HfEAT 2 VR —4EH 1554 (cryo-three-
dimensional electron diffraction, cryo-3DED)
S 032 3 B AR BB B b A KRR M PR A
s PE VS MR A5 v 30 i A 254 I 0 H - o A R
05, i FHF MOFs, COFs, A HLabMA . ki 145
BRA KRR . 5 WRORH P Tt ST DL R A AR R A
rh )R f B ] 3 FEpi o 00 2B R Jmy BR A4
T RHRAN RN ] BEIE oK At DA 52, 1 BTEYS ki
PRl R A v AL B 0 B, JE SO S LA
AR | DL RARGR B AR AT 1 LA B9,

55 2 IR B T 7 AR AT: At AP B F T B oA
an 3 BT TEM B4R, S HGR B g2 AR, Jf:
A3 e R PRV VR [ T i A SRR, TR A T
SR T T A A A TS TEM BE G (4 Fi i il
JEHER B IR I FIB WA A5 B =0
VAT BRI B TER BTN BN EIRARUR X (~90 K)
JIZEW AR (<10 K), SEBRE ST R AR A%
TR SN | A0 8 R 5 A AR A AR P23, A,
P 72 R T, T e DX P 32 S U K I )
AL BT E DY (charge density wave, CDW) Af
A5 S IR TEAS FNF PGS AL (U W 1 s ) 25
IR 7 4 21238l PR AR A% O R H bR
DU Dy S0 78 F R T ST AR A AR AP it 4y
[T, AR CRAE B KRE G i B AR 254 . R
PRSI T FE S RS 5P TR E M R
TSR IR T B S PR IR A 22, DA SIRIRAE i
eI [R] S50 v i 75 Y AR 2R 101,

170709-2


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
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. 75, No. 17 (2026) 170709
1 P cryo-TEM AR 5T L
Table 1.  Comparison of two cryo-TEM technical routes.
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Fig. 1. Schematic comparison of two major cryo-TEM tech-

(a) PR

nical routes: (a) Vitrification-based cryo-TEM route; (b) side-
entry cryo-holder route.
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WFRFLIE RIES . RF o34 DA S B AR Sy AEFLIE N
() 2% 18] HEA 5 45 A 00 5. Wu 25 128 cryo-TEM
HEMG G REIRME S, 51X ZIF-8 X 35 5 i
& MOF's HF 25 ¥ f Hrif 5%, 78 AR ) i 4%
7R BA% R B 1 & o BEEIR, DB E T ZIF-
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Fig. 2. Atomic-level structure determination of COFs and MOFs by cryo-3D electron diffraction: (a) Crystal structure of Zr-MOF

materials, revealing the framework atomic arrangement, pore topology, and spatial distribution characteristics of coordinated water

molecules!*¥); (b) structure elucidation of electron beam-sensitive 3D COF's, showing the workflow of data screening and processing

[26]_
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PF TR RS 0.79 AR R T 925, K i
FAE T 24 COF MfLEHFMA R H 8% T X
LGOS AL, 3 T 24 COF's mi/rHias
FARRAT R AR A K S, LI 2(b). FalBFFE 7o 40 W,
cryo-TEM HoAR 5 =4E s F 175450, 7T A 2L
th COF KA HLARAT i 3R | HL 25 PR AR 6
TIEXERS, 5220 S i 2854 B S A R Ak . DA
5B AR U RS AL s T T, 2R
LM S HE S AT B AR 25 RAE M B LB AR T
Bz—.

B AR 55 A AR B S R R B TR
TR TS B AR, Li % 55 @it cryo-TEM,
TE 573 B AT R A s BEURR 9 A BIL-TE ML 2= Ak
TE W85 50 MAPDI; #E47 BUAR . 0P 5E I E T
il ™ MAPDI, 78 5 73 H % ) i 1 2 U8 (high-
resolution transmission electron microscopy,
HRTEM) A& B T B I A 750 & 12 e A2
(1.49 A5rHr). [Fm, £ BIAR IR DR AP m o il 42 21
158 XRD MELLRAE 9K RUZ FEf#RT N, 455
IEEAMEIRE MAPDI; QK2R AT 1 PbI, 48K
UKL | 25 SRR 10 s Jo LAY R TR RS (L3 LA
R DS 2 T 4 78 A KA R i AR At 1 254 5
. Fan 55 LR ORI RE DT VA S0 AR f i ) vl
Biti R (cryogenic scanning transmission electron
microscopy, cryo-STEM) #H45 &, REREG KLY
PR AYC IR A AL BT RO Ji i i
VR RSOGO A ADIUE BES B 100 A1, 45 DU 4k
53 B F B (four-dimensional scanning
transmission electron microscopy, 4D-STEM) 5
EELS, A&k 1 OGHUL T 858k N R 1 BRI 45
PR RRAE, ELEOULI ) T M 1) ok o iE A%
AR, AR, AR B R AE B kL A
AT IR S B P AR AR, PR BER 2% 1] S 22
AR, MROULRUEE B BH 1 IR & kAL P B Bk DB IR
RIS Z5 A B A N TERLE], WL 3(a). Zhu 55 17
K cryo-TEM, 7E24 100 K IR AME FXHAHL-TC
MLZALAS 565 CH,NH,PbI;(MAPDI,) HEF TR T-2%
HAEESRAME. EELS 43 Mk 55 HoA HL4H 4 CH3CHY 78
cryo-TEM 437 i R R AR LASE AR, B0UE T cryo-
TEM %1% 5 BE USRI A SR 3 BE ). BT
RIS TT S, WEFEN BRI S MAPDL; i
PR R MEVYZ 4 (stacking faults) MR HET
BBEEHE , ARG TR S5l 70—100 e A2,

A H BT RIS AR A AR I 57 A A 2 A RO
Rt T M R R R, B, cryo-
TEM T & J&& M BT 85 R TR S5 1) | 489 7 B4 fi
WTEDLER AL ORAE F- Bz —, A GH A g
etk 5 oReiR THE ML S R 25 F 4R 19,

TR JEE B £5 2 50 TSR Rk ) FHOUR 19X 48 T 35 1
FERCHT A o SCHE, WA P S H - o R R
Yy os i BU™ A5 P B A2 5 ¢ B Kochovski 55 (4
¥ cryo-TEM £ RN T3 & F Ak A 390k
WKL 55 2R BT 4 45 A B R AR BE 5T, R
cryo-TEM PRI (L ISR s, A RO 1 1%
S8 A S AR ) TR S G £ D TR SR B AR N
KSR 3 e 2 206 R S 2850 I 4544 T4, (RIS S
LT S o A AR AR A R R R R R
SRARAS I B DR LR, T4 B 2 A A< BT
1 23 ) HEAT O 2. 1% AR DUROW TR 55 )22 T e
R TR AR B RIALRE, LK AE IR R R
TR 43 BT B AR IR BN 365 R RS ) e o3 R = 4
SEF B HE T EOUL Y 25 48 R AR KA. Sonani 55 PO
¥ cryo-TEM [ FH T8 53 F5E W 1) I 1 45 18 ik
Br, VLK CarbIF J¥ B B9 85K e o R B AR R
BRI R BRI L 54, #9711
W R S AL L. IFAREE 1, 1540 TR A
HL B IUBE SOG4 45y X LA it B S AT HE Y
JEF AL, M cryo-TEM A HUEET-455 | A (1) 25 A5 Wi
A5 R R EREE IO A A 5 2 WL RE (T ) 2247
R W AR AT B9 T R R A e, D
Kl 3(b). Song% PUF|H cryo-TEM 5 4 J5i+43F
BT ARAUAREE B G, X a A YK BERE ) A
HA IR HAT T o FI2 m g . B9 LA ceryo-
TEM 5 BILF 4k B4R (5.4 nm) 1E L5 AT, 45
GRFEFEAY, fR T HEEF CSSC kI
G GHENTRE AER CEE R D, R R IR 0% ¥
TN 15 [ AR EAE ISR L T8 AR
AR R G MK BE RS i Al P 2 2 Rt T2 T
ZE SR P R 7 7. Zhang 55 B2 X R
PPRME YR VR FBAR UG Hh 5 32 4 BRI 5 1 TR, B4
AP M EREAYE R B B ERA), B2 TR
S NS = B ) e K e R a8
T3, R B ZR ) 5 o PR SR TR H R 3R
W%, Cryo-TEM AR K, 57 454 It i 45
FAIRIEGY i A G (B A R AR, S A T 5, B 3
HIHT BT EL.
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Fig. 3. Microstructural evolution of perovskites and soft materials characterized by cryo-TEM: (a) Morphology, elemental distribu-

tion and lattice strain of photoexcited mixed halide perovskites, revealing the light-induced structural evolution behavior!“l;

(b) CarbIF self-assembled micelles. The left panel shows the morphological micrograph, scale bar is 50 nm, the right presents the

seven-stranded helical assembly model via three-dimensional reconstruction!sl,
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LIRS 1 e o O SN e e s 0 2
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FPR PIE (nuclear magnetic resonance spectros-
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FaFEAE S22 (0] AR, WF9E A BLSC3 T %) SEL &
S5 AR | FLIR S R RS () o A 45 B A A R
AY43#H71. Huang 55 B9 F| H cryo-TEM W2 i J £
BT SET I N5 4, KB SEL JF AR 2) %
)72, MR AL 3 AN [ 25 48 DX S s B 41 4. B
Huang %5 0 g —2EFH cryo-TEM #F5¢ SEI H13
WITEGIAR N ERy oA 225, 4810 SEL INFAATE
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4 Cryo-TEM WL 2z S BUBRA B AR R R B (a) 894 )8 B 5 R SEL Y eryo-TEM £ AE P9 (b) 1 mol/L LiFSI/DME 45
4 mol/L LiFST/DME Ha fift 38 *f TR AY L fih 5 cryo-TEM Ak BY; (c) Si/LSPSC FLifii B cryo-TEM FEAik: 30

Fig. 4. Representative cases of cryo-TEM observations of air-sensitive materials: (a) Cryo-TEM characterization of sodium metal
dendrites and SEI®; (b) electro-triggered cryo-TEM characterization of deposited lithium in 1 mol/L LiFSI/DME and 4 mol/L
LiFSI/DME electrolytes®); (c) cryo-TEM characterization of the Si/LSPSC interfacel*).

B ERAY) S B X B0, SEL i D REA 75 22
FF A Gy, P8 JEH S e A 18] F R o AR 7
K. Jurng 55 60 F H cryo-TEM B 55 A [7] H. fif i
X4 SEL 4K Z5 i AL Ak~ PERE Y52, 1
FL A 2 ASCRE % .35 I SET B JREJEE | U R
fm R AH 7345 Han 55 92 R A cryo-TEM W58 41 42
Ja& bl = 4 A 254, R IR B )5 SEI HEZR AT/
— B BRIk, IR AT ReTE R SLli R 5 1 258
PRAE A P2 rh R AR . XU SET A2 —
AN, T A] REAE EA e L LB A R R
M) = HEREZE, A Oh TR dE e . N T 5 I A A
ZH SRR TR R RCR 2. B T Ttk SEL
FENGREN CEL W T cryo-TEM 5%, Zhang
25163 FH cryo-TEM XRE A 3t 1 H L ik o 5t 1T
R CEL 7R IEAR R M A —E I i L )i
117 7T BB 52 BN 1 5 43 A 1) K T 7 4. CEX Y 3% 2%
Pk | 2SN S R 2 A 2 5 ) P, R R 2 R A L G i
B A AR I EA R T 45 F AR A . AL,
cryo-TEM X} CEI f B W E AT Bl Tk St i b
PERE 22 7 ] S A T < AT R R s, et —
SIRTHI S | BURTERL SRR E .

4 [ 25 F L B A AL /5 i ik 8 R R o e
M7 [ [ F i S T s M 1 A, AT 02 T 29 P
PETHRAZ O BRAC . kA R A A I
7] 25 P, fifp J5 30 3l A7 A 2 ACRUER A, A o e HE K i

AALRIRITS Yy, FRE, SRR SEE R |
Wil ), 4023 B A Ak 2= B Ab 2 3A J 43 i (64601
K cryo-TEM FAF A # 3 G 4 B 28 it ) 2544
5. Cheng %5 671 F| H cryo-TEM 5 #H 48 5
LiPON [# 2 HLff 52 (Bl AL, #8878 T Li/LiPON
SRR E SEL MUK ZEHREE. AW &K 8L
LiPON Hi fiff JFO0 £1 4 i A R 4 i i Asoe o, (H
HARRE VORI ATERE. Cryo-TEM i
N, R HMEA Z)Z DFE s A MIC Rk A
FERE, A BTkt LiPON X4 8 FEEA. Dai
080 cryo-TEM FH A1 4 1 75 51 725 H A Jo S [
A HL A Y SR RS Y, #8876 LiF
T2 5 00 4 A R AR A P ik Jo 2 TR 1Y) 5 B e O
F. IR E A B TR AT R B AL T R
AR R UL, cryo-TEM AL HEE /D o i 45
13, 0 REHE B R N T 5 )2 el o 4 2R DU ARA T
. Yao %5 B0 I cryo-FIB il cryo-TEM W55 ik
B /B Ak 0 1 28 F A I B T R APL A, AR T
Si/Li;(Sig 3PSg7Cly s I Si/LijgGePySyo ZEFHI, WL
Bl 4(c). MFFE AR, B8 i AR e i 2,
AR AT AR A A T S5 3 DR BUEIAOR R
FERRIZ, FEEAL SRR AN S R ). B
B, ISR A R IO AN Bk [ S R
Ut i, T RS A1 SR AN B L AR
JR. X —Z5E T A H AR F Tk A

170709-8


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
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. 75, No. 17 (2026) 170709

BT A fT BAERARE, UL cryo-TEM fEWS A [ 45 it
AL B LT ELA ) 25 A

PREE . &, PR MR A B AL, BE B 2 &
JE AR B2 B e, B aSeE A A RIEE
B HENS IR R AN A L U, (AL A/
MR AL N 2. SEEIR AR, 8. 4a R
R B EL R AT Mg> 5 Ca?tif 8, J
IR /FE T MR . R, b 20 48t
W TR Y LSS A BRI S, 2 R R B | 45 45 s Ha vt
F IR %), Yang %5 [ F|H cryo-TEM F57EE
S JE b AR BETTRUES, f7 TR
HRMFEREZE R ER. X —FR UL 48 DT
BOESIFEE 2 & B AR MR PuE, 0525
FEL A R0 i T T BRI A5 AR S TR 2 . %)
TR, Lin 55 MBI T 8548 A shas
SRR, 5 ST )2 A R A X AT e s AR
AOCHR . BARIXEHREA —E 2L cryo-
TEM M OFBL, (HHSRIE T 240 48 AL R 1E
RO E N, o8 cryo-TEM 3 —58F ABE | F5% %5
USSR AR R T TS 5t

4B ALY A SRS TR AR R RS KU
BRI — 28 K B L BEEAE SR BGER
SriR R A A TEM A A SR AR ] BRIE A
LY, XA 2 it S P RE L AT T A
JIEERE . X T M RE, SRARME A RAE T8
EA, BTE TR S TR A RSB TEY
i, IE a8k thse. Chang 55 (2 DGR AIER
B4, IR F R AT Be S s S o S e
JE R, i cryo-FIB il A BEA% o 35 AR & il £ 51
AR, Fi, 7£4 8 St
5, cryo-TEM A&7k FIB 1) B 5 2R 21
TEBH 1RO 52 R RS S AHOC A 534 b AH LR
& @M SELFoE, 48 f4LW )7 1 19 cryo-TEM
N HATIAE XA R, (HAEAif AR} S LR R 5
TG S 58 th AT R Kk S 2 ).

Zi I, cryo-TEM N2 SAUBA R ER AL T
P IR IR RS B R A BEERAE T L, TR |
TRGER  BEIEAS P B BT, = HEHESR | R
Al 2H AR [ [ ST A A LS S A S I S B it T
A1 TSR R B2, 2 UM R Uk
TR AR A 2%, X546 R REEEHT | cryo-FIB
FMIRIERAE 5 & B 2R B, R R T B
IR OKTS G | 23 S L A Bk B s s R A B, i

BRI EA G W AT REG | AR, FlumA Rt 2 i
A S E T A T TR VN1 4 N (3557 B 75951 S
SROT DARRAR B4, (BB S FRAEME L, 44T
F YU A A B RS 2 S R ROYE. DRI
cryo-TEM %5 175 2 5 M A 27 i . XPS. NMR .
[R5 R SR ZRAE RS TH AN 2 R o ik
AHH EIE.

5 SR L uY R o B RAT

Yy AE AP AN A H Ak, 0 sz
MR SRR L LAk BRI B B 45 b 0 A
VERE, DAY Y F LA, T T HR A2
Fa 5 PERE. XX Sy b FR TR A T, 75 24T hE
S AR BEAS A R A S 0 T B, AT TP i st [a]
B cryo-TEM kB T4 1 8HR KRR, Ri@ st
T AV TR AN ] S oy B 1 ) gk A AR TR ] 2, Bl
Ja A TARIRART g (o), X — B,
RIET 2B A 5] A cryo-TEM S5 1 J7
5, SEI AP B R S R B B ) 1 NGB BRI ST
RINEERE AL

HRAET AR AR 5 1 5 =X, 30A i £
32K 1) B VR, T8 VIS 80 J5 4% TR i [A]
SRR PR TR, DRI ARl Bh 2] ) 454015 2.
RFM: TAEEIET P it 5740 F1 4 Ja w JORR 0oL,
2) W4 [N ik A 55V URERAETE [R) — 2 B N itk A T, R
R4 P RIS TR) ] B, B R A ik BT
TAEIR A B2 R fh & 1677 S T B ARV R AE IR
FEHIER =R = ~1.5 5. 3) HLF o [RIBHE A il I
SHE, FIH R0 SO U N ], 52
PREEA a2 S N (78801,

FESS 1 27k, 8 3l RO S FEAS [R) A s ]
SUBRE IS TR, IRAS— R IEH R PR IR 3
7 I ) 3 R 32 PR PR A S B 1 2, S8
e, 3 FH TR M A ) RUBE %) S vy AR 34T
T, SOVAER VRIS 2085 h 1k J , AT AR R —FE il F 25
B FRTH . cryo-ET M7 04r, FB0% T
ZI )RR B

WYL R T i RN S 2 —. %
AN URRRLE N BRI ES | WEIRES . F A A Anidh A AR
FIAT T RGN, /s h 2Tk 240 ik
B IR R EE A KA. RS IR R S
T N TS, Pouget 55 73 7 J b B 430 2= 50+ -4

170709-9


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
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. 75, No. 17 (2026) 170709

(1) 22 A~ I ] S50 ORE VR R, 45 6 F AT S RN 3%
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AP %R ACC ik, 11 min B ACC Pikiitt—4
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AR, HekE A ERA ACC UL Z Ak [H]
B A%, 5 208 A e R AR Y B — 7 SRR
). BERRESR R /R T SRR K % 12, Habraken
B G5 G EHRUT SIS cryo-ET = 4Ef 4, 78
G330 0 S T D 9 R PN 8 R IR AT AR AR T Ak
EeuN R NN 1YW A N S AT E 2 S 2RI
TCRE T AR BRFIACAR b AR 1Y 58 8 % AR, I 48
IKAE T2 3K 5l 00 28 34 4 S0 b 1) DG B IR R AL
Pl 5 (a)—(1). AR R T a2 T 2RI 28 i
B R 2R 4 PN BB A AL A 4. Kumar 55 B X6}
MFI(mobil five) %1l 1 76 % T #4728 B,
il cryo-TEM FIZ/NA X SRR I & BTG & JE il
ORAASBORTE 2 A R B W SR AR, IR A N

50 nm

5 Cryo-TEM LI AA k25 1 i ek 5] 35 Ak 9 £ 1 58

TE R ASRL. AHHLZ T, Baumgartner 45 321 X5 i
BRI B s AR R T O — 2R HES R R 2
2 nm W) GBURL B4 1A R TR BE I K T S8 B8,
ARG R TCE TEATIRIAAE. X2k TR R R
B, 0 IR R IS AL A R 2R, Sl
P BRLAD SAZ AR R JE DA A LA 2= ) g Bt 2 L
Cryo-TEM $ AR H T 90K A 7% B 4 %<
& Jm DU  Z5 A AR5, Soltis 45 3% ZE i A FH
B 5 2 IR SR R, 18R T U60 44K 1]
R A At B 0 B IR U R
75 PRAREAE AL, RUST Bl S 1o B[]3GO BAf FH B8 -
W IE R TR A 53T P 4%, KHAR R 0 20 24
T Natfhk R, & @ d DT G 8, Wang 55 (1)
RGEWHSE T ERAEA E N R TR R & BT
0.5 mA /em? [HIE AT, 5 min B B EE R 22 30 57
AHFIE, 10 min BFHELZY 5 nm /N EEBE, 20 min B
Y B2 50 nm LA b N 4rF 3l ) 2E A4
INE 700 AR RS A R I SR (E. Yang 45 (70

10 min 15 min 20 min
SR ¥ _ P
e (m. ) S

(a)—(1) BRRES B 5 A4 K M BB AR BY, () 90K 21 BT TR B HA 2R

EWEE (<2 min); (b) 73R E WA MR (220 min); (c) FRIELETT (1020 min); (d) REZIRK (1560 min); (e) RESERIE
AR 25 H (60—80 min); (f) H R 45 # (80—110 min); (g) AW B E MR AR B4 2 (60—110 min); (h) i AR 4514
(>110 min); (i) BCARIHCIR S K (1A H); 5y 50 nm, 7 B ARAS B4, A7 R 100 nm. ()—(m) £ TOBLRY B ]38 4k 70, e
G1), (o) PLAL 5 min; (ky), (ko) YA 10 min; (1y), (1) PLAL 15 min; (my), (my) PLAL 20 min; (j5)—(mg) XF WL HTAL B B 0K EE LR W 1Y
ERIRE; BIREE N 0.5 mA /em?, F5/LN 200 nm

Fig. 5. Representative cryo-TEM observations of time-dependent structural evolution in materials. (a)—(i) Cascade pathway of CaP
nucleation and growthP!l: (a) polymeric strands from nanometre-sized units (<2 min); (b) branched polymeric assemblies
(220 min); (c) nodules (10-20 min); (d) aggregated spheres (15-60 min); (e) aggregated spheres and ribbons (60-80 min); (f) rib-
bons (80-110 min); (g) direct assembly of ribbons from polymeric aggregates (60-110 min), lines denote alignment of complexes;
(h) elongated plates (>110 min); (i) mature plates (1 month); Scale bars: 50 nm, insets are lower magnification images, scale bars
are 100 nm. (j)—(m) time-resolved evolution of Mg deposition™: (j;), (j,) 5 min deposition; (k;), (k;) 10 min deposition; (1), (1,)
15 min deposition; (m;), (my) 20 min deposition; (j3)—(ms3) schematic illustrations of the whisker-shaped Mg deposits at the corres-
ponding deposition stages; current density is 0.5 mA /cm?, scale bars are 200 nm.
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37 HURE SR B ) 24 L TE T I R, T B I
N fi A 5V R EAE R — 2 B N NG ik
il KR AR R N B T R 2 —. T IR TR
Ak 2 R AT H DR O e, A vl A3t B
P AW VR ORI FEVS dR R g p b,
TR T A DR ity P Aot PR i I 32 R0 (%) v ]
LA, Li 5 PTIE CO, IR JFiZ 1T 10 min J&
PRFRR ARS8, HILTEL 5 ms N2
K FRLAT . cryo-STEM-EELS 7 ¥4 [ 5t i 46 U
FEE/NF 1 nm 19 Cut)Z, FmAb el Ly 147
T 9315 eV(CutZEHEi N 931.25 eV), AT X T
Cu’ fl Cut. LR(FSZEWHL 1 min J5 X FEAE A,
HoE AR, BA DR [ AR RN Rl A EE A
T7=4). Dutta % 7 B0 T8 Z M HH) Vitrobot
Mark IV R URGIFEHL, 7E R AL SO 3847 b 2
U R A L T S AR R A R Ml & IR A 58 4
BAR G BB B~ 1.5 s, B B
A L Y P Fl O AR e P AN [ R ]l VR R
SCELT WESHR, A IR URET I 2 4.2 5. 45
7R, SEIL A= 4 28 77 5 07 4 il A4 08 il 7 A By
Bt, WiRP kA4 i) 8 SET A8 SN #51  Be g i
FHZEZY 3485, $8 10 AR s St 1 s 1oy 3 1 i el 22
BRI B RICR I A

O A VR - 25 T AE W B S NI A S T 48
SE B 3, A T R R e [ e s g

1], Miieots 45 20 (2 B L G- UM IR UE TR
AR, IR T8 R BNFE 5 38 5840 19 B 6 B[R] 24
30 ms. AR R PE 8L, Torino 55 B9 $2H T
— R O AR T 52, BN 43 ) R ST R
T R — ™ RE B 3E G N N R
S 5 R ISHIA] 2—50 ms AT, HJE S I [) AT 3k
5 ms, IR T GroEL & H & &%+ GroEL-
ATP WY A4 75, Shaikh %5 019 FH2S DI 5 7E
A 9.4 ms NI )R A HE T A% OE A T 3 2 e

FELAR AV VR IRVRE PT R G E M fih & F-B, B
S fish R GV R T . FE b T TS I AR R
AT I R TS PR3, RS2SR T OB A
Wi is, RO LR S RO, Bl b A ] —
BEE NPV R, B TA) 2 A pR O K ok i R
Yoder %5 70 F| % 7 BB+, 7E29 70 ms
[E] 43 $ER R BR 5 cASICT a & M pH 7 B 5%
A5 pH A4S, Romero 25 7 JF & 1) C-SPAM
e E VMR AT T S5 M SR IO UE, 78 PR AR
HFAISEH 1—15 ms 0K,

OIS Rl P B8 A0 R B TSR] o3 B f = )
AR IR T RAETOCIK R & V2 YR RE i R
WRE B A RS, SN AE R AR S A SR
HEAT, BE 5 RE AR R BT I PR 55 T 3 R Ak
Voss 55 B0 R 10 ps FEOE MK DAYA Vi 0 i 2k 4% 2
FIRE S EA TR SEG, BRUE T 3207 Bob i R R
RS B AP AT A T AL G kA
T3 . TEILEERE I, Curtis %5 576 508
KA B2 BT Si0, B2 18], SR 10 ¥K 30 ps
BOGIK b (EAR BRIHE] 300 ps) HEFT R B IRT 525
T A AR B s P A E B s 2, S T AL
HEPE ] RS R AR B R H ETZEAEMA
F i o A

LT AR B R R 5 S nT B e o7, 4t TR
3 W I 25T A cryo-TEM SZE 5 2. 2
FL 5] A RIORE AR N I ], S5 ik 5 i R 25
PEAT, JCAER AR f & 588 7R A0 B8 . Schreiber 45 (8
FIH cryo-TEM SZHHE 5% T MnPFOM 4 F7E HL
T AR IR R 1945 g A 7F Nat 3 Ei v, 7 78
B T B %, 58 3 A% P B2 R R R
5000 e A2, JE B 2 A S5 5 X 2R
AT (100) FTIVCHEL; 78 Cst b, 4 FAeIE Rt
E B RGN FR Ak, AU 20 1200 e A2

170709-11


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
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. 75, No. 17 (2026)

170709

TR A T 7 1) o ) 22 S 55 4% 1 ) U B AR AREAIE
FHAT. 1o % B TC R B UKAE F AR R T S A8 S I8
FETCETL UK, 5678 i Jm s AR i 5= 3 s 3
L3Rk Z) ). Cryo-STEM Wi)ZH4iE = T8k
MR EE AL JET U B e e TR B IR, Bl)S
A 5H PR g kA, o — AR n] £
MR RERN A2 7, AL
PR A% B0, i s i SR AR [l B, DUHL o5 5
]S 5, W LATE 2 FiiA 2 il BR S50 T 24
¥R, (AT EE B AR R A e i A
MR EZIENHER, MRS SEE S AR
FEAE SRR B UE H AT AR TS5, H IR RS

R 3 KR AR 5] A eryo-TEM SZ5 [
D7k, £ FTE AT IR S A I 1R BE | 35 FH A9 S B ]
YIS MR R | R 2% DL O o
MRS A TE Il i 25 55, LR 2. 20 1 K07k
PRAE TR B, AT AE [A] — B[] o 356 & FH e 7 107 5
cryo-ET FlpE2# 5047, 445 58 B 451005 5., {HEF[A]
Gy PERAZ T T ORI 24, TCik A 3 AP 2
T 55 2 R RGE T RN A5 V8 VR [ A () F s ][]
B 55 N . I 4 TR S - B 114 e R S, s [
252k 30 msP0 WO EE T R0 R4 £ 5 msll.
ML AL il R SR VR, WS SRR VR IEIR 2
5 msP, —{RABEE WAL BT 29 1.51 sI7), BA%
GLYFfR M R AR RAE T 3 MR . BOGE AL
FHBE I AR B (a] 4 24 2 iRb 2, A B ATV T
TR R, XHBHA R A8 HPE R I, 5
3 07 SRR A B st ], AT S S e
SRR, AR A RMA 2R B N H ET A2 R
EFHRI Bt SR 10 B AR AN R 1 P R

TEAR B, B RIREh AR S F AR N
2 R SRR AE 25O R AR 2R v i SR A5 21 58 70 IE .
Schreiber %[ 7 MnPFOM %5 S5 Wis 30 iy
PIRR AR B S I ) 2 i 2 e 3 (HidR R
A5 TR FEXT R SE G Jovk B e R R R
SR U T 45 S AR IR, R TR R TR
UK 2 285 i B0 [ A dfe /0 15 HRG  86 h T ELHE RT L
o 8 T TG T UK FEL T AR5 5 A A B L i (7
(R 5 2l RO 6 A8 11 A o P A g R T PRI,
N HL T R IR Bl S5 T AR M 25 A AR S BT
TSR AR, 7 ST 4 B AR B ) S i
FRAVVETERZ IR, AN 25 G AR FR FR AT A 57 52
B el e T T 28 SURIE.

Cryo-TEM 38 1 7E A [ s} (] £ BURER VR L I
IV il 55 98 R L HERE B L) R DL R AR L TR R K )
N5 T3, K IR S B | AR RHEE I RAE, 5
TR BN AP BRI B 0, WL 2, Ry FRAE AR
AT I RSAZ AR | S T AL 2 A A A
AL TR R A LRI G R nT R A
RN A R M RHA R IERS, A K5
W5 v o 548 RS ST AL R AR 5 F AR IR AR 1Y 258K
PEEIE.

6 fKIEINIE T o 6 AR B9 R ALY

B IR 2 AAE R R, 4E R R
JEAESEHPARAS, BIANeE 3 5] PRI il o 5 SR 4
W0, 26 4 1 DO RIELIC & JC S A% ol o Al vl
J5t, 55 5 e PR v VR RS L E RO AR
TTHE I TAR MR A% O S0 g AR i, FEfIRE

# 2 Cryo-TEM WFFEAHELSNZSATFE I 8] U5 246y 12

Table 2.  Time scales and experimental methods for studying material dynamics by cryo-TEM.

KRS S| A cryo-

TEM #Ji3{ ALKBI T 3L A 2 9 SR 2
T A% BLT38182) TG0 YA FA#E )
B BURRA TR O (F- T HUR) s—month S JE L ITRRI5T0 G AL AR 43 o)
H A3 BRI
-F LR A 183
ORI 40 £130 ms; WO T 45 ms ms—s PpRR R, SrBLIRAS
A WA 7 ) ;
AL M - TR 2/1?312&&;%%@%%1;;1 5 I S
A S(TE E e LAV Sk N
R o mb‘égigiﬁnﬁgﬁ?% ) ms—s cASICT agii ™, BigkgkEE H T
B ik f—ﬁ_" <. UM
WL RL- B R 1%50‘£H7](<1J6£20u;7s %??qqgﬂ;;{;ﬂﬁ 8] s T
I FRAE AR PR A R TS (5 . MnPFOMS 8™ FEE I pkAHAE ]|
PR 15 e s LA 0] e s LA ) S PR LIRS
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Tk bR T 2 FEHORRE, BIEE TG =A%
TR RE ST BRI A R i 5 AT TEML. 1K
ATV AZ S AR i A R4 TR 5 A 2 A A
s el AR S A5 L

VFZ D REM BHEMRIR AR T 22 K A 45 /AR AR,
s HAE R 5 A2 EME B Cryo-TEM RFER A 5
AR R AT R IR, kb 7% TEM
(14 SR B 159, S B oK RUBE T iR A7 38 BRI R A
A gt AR, WA B AR AL 2 S5 RO S5 4 AR 1k
FEAE, DI DGO 2 T BB RIS 0 AR TR AR A2 1 I
FENLEE, J& H AT 5EIRIR S A RHES F AR AR ) 2 3R
fIE D51 1901,

TEASRINREAEHA ZR B i BRI IR 4514
FHAS 52 A BB AR 2, HE 1 T A At 3 o ok A
b, TEARTRIRLEE DX [R]JE BOAS [R)4k F A, 5 AH LA 4y
FE R AR TS 1) R RES TR 5 ZRAE ZH A
FE T 3% T 27 S B B A L i) 5 A K 4
JEAS, TCIRAEGIAR RS 4 MR A A 3 A o (1) s
2K R 55 1 ) 3 k. Tyukalova 25 91 %] i MEMS
AR cryo-TEM, £ 200—400 K U FBl P 7% 25 W 2%
T L BaTiO, 14k H R IR B AL, 0% 1 Uy
FHHT Q0CHERE [] 180°WE BE [ 5 4% | LA K DU J7-1E 38
AEAE BT W eSS R Y FE BT 21 2. Jiang 55 P i —2F
PHIR BT A B 2 98—A473 K, TEBAY LI vh A o5
T BaTiOg 43K 4 MR AH I WESSF T A, R
FErp U J7 FHLL 90°WERE S RRAE, 1ESSAHH I 60° 5
120°H4 BE #6) B 10 B8 4 T2 HES S 90°BEBE | 25 77 A1 I
I 71°, 109°F1 180°WARE . FH il ik 4 v Wk 25 #4) ¢
N[ RE, S AR HA AT % AR AR
Bk LR HHOUR S 2] 1) I BE ) 5 ) 2 AR A SR B —
XNz, AT TEM BUR S 425w W RE ARt T
FIHE. 25 b, R cryo-TEM 3# it 1% 2248 16 4 F T
(R ZE AR AR, BT T 0 FELA ) A - B 2 TR A
P B (AR R 2R A PR Ak LR R 1 SO L i
SRR T A M RAE T B

BBk B AT BRI AN AE 1T M4, cryo-TEM i
BT H AL SRR AL ML P A9, SET (9 ES
Tz R R P RS T AR T R A% O
. WAL HBUE R, Lit2E 8 SEL)Z Y
PO IR T i R T AP IR, HTR A RE B
B 5L T A S T B e 22 IR IR AL R A B it
FE A, T RS R BT A0 AR, i SET m k4
O3 SIOUEE A o A= AR T AU ST M S T B 8K

2292 Weng 45 2 F| ] cryo-TEM X} [t T A [A]
M SEL 414y 5 AP R, WK 6(a). =
BT, 3 MBI R SEL #5 & Liy0, Li,CO;,
LiF SFTCHLH 5 BEE RS 2 273.15 K, 51K R
SEI " ICHLA -1 i 5 RGT IR TR, % 253.15 K
i, 28R R SET ANk E, TeHLA 5 K ik
A FIRFHPTTE 1148—1466 Q. 1fif LIFSI-MTFA/
FEC & R AR T 50 4 i LiF 5 Li,O IF 05
Yyo) 03 A, S BB R 179 Q, 2B B B9
A AR E M. Tao 55 92 FIAH cryo-TEM it — 2
BT H IOHL SEIL H LiF (R ESHE Thiiz
M. g5 SRR LiF AR R 25434 78 SEL
Hr 4 LiF DUNRGTOK IS5 080, SEL Beikds
W HZE MG, Litiy 8o% /LRg A 35 kJ /mol;
2 LiF PLR RS fkL R AR T Wi 2L BU% 21T, SEL
W ER R, WG RE T & & 4255 kJ/mol. %X H
W, BIE SEI Mfb#41 A, LiF 9 RETRS
H R E B B TR s 80K, 28 1, cryo-TEM
AR RE B TARIR T SEL 4432880 | 5l
G305 U B T RE F e Z X E R, SRR
HL L ) ST IR TR AL T 25 A AR

R FEAR IR AR BE 7, cryo-TEM i A] 3¢ 44 #
S MR IR O L IS B S5
AR AR IR e 55 AR T P T 235 4 722 b %% 1)
AHOG, FLAT 25 BE I L R FD F BRSO | s E A SR
IR ) A TR ZE A, B e Sk S AT
FPIIE I 233493 Cryo-TEM W] 7EIR SRR I T
SEPRE - RUBE AR, ik SR R A5 A 1 S22
[ BRI T B B 2395931 Yu &5 1290 0] FAIG L
75 5 L 0 B I 1R 25 BEX (eryogenic lorentz
transmission electron microscopy, cryo-LTEM) £
SIS ] L HE LI ) Ak B A AL #E 5 KRR
R, eI 90 nm fUIRTEHES. IR
THE % 25 K HAtihn 50 mT M5, LS )%
Wi 2 I AEAS, B EAS TN S HE) — 4
ks B S SERRAY T B A IEI WA 3 B A
I ™ A& AR TR B S R ph RV E T, HARE
DX AE AR R P = AR R KRR 98, ARIRTE T
T A0 24 B 2 SRR T A RG24 22 ) P A %
FoE . Wang 55 8 ZE 2R X A H cryo-LTEM
T 52 25 ] 1B 00 S B4R, RO 29K
100 nm. ZZUFE 310 K HEL, 7F 100 K BT
fap 25 BE AR X RIS 2, #EA 50 K DL NS85
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(a) LiPF¢-EC

/DMC

298.15 K

273.15 K

253.15 K

———————

(1) 300 K P

2 nm~
I

B 6 Cryo-TEM VLA &4 B B AR F MR (a) 298.15, 273.15 Fll 253.15 K 45 F 7 [l v i s 4 2 vh DA 0 4 s L e 1T
SEI /¥ cryo-TEM E[ {4 22 (b) 300 K & 2H-NbSe, #Y HL 777 4 B B (c) i EEAIK T 33 K B 2H-NbSe, W HL i1 55 [ B2t B8 Ak
e (BB ), 2 WA 3 A% A 1Yy H or 5 2 B 1 1 B, 1/3 181 ) b AL 1 8 2% P €8 75 Sk 3R R

Fig. 6. Representative cases of cryo-TEM observations of low-temperature physical properties: (a) Cryo-TEM images of the SEI
formed on deposited lithium metal in different electrolyte systems at 298.15, 273.15, and 253.15 KP2; (b) electron diffraction pat-
tern of 2H-NbSe, recorded at 300 KP; (c) electron diffraction pattern of 2H-NbSe, recorded at temperatures below 33 K, show-

ing superlattice peaks (blue circles) indicating the emergence of a charge density wave with a tripled supercell, the wave vector of

1/3 reciprocal lattice units is indicated by the blue arrow.

FH L. ARG R IS 140 mT I 2 B 52 4 3
il E SRR R . A VL AR Y T AR I
W, #h b A ESU 5 r e 2 BE A B HE R, S
A DIEAE. Sung 45 B4 #E 23 K AR T X 2H-
NbSe, S T JFF 43 HEEAR, IR BN
0.37 A /s, 5 BAE%35 0.95 A. 7EHIERE |-, Rennich
85 BB T R R AR XA e AR A S T
FEZ) 31 K WA X AR5 4 (Au) I R+ 73 B %
TEM EUE, IES51%%% B o] SR F g S50 5
IR AR E P FE IR b AR AR I AT
FAE 2H-NDbSe,, 75 300 K I WL 3 75 77 S (1) A5
Frks AT G0, VLI 6(b); IREERE R 33 K LA T A,
TE 1/3 {8k S Ah H BRAB 25 A A S0, LI 6(c), %
B Pl i 2 R DR AR AR 175 S 1 o B s T

25 I, cryo-TEM &l 55 D e M4 B HIG I AH A2 |
P 9 5 T B M PR SO L ) B R AR T B, T

TEGIK 2 5 ROBE 48 7 M RMIGTRL T 1 45 44 i 16 21
B A AR Z IR AR, ] 290020k B
5 L A s AR v, SRR AR K
TR FERE S 2R TH 45 VK ioKis 3, ANGETS RO IE
S A AR AN BN I 25 K dn A R AR
S AE AR A A 45 2R B BRI A5 1 A B R R
A5 5y | R HE RS, ME LA S Bl o] JAS 15 3 R
G151, Y BE A T T, AR EE (R I 5 ot S s i
FEAER SRR 25, 5 1 SN A 72 ek 000 2 o 4
7] ARk P A AR ok 45 g 155 S 20007 el A FL - R A%
A, TS IR IR S RIR AR S 5 SO L.
WAL, ZEF0 6 N SPALIE MRS, i+
OO, B RS o . 3 ] A2 B0 B PR il
cryo-TEM (=it B R RAF I AZ O I 2R

IR E, cryo-TEM TEARIR 9 F8 M i if
F% 1 2 N2 FRAE T B A Ry AHAS BIL T (%) BF 5 °F-
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7N i OB U - A AN A TEZE 8 e w2 RS OB i
PR D B BE2UR 1 AR E AR 1, MO T
cryo-TEM FEAIRIR T B I 057 55 3 BERUIR RE 7. AR
BV BT URRE T R M Z &
Jr AT G AR BRES, 15 cryo-TEM K& K iR
VPRI G 5 WO ZE A AL ] ) E S e T

7 Cryo-TEM 5 % % F #F % 7 % 0N

Bx Al

Cryo-TEM FEAEARIRBEES AL RIRER S e
THUE YL 10 551 T AR B A0k RETE 45 i
T REEMEEHME B, SR, Bi— cryo-TEM X LA[F]
AU TR A L SO AL | AR A 2 A
FEBE. B H S R 2R G . B
BB TR, P RO B — R A RN
B, N IR R YR | 5 RE S T e s
SR AT 1) S A

1AL A5 BARBUT T, cryo-TEM RERS B %3k
BRI JE AR T IR IR 30 5 g4, (3
MELARAR IO R AL L2 M TS E R F
H5 EELS, EDS, XPS #1 NMR 45 i52=H ARHKH,
MBS TCE | A B 55 22 4 B 6T []— 0 i IX
PEATRAE, O FE A A L Sl I L AR Aok
ARG TP F BRI T B2 —, T30k
HEFFA2A.

VFZ B AT R L b AL T (40 SEL/CEL) X %%
IR TS BERURE, ¥ cryo-TEM 5 EELS
5 EDS BXH, AT 7ESREAN K IE S0 A4 [R] e 437 ey 350
JCEM M. EELS Wil I It &k (C, O, F %) 1k
LA SRR B L W 53 B, 1 EDS W E
JTCR G KT s [0 A0 EEBARH. Zhang 5 1)
FEPDHAA Li-Si & & rR e 400, R
KK cryo-TEM 5 cryo-EELS, R%if#tT T FEC,
ES Fl LiPO,Fy = FRis INFAIAE i 67 175 TP i
[) SEI oK &5#) 5122 oy, R4 FEC 5%
(1) SEI 5 J5, HFRIH St KGR 2 1, W
SEL [k 2% 41 55 9 oK 25 48 72 25 P X it T e e
(A2 A R A T 219 e /B JEEFE . Unabara 55 199
KT cryo-EELS #5 4 =% 1k 5 MR ERB K
IE R TC R AR 7 2%, AR ORI I S T X
10 nm A ALEEGK BURL A RE T R AR, IRt
T AL A AR U R R BB R A R A TR |

fiie . W . E555 Z 0 R R K. He 55 P74 cryo-
TEM, EDS Wi 2 g 5 b 1 2= U2 &, 76
=Yk () b B AR B R Gl ST i) DS A T 0t
A, R T B R Hh s (5 BE R B L
9K B L 95 1R SET (8] N9 TR ARG ML, FIRH T
Si 5 SEI MA%5¢ 45 #4 [n] “plum-pudding” 4% #4) 15 A%
SR AR R

ILAh, TER LA M A S B, XPS
T 2 T Ak 25 PR B 1) 2 B0 v ELGIRE A AR5 4 AIR,
H5 cryo-TEM BCH, DAZRHCE A AL 2 T fb 27
I3 {5 B Wang % 98 L) SiO,/Gr Tl AHFFE X4,
¥ cryo-TEM 5 XPS, DEMS, AFM 8¢ ], #
FRE AL CO, /v 5 SEI # & 1) W) g
W, UESE COy ZM 2 N AT SEL Hh JCHLAH &
M 32% $ETHZE 58%, Ml SEI JE 1S K 24 80%
(68—110 nm wvs. 220—558 nm), ¥ 1 & 5 & M
0.65 GPa £ F+ = 1.4 GPa, ffi 100 K Ii ¥ 2 &
FrEM 52.12% $2 T+ & 84.03%. Sun % 9% cryo-
TEM 5 XPS BcH, WWE 7(a), fHT 78148 ik
TEE T AR LA W R B SEL Cryo-TEM #fiIA
SEI H£7E a-AlL,O, Fl NaCl 44K i, STEM J0&
415 XPS WREEHINTAH B EDUE T 1% SEI B2 R
LERHRRIE. Gomez 5 190K cryo-TEM 5 SSNMR,
XPS, XRD, MALDI-MS 25 /7B, RGEERAME T
VI A HCIR LiPON 81745 L it Jo 1 e T 45
M5 d A, #i0 7—# L LiO*Bu fil DEPA
SHRTIRARTE 2 IR W G LiIPON A3 ik

XSS AR R, NMR AIFER A 5%
PF T R X 5353 F A RIAFAE RS I A T 4y
Br, 5 cryo-TEM £ 8 55 W88 7 I 1 A 348 1 B
£, Ueda % 1016 cryo-TEM 5 'H NMR BcH, W
NUESINS B RAATE /Bt B s Y [<) S R= K AP O ke ab 1 T
A RS R, R NMR /45 1 AR
ffr= ) A, R IC R RE T 2453 RN AT AL

HERUGF AT, 1558 cryo-TEM SRR £
PGUASE SR AS FE | (HA BE A% 328 PR AR (contrast transfer
function, CTF) 7E I 55 14 5 77 A R 35 A& 28 X
M, SRR RE R ER, WEFERIE. o
2557 A Ao BE 45145 3% S F F R TR (integrated
differential phase contrast-STEM, iDPC-STEM)
TEIE B 51F B IRAR, CTF 785N 50 Bl P 4 45
HICF A S 54 B e, WARAS sl T 15 5 8
WEEEER, BHEEEMN CTF K IEATE. Wit
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Fig. 7. Representative cases of cryo-TEM combination: (a) XPS depth profiling of the SEI formed on a sodium metal anode after

cycling in a buffered Na-CI-IL electrolyte, showing the chemical states of Na, F, Al, and CI elements?; (b) Fe-F-Li ternary phase

diagram constructed based on extensive first-principles calculations of known and candidate structures, along with a schematic illus-

tration of reaction fronts propagating in a ”layer-by-layer” manner within a single particle, as well as possible pathways for elec-

trons and transport!!'l; (¢) EMReady’s deep learning post-processing framework, including the extraction of paired training data

from experimental and simulated density maps, training of a SCUNet network with a combination of local and non-local losses,

where the network adopts a U-Net architecture with parallel Swin Transformer and residual convolution as basic building blocks,

and the process of patch-wise inference followed by stitching into a complete output imagel!'3l.
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Table 3.  Classification of representative cases for the two cryo-TEM technical routes.
HORERL A4y E Iy X LRI oLl RE S AR R (eSS
] ) TR AR TR, Li%¥ Chen% 1%,
FrifEplunge freezing MOFs. Cng,: LS SR AR ER SunZEl4) | [,i%kHs)
ey R BT SRR Sonani% . Song%o
A A A M A R, AR/ Otk LifERT DuttaE
BNV VRt & . ) "
433 AR NS RRHRIFERZ  MieotsSE R Voss¥E
g /M. TERANTERER, o .
" TGRS SEI/CEI 125 IR AT 272 e o
B TR TEREERS Yuan ), Cheng
B SACR — = ST
iTRE & it g Ay Y RyE A% . N N
BRI A i) /E‘iﬁ T i B % @kﬂﬂ‘% 1;[{ ﬁiﬁj (e ] ﬂ%ﬂgéi%;%#nn ‘ RennichZ03) Tyukalova

401 WangZg)

15 SR A I RIS S A 2 R AR Ak, 5] ANk A s g
M A P o o A R A SRR AT Y
BT RE, 4 cryo-TEM M Z5 Y R AE T 2 4E
i AR AR HLER A BF T 6. 2800, WA /AR
ST B b TS R s i 25 2 BR 1 12
A AGRIAR AR IR BERG i e 1 E B R
SR B A SR B kAR, 3R 3 HIE
SCH R TERF AR B R BT RGN, i —
A HHA IS B 2 03 R A S BORRRAE.
JEEEARR, cryo-TEM MSH AR BELR 1 & J 5
S A M. FE P RS AV VRIS Z 5 T, LR
BRUBM R AR 25 49 AT T3 AT R kTS S s
RIRAE i B ARE PRSI, 25 U R T 48
FE R T Zhn AL AR S AN [F) 52 0 = 22 [A] i A 1
SEVE; IR S BRI T SRR BV VR 5 2 N L BT
PR BNz B SR I T L R OR B
X RS E TR, ZEAIR RN TEM B{4k )7,
R Py BRI 5 5 B — 20 B T+ AR RS B RN 22 4
GREST. HeAh, Z RSB AR M WAL cryo-
TEM Mg T HE AR Y B 451 5 D RE i 25

ABIT A

S5 3k
[1] LiY B, Huang W, Li Y Z, Chiu W, Cui Y 2020 ACS Nano
14 9263

[2] Chen Q L, Dwyer C, Sheng G, Zhu C Z, Li X N, Zheng C L,
Zhu Y H 2020 Adv. Mater. 32 1907619

(3] Egerton R F, Li P, Malac M 2004 Micron 35 399

4] Wang X F,LiY J, Meng Y S 2018 Joule 2 2225

(5] De Yoreo J J, Sommerdijk N A J M 2016 Nat. Rev. Mater. 1
16035

[6) LiFJ, WuS$S Q, Lv L, Huang S L, Zhang Z L, Zerang Z X,
Ii P H, Cao Y M, Bao H F, Sun P, Bai X W, He Y, Fu Y
F, Yuan H, Ma X Q, Zhao Z X, Zhang J, Wang J, Wang T,
Li D, Zhang Q, He J J, Liu Z X, Lu Z J, Lei D S, Li K 2024

(7]

(8]
(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

21]

22]

(23]

170709-19

PLoS Pathog. 20 1012623

Zhang Z L, Wu S Q, Li F J, Zerang Z X, Lu Z J, Li K, Lei
D S 2023 J. Chin. Electron Microsc. Soc. 42 39 (in Chinese)
(kiR BILAL, 22 RS, FEIRFLVE, S8 %, 220, AR T
2023 ¥ BHFR 42 39]

Xie S, Dai S 2025 Microstructures 5 2025057

Wang Q, Wang T, Cao L, Mu A, Fu S, Wang P, Gao Y, Ji
W, Liu Z, Du Z 2024 Science 385 1217

Yang T, Ouyang Q 2024 Acta Phys. Sin. 73 138701 (in
Chinese) 7R, BRBHR 2024 PyHE~#47 73 138701]

Zhang L, Shi G, Peng B, Gao P, Chen L, Zhong N, Mu L,
Zhang L, Zhang P, Gou L, Zhao Y, Liang S, Jiang J, Zhang
Z, Ren H, Lei X, Yi R, Qiu Y, Zhang Y, Liu X, Wu M, Yan
L, Duan C, Zhang S, Fang H 2021 Natl. Sci. Rev. 8 nwaa274
Xiong J, Wu S Q, Liang Z Q, Fang S, Tao F' Y, Gong X T,
Wu X, Wu Q F, Cui J J, Gao K, Hoi K K, Peng Y, Luo S
W, Lei D S, Dong S H 2026 Nat. Chem. Biol. 22 1176

LiY Z, Wang K C, Zhou W J, Li Y B, Vila R, Huang W,
Wang H X, Chen G X, Wu G H, Tsao Y, Wang H S,
Sinclair R, Chiu W, Cui Y 2019 Matter 1 428

LiY,LiY, Pei A, Yan K, Sun Y, Wu C L, Joubert L M,
Chin R, Koh A L, Yu Y, Perrino J, Butz B, Chu S, Cui Y
2017 Science 358 506

Wang X F, Pawar G, Li Y J, Ren X D, Zhang M H, Lu B
Y, Banerjee A, Liu P, Dufek E J, Zhang J G, Xiao J, Liu J,
Meng Y S, Liaw B 2020 Nat. Mater. 19 1339

Zhang Z, 1i Y, Xu R, Zhou W, Li Y, Oyakhire S T, Wu Y,
Xu J, Wang H, Yu Z 2022 Science 375 66

Li X J,Sui HY, Wang Y T 2022 J. Chin. Electron Microsc.
Soc. 41 41 (in Chinese) [Z/N3, FaifEfie, £IT% 2022 M
e 41 41)

Maeots M E, Enchev R I 2022 Acta Crystallogr. D Struct.
Biol. 78 927

Shaikh T R, Yassin A S, Lu Z, Barnard D, Meng X, Lu T
M, Wagenknecht T, Agrawal R K 2014 Proc. Natl. Acad.
Sei. U. S. A. 111 9822

Méeots M E, Lee B, Nans A, Jeong S G, Esfahani M M N,
Ding S, Smith D J, Lee C S, Lee S S, Peter M 2020 Nat.
Commun. 11 3465

Jiang T S, Pivak Y, Ni F, van der Gugten G, Li J J, Zhuo F
P, Molina-Luna L 2024 Microstructures 4 2024058

Weng S T, Zhang X, Yang G J, Zhang S M, Ma B Y, Liu Q
Y, Liu Y, Peng C X, Chen H X, Yu H L, Fan X L, Cheng
T, Chen L Q, Li Y J, Wang Z X, Wang X F 2023 Nat.
Commun. 14 4474

Yu X Z, Onose Y, Kanazawa N, Park J H, Han J H, Matsui
Y, Nagaosa N, Tokura Y 2010 Nature 465 901


https://doi.org/10.1021/acsnano.0c05020
https://doi.org/10.1021/acsnano.0c05020
https://doi.org/10.1021/acsnano.0c05020
https://doi.org/10.1021/acsnano.0c05020
https://doi.org/10.1021/acsnano.0c05020
https://doi.org/10.1021/acsnano.0c05020
https://doi.org/10.1002/adma.201907619
https://doi.org/10.1002/adma.201907619
https://doi.org/10.1002/adma.201907619
https://doi.org/10.1002/adma.201907619
https://doi.org/10.1002/adma.201907619
https://doi.org/10.1002/adma.201907619
https://doi.org/10.1002/adma.201907619
https://doi.org/10.1016/j.micron.2004.02.003
https://doi.org/10.1016/j.micron.2004.02.003
https://doi.org/10.1016/j.micron.2004.02.003
https://doi.org/10.1016/j.micron.2004.02.003
https://doi.org/10.1016/j.micron.2004.02.003
https://doi.org/10.1016/j.micron.2004.02.003
https://doi.org/10.1016/j.micron.2004.02.003
https://doi.org/10.1016/j.joule.2018.10.005
https://doi.org/10.1016/j.joule.2018.10.005
https://doi.org/10.1016/j.joule.2018.10.005
https://doi.org/10.1016/j.joule.2018.10.005
https://doi.org/10.1016/j.joule.2018.10.005
https://doi.org/10.1016/j.joule.2018.10.005
https://doi.org/10.1016/j.joule.2018.10.005
https://doi.org/10.1038/natrevmats.2016.35
https://doi.org/10.1038/natrevmats.2016.35
https://doi.org/10.1038/natrevmats.2016.35
https://doi.org/10.1038/natrevmats.2016.35
https://doi.org/10.1038/natrevmats.2016.35
https://doi.org/10.1038/natrevmats.2016.35
https://doi.org/10.1371/journal.ppat.1012623
https://doi.org/10.1371/journal.ppat.1012623
https://doi.org/10.1371/journal.ppat.1012623
https://doi.org/10.1371/journal.ppat.1012623
https://doi.org/10.1371/journal.ppat.1012623
https://doi.org/10.1371/journal.ppat.1012623
https://doi.org/10.20517/microstructures.2024.188
https://doi.org/10.20517/microstructures.2024.188
https://doi.org/10.20517/microstructures.2024.188
https://doi.org/10.20517/microstructures.2024.188
https://doi.org/10.20517/microstructures.2024.188
https://doi.org/10.20517/microstructures.2024.188
https://doi.org/10.20517/microstructures.2024.188
https://doi.org/10.1126/science.adp1453
https://doi.org/10.1126/science.adp1453
https://doi.org/10.1126/science.adp1453
https://doi.org/10.1126/science.adp1453
https://doi.org/10.1126/science.adp1453
https://doi.org/10.1126/science.adp1453
https://doi.org/10.1126/science.adp1453
https://doi.org/10.7498/aps.73.20240592
https://doi.org/10.7498/aps.73.20240592
https://doi.org/10.7498/aps.73.20240592
https://doi.org/10.7498/aps.73.20240592
https://doi.org/10.7498/aps.73.20240592
https://doi.org/10.7498/aps.73.20240592
https://doi.org/10.7498/aps.73.20240592
https://doi.org/10.7498/aps.73.20240592
https://doi.org/10.7498/aps.73.20240592
https://doi.org/10.7498/aps.73.20240592
https://doi.org/10.7498/aps.73.20240592
https://doi.org/10.7498/aps.73.20240592
https://doi.org/10.7498/aps.73.20240592
https://doi.org/10.7498/aps.73.20240592
https://doi.org/10.7498/aps.73.20240592
https://doi.org/10.1093/nsr/nwaa274
https://doi.org/10.1093/nsr/nwaa274
https://doi.org/10.1093/nsr/nwaa274
https://doi.org/10.1093/nsr/nwaa274
https://doi.org/10.1093/nsr/nwaa274
https://doi.org/10.1093/nsr/nwaa274
https://doi.org/10.1093/nsr/nwaa274
https://doi.org/10.1038/s41589-026-02149-6
https://doi.org/10.1038/s41589-026-02149-6
https://doi.org/10.1038/s41589-026-02149-6
https://doi.org/10.1038/s41589-026-02149-6
https://doi.org/10.1038/s41589-026-02149-6
https://doi.org/10.1038/s41589-026-02149-6
https://doi.org/10.1038/s41589-026-02149-6
https://doi.org/10.1016/j.matt.2019.06.001
https://doi.org/10.1016/j.matt.2019.06.001
https://doi.org/10.1016/j.matt.2019.06.001
https://doi.org/10.1016/j.matt.2019.06.001
https://doi.org/10.1016/j.matt.2019.06.001
https://doi.org/10.1016/j.matt.2019.06.001
https://doi.org/10.1016/j.matt.2019.06.001
https://doi.org/10.1126/science.aam6014
https://doi.org/10.1126/science.aam6014
https://doi.org/10.1126/science.aam6014
https://doi.org/10.1126/science.aam6014
https://doi.org/10.1126/science.aam6014
https://doi.org/10.1126/science.aam6014
https://doi.org/10.1126/science.aam6014
https://doi.org/10.1038/s41563-020-0729-1
https://doi.org/10.1038/s41563-020-0729-1
https://doi.org/10.1038/s41563-020-0729-1
https://doi.org/10.1038/s41563-020-0729-1
https://doi.org/10.1038/s41563-020-0729-1
https://doi.org/10.1038/s41563-020-0729-1
https://doi.org/10.1038/s41563-020-0729-1
https://doi.org/10.1126/science.abi8703
https://doi.org/10.1126/science.abi8703
https://doi.org/10.1126/science.abi8703
https://doi.org/10.1126/science.abi8703
https://doi.org/10.1126/science.abi8703
https://doi.org/10.1126/science.abi8703
https://doi.org/10.1126/science.abi8703
https://doi.org/10.1107/S2059798322006155
https://doi.org/10.1107/S2059798322006155
https://doi.org/10.1107/S2059798322006155
https://doi.org/10.1107/S2059798322006155
https://doi.org/10.1107/S2059798322006155
https://doi.org/10.1107/S2059798322006155
https://doi.org/10.1107/S2059798322006155
https://doi.org/10.1107/S2059798322006155
https://doi.org/10.1073/pnas.1406744111
https://doi.org/10.1073/pnas.1406744111
https://doi.org/10.1073/pnas.1406744111
https://doi.org/10.1073/pnas.1406744111
https://doi.org/10.1073/pnas.1406744111
https://doi.org/10.1073/pnas.1406744111
https://doi.org/10.1073/pnas.1406744111
https://doi.org/10.1073/pnas.1406744111
https://doi.org/10.1038/s41467-020-17230-4
https://doi.org/10.1038/s41467-020-17230-4
https://doi.org/10.1038/s41467-020-17230-4
https://doi.org/10.1038/s41467-020-17230-4
https://doi.org/10.1038/s41467-020-17230-4
https://doi.org/10.1038/s41467-020-17230-4
https://doi.org/10.1038/s41467-020-17230-4
https://doi.org/10.1038/s41467-020-17230-4
https://doi.org/10.20517/microstructures.2024.50
https://doi.org/10.20517/microstructures.2024.50
https://doi.org/10.20517/microstructures.2024.50
https://doi.org/10.20517/microstructures.2024.50
https://doi.org/10.20517/microstructures.2024.50
https://doi.org/10.20517/microstructures.2024.50
https://doi.org/10.20517/microstructures.2024.50
https://doi.org/10.1038/s41467-023-40221-0
https://doi.org/10.1038/s41467-023-40221-0
https://doi.org/10.1038/s41467-023-40221-0
https://doi.org/10.1038/s41467-023-40221-0
https://doi.org/10.1038/s41467-023-40221-0
https://doi.org/10.1038/s41467-023-40221-0
https://doi.org/10.1038/s41467-023-40221-0
https://doi.org/10.1038/s41467-023-40221-0
https://doi.org/10.1038/nature09124
https://doi.org/10.1038/nature09124
https://doi.org/10.1038/nature09124
https://doi.org/10.1038/nature09124
https://doi.org/10.1038/nature09124
https://doi.org/10.1038/nature09124
https://doi.org/10.1038/nature09124
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 75, No. 17 (2026)

170709

28]

29]
30]

(31]

(32]
(33]

(34]

35]

(36]

37]

38]
[39]

(40]

[41]

42]

[43]

44]

[45]

[46]

[47]

(48]

(49]

Lin Q, Liu J, An X, Wang H, Zhang Y, Liao X 2018 Mater.
Res. Lett. 6 236

Zachman M J, Tu Z Y, Choudhury S, Archer L A,
Kourkoutis L F 2018 Nature 560 345

LiJ, Lin C, Ma T Q, Sun J L 2022 Nat. Commun. 13 4016
LiY B, Liu Y Z, Zhang Z W, Zhou W J, Xu J W, Ye Y S,
Peng Y C, Xiao X, Chiu W, Sinclair R, Li Y Z, Cui Y 2024
Nano Lett. 24 10409

Cui Y, Zhang Z W, Sinclair R, Chiu W, Cui Y 2026 Nat.
Rev. Phys. 8 40

Wang G, Lin J H 2024 Chin. Phys. B 33 086801

Yao J M, Yu Z X, Ma J, Ye Z R, Du C C, Zhao J, Chen J
Z,YeH J Dai QS,Li H, SuY, Yan J T, Zhu D D, Wang
Z F, Zhang X D, Rong Z Y, Yu Q, Guo Z, Qiu H L, Wang Z
Y, Zhu L 'Y, Tang Y F, Huang J Y 2025 Nat. Commun. 16
9731

Habraken W J E M, Tao J, Brylka L J, Friedrich H,
Bertinetti L, Schenk A S, Verch A, Dmitrovic V, Bomans P
H H, Frederik P M, Laven J, van der Schoot P, Aichmayer
B, de With G, DeYoreo J J, Sommerdijk N A J M 2013 Nat.
Commun. 4 1507

Xin J J, Qiao X J, Qiu Y, Li J N, Yang S H, Li G B, Sun J
L 2024 Sci. Bull. 69 3496

Zhang J C, Wen J, Liu W D, Cui X Y, Chen Y N 2022 Sci.
China Mater. 65 2613

Sung S H, Gates M, Agarwal N, Zhang Y, Millsaps W, Shah
M, Rennich E,; Li C, Yu P, Chi M, Savitzky B H, Baggari I
E, Hovden R 2025 arXiv: 2509.12475

Rennich E, Sung S H, Agarwal N, Gates M, Kerns R,
Hovden R, Baggari I E 2025 Proc. Natl. Acad. Sci. U. S. A.
122 2509736122

Zhang D, Zhu Y, Liu L, Ying X, Hsiung C E, Sougrat R, Li
K, Han Y 2018 Science 359 675

Wang X F, Zhang M H, Alvarado J, Wang S, Sina M, Lu B
Y, Bouwer J, Xu W, Xiao J, Zhang J G, Xiao J, Liu J,
Meng Y S 2017 Nano Lett. 17 7606

Egerton R F 2019 Micron 119 72

Dubochet J, Adrian M, Chang J J, Lepault J, McDowall A
W 1987 Cryotechniques in Biological Electron Microscopy
(Berlin, Heidelberg: Springer Berlin Heidelberg) pp114-131
Dickerson J L, Naydenova K, Peet M J, Wilson H, Nandy
B, McMullan G, Morrison R, Russo C J 2025 Proc. Natl.
Acad. Sei. U. S. A. 122 ¢2421538122

Zhang J, Cheng N, Ge B H 2022 Adv. Phys. X 7 2046157
Wu K, Yang B S, Xue W H, Sun D P, Ge B H, Wang Y M
2024 Chin. Phys. B 33 076802

Chen S S, Zhang Z L, Chen W, Lucier B E, Chen M S,
Zhang W L, Zhu H H, Hung I, Zheng A M, Gan Z H, Gan Z
H, Lei D S, Huang Y N 2024 Nat. Commun. 15 10776

Sun T, Wei L, Chen Y T, Ma Y H, Zhang Y B 2019 J. Am.
Chem. Soc. 141 10962

1iY B, Zhou W J, Li Y Z, Huang W X, Zhang Z W, Chen
G X, Wang H S, Wu G H, Rolston N, Vila R, Chiu W, Cui
Y 2019 Joule 3 2854

Fan Q Y, Cui Y, Li Y B, Vigil J A, Jiang Z Q, Nandi P,
Colby R, Zhang C S, Karunadasa H I, Lindenberg A M 2025
Cell Rep. Phys. Sci. 6 102653

Zhu' Y M, Gui Z G, Wang Q, Meng F X, Feng S X, Han B
H, Wang P Y, Huang L, Wang H L, Gu M 2020 Nano
Energy 73 104820

Choi H S, Lin J, Wang G, Wong W P D, Park I H, Lin F,
Yin J, Leng K, Lin J, Loh K P 2024 Science 384 60
Kochovski Z, Chen G, Yuan J, Lu Y 2020 Colloid Polym.

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]
[61]
[62]

(63]

[64]
[65]
[66]

(67]

(68]

[69]

[70]

[71]

[72]

(73]

170709-20

Sci. 298 707

Sonani R R, Bianco S, Kreutzberger M A, Adams D J,
Egelman E H 2025 Faraday Discuss. 260 132

Song Y M, Li Z X, Mulvey J T, Freites J A, Patterson J P,
Tobias D J 2025 ChemPhysChem 26 ¢202401085

Zhang P L, Dong X D, DuH Q, Cui S W, Liu J Y, He Y X,
Ren W J, Wang H, Zhang Y, Xu Y F 2024 Macromolecules
57 11697

Ren X C, Zhang X Q, Xu R, Huang J Q, Zhang Q 2020
Adv. Mater. 32 1908293

Li W P, Weng S T, Fang Q, Su D, Wang Z X, Wang X F
2024 J. Chin. Electron Microsc. Soc. 43 86 (in Chinese) [2*
i, SR, i, IR, TIEH, THE 2024 5+ BREFR
43 86]

Yuan X T, Liu B, Mecklenburg M, Li Y Z 2023 Nature 620
86

Han B, Zou Y C, Zhang Z, Yang X M, Shi X B, Meng H,
Wang H, Xu K, Deng Y H, Gu M 2021 Nat. Commun. 12
3066

Liu P C, Yen D, Vishnugopi B S, Kankanallu V R, Giirsoy
D, Ge M Y, Watt J, Mukherjee P P, Chen-Wiegart Y C K,
Mitlin D 2023 Angew. Chem. Int. Ed. 62 202300943

Wang C, Kim J T, Yuan X, Kim J K, Liu B, Kim M H,
Zhao D, Mecklenburg M, Li Y 2025 Sci. Adv. 11 eadv3191
Huang W, Attia P M, Wang H S, Renfrew S E, Jin N, Das
S, Zhang Z W, Boyle D T, Li Y Z, Bazant M Z, McCloskey
B D, Chueh W C, Cui Y 2019 Nano Lett. 19 5140

Huang W, Wang H S, Boyle D T, Li Y Z, Cui Y 2020 ACS
Energy Lett. 5 1128

Jurng S, Brown Z L, Kim J, Lucht B L 2018 Energy
Environ. Sci. 11 2600

Han B, Li X Y, Bai S, Zou' Y C, Lu B Y, Zhang M H, Ma X
M, Chang Z, Meng Y S, Gu M 2021 Matter 4 3741

Zhang Z W, Yang J L, Huang W, Wang H S, Zhou W J, Li
Y B, Li Y Z, Xu J W, Huang W X, Chiu W, Cui Y 2021
Matter 4 302

Tan D H S, Banerjee A, Chen Z, Meng Y S 2020 Nat.
Nanotechnol. 15 170

Famprikis T, Canepa P, Dawson J A, Islam M S, Masquelier
C 2019 Nat. Mater. 18 1278

Lou S F, Zhang F, Fu C F, Chen M, Ma Y L, Yin G P,
Wang J Y 2021 Adv. Mater. 33 2000721

Cheng D, Wynn T A, Wang X, Wang S, Zhang M, Shimizu
R, Bai S, Nguyen H, Fang C, Kim M C, Li W, Lu B, Kim S
J, Meng Y S 2020 Joule 4 2484

Dai Q S, Yao J M, Du C C, Ye H J, Gao Z Y, Zhao J, Chen
JZ,SuY,LiH, FuXJ, Yan J T, Zhu D D, Zhang X D, Li
MY, Luo Z Y, Qiu H L, Huang Q, Zhang L. Q, Tang Y F,
Huang J Y 2022 Adv. Funct. Mater. 32 2208682

Li S'Y, Zhang J H, Zhang S C, Liu Q L, Cheng H, Fan L,
Zhang W D, Wang XY, Wu Q, Lu Y Y 2024 Nat. Energy 9
285

Yang G L, Ghosh T, i Y J, JuZ Y, Lim CY J, Ren W,
Chang Z, Wang J B, Du J L, Li Y, Zhang C, Liu W, Yao Y,
Yu G H, Seh Z W 2025 Nat. Commaun. 17 323

Lin HJ, Meng J Y, Guo WH, LiR J, Yi Y Y, Ma Y Y,
Cheung C F, Aurbach D, Xu Z L 2024 Energy Environ. Sci.
17 6548

Chang Y H, Lu W J, Guénolé¢ J, Stephenson L T,
Szczpaniak A, Kontis P, Ackerman A K, Dear F F, Mouton
I, Zhong X K, Zhang S Y, Dye D, Liebscher C H, Ponge D,
Korte-Kerzel S, Raabe D, Gault B 2019 Nat. Commun. 10 942
Pouget E M, Bomans P H H, Goos J A C M, Frederik P M,


https://doi.org/10.1080/21663831.2018.1434250
https://doi.org/10.1080/21663831.2018.1434250
https://doi.org/10.1080/21663831.2018.1434250
https://doi.org/10.1080/21663831.2018.1434250
https://doi.org/10.1080/21663831.2018.1434250
https://doi.org/10.1080/21663831.2018.1434250
https://doi.org/10.1080/21663831.2018.1434250
https://doi.org/10.1080/21663831.2018.1434250
https://doi.org/10.1038/s41586-018-0397-3
https://doi.org/10.1038/s41586-018-0397-3
https://doi.org/10.1038/s41586-018-0397-3
https://doi.org/10.1038/s41586-018-0397-3
https://doi.org/10.1038/s41586-018-0397-3
https://doi.org/10.1038/s41586-018-0397-3
https://doi.org/10.1038/s41586-018-0397-3
https://doi.org/10.1038/s41467-022-31524-9
https://doi.org/10.1038/s41467-022-31524-9
https://doi.org/10.1038/s41467-022-31524-9
https://doi.org/10.1038/s41467-022-31524-9
https://doi.org/10.1038/s41467-022-31524-9
https://doi.org/10.1038/s41467-022-31524-9
https://doi.org/10.1038/s41467-022-31524-9
https://doi.org/10.1021/acs.nanolett.3c03000
https://doi.org/10.1021/acs.nanolett.3c03000
https://doi.org/10.1021/acs.nanolett.3c03000
https://doi.org/10.1021/acs.nanolett.3c03000
https://doi.org/10.1021/acs.nanolett.3c03000
https://doi.org/10.1021/acs.nanolett.3c03000
https://doi.org/10.1038/s42254-025-00896-4
https://doi.org/10.1038/s42254-025-00896-4
https://doi.org/10.1038/s42254-025-00896-4
https://doi.org/10.1038/s42254-025-00896-4
https://doi.org/10.1038/s42254-025-00896-4
https://doi.org/10.1038/s42254-025-00896-4
https://doi.org/10.1038/s42254-025-00896-4
https://doi.org/10.1038/s42254-025-00896-4
https://doi.org/10.1088/1674-1056/ad5af0
https://doi.org/10.1088/1674-1056/ad5af0
https://doi.org/10.1088/1674-1056/ad5af0
https://doi.org/10.1088/1674-1056/ad5af0
https://doi.org/10.1088/1674-1056/ad5af0
https://doi.org/10.1088/1674-1056/ad5af0
https://doi.org/10.1088/1674-1056/ad5af0
https://doi.org/10.1038/s41467-025-64697-0
https://doi.org/10.1038/s41467-025-64697-0
https://doi.org/10.1038/s41467-025-64697-0
https://doi.org/10.1038/s41467-025-64697-0
https://doi.org/10.1038/s41467-025-64697-0
https://doi.org/10.1038/s41467-025-64697-0
https://doi.org/10.1038/ncomms2490
https://doi.org/10.1038/ncomms2490
https://doi.org/10.1038/ncomms2490
https://doi.org/10.1038/ncomms2490
https://doi.org/10.1038/ncomms2490
https://doi.org/10.1038/ncomms2490
https://doi.org/10.1038/ncomms2490
https://doi.org/10.1038/ncomms2490
https://doi.org/10.1016/j.scib.2024.09.009
https://doi.org/10.1016/j.scib.2024.09.009
https://doi.org/10.1016/j.scib.2024.09.009
https://doi.org/10.1016/j.scib.2024.09.009
https://doi.org/10.1016/j.scib.2024.09.009
https://doi.org/10.1016/j.scib.2024.09.009
https://doi.org/10.1016/j.scib.2024.09.009
https://doi.org/10.1007/s40843-022-2120-8
https://doi.org/10.1007/s40843-022-2120-8
https://doi.org/10.1007/s40843-022-2120-8
https://doi.org/10.1007/s40843-022-2120-8
https://doi.org/10.1007/s40843-022-2120-8
https://doi.org/10.1007/s40843-022-2120-8
https://doi.org/10.1007/s40843-022-2120-8
https://doi.org/10.1007/s40843-022-2120-8
https://doi.org/10.48550/arXiv.2509.12475
https://doi.org/10.48550/arXiv.2509.12475
https://doi.org/10.48550/arXiv.2509.12475
https://doi.org/10.48550/arXiv.2509.12475
https://doi.org/10.1073/pnas.2509736122
https://doi.org/10.1073/pnas.2509736122
https://doi.org/10.1073/pnas.2509736122
https://doi.org/10.1073/pnas.2509736122
https://doi.org/10.1073/pnas.2509736122
https://doi.org/10.1073/pnas.2509736122
https://doi.org/10.1126/science.aao0865
https://doi.org/10.1126/science.aao0865
https://doi.org/10.1126/science.aao0865
https://doi.org/10.1126/science.aao0865
https://doi.org/10.1126/science.aao0865
https://doi.org/10.1126/science.aao0865
https://doi.org/10.1126/science.aao0865
https://doi.org/10.1021/acs.nanolett.7b03606
https://doi.org/10.1021/acs.nanolett.7b03606
https://doi.org/10.1021/acs.nanolett.7b03606
https://doi.org/10.1021/acs.nanolett.7b03606
https://doi.org/10.1021/acs.nanolett.7b03606
https://doi.org/10.1021/acs.nanolett.7b03606
https://doi.org/10.1021/acs.nanolett.7b03606
https://doi.org/10.1016/j.micron.2019.01.005
https://doi.org/10.1016/j.micron.2019.01.005
https://doi.org/10.1016/j.micron.2019.01.005
https://doi.org/10.1016/j.micron.2019.01.005
https://doi.org/10.1016/j.micron.2019.01.005
https://doi.org/10.1016/j.micron.2019.01.005
https://doi.org/10.1016/j.micron.2019.01.005
https://doi.org/10.1007/978-3-642-72815-0_5
https://doi.org/10.1007/978-3-642-72815-0_5
https://doi.org/10.1007/978-3-642-72815-0_5
https://doi.org/10.1007/978-3-642-72815-0_5
https://doi.org/10.1007/978-3-642-72815-0_5
https://doi.org/10.1007/978-3-642-72815-0_5
https://doi.org/10.1007/978-3-642-72815-0_5
https://doi.org/10.1007/978-3-642-72815-0_5
https://doi.org/10.1073/pnas.2421538122
https://doi.org/10.1073/pnas.2421538122
https://doi.org/10.1073/pnas.2421538122
https://doi.org/10.1073/pnas.2421538122
https://doi.org/10.1073/pnas.2421538122
https://doi.org/10.1073/pnas.2421538122
https://doi.org/10.1073/pnas.2421538122
https://doi.org/10.1073/pnas.2421538122
https://doi.org/10.1088/1674-1056/ad48f8
https://doi.org/10.1088/1674-1056/ad48f8
https://doi.org/10.1088/1674-1056/ad48f8
https://doi.org/10.1088/1674-1056/ad48f8
https://doi.org/10.1088/1674-1056/ad48f8
https://doi.org/10.1088/1674-1056/ad48f8
https://doi.org/10.1088/1674-1056/ad48f8
https://doi.org/10.1038/s41467-024-54493-7
https://doi.org/10.1038/s41467-024-54493-7
https://doi.org/10.1038/s41467-024-54493-7
https://doi.org/10.1038/s41467-024-54493-7
https://doi.org/10.1038/s41467-024-54493-7
https://doi.org/10.1038/s41467-024-54493-7
https://doi.org/10.1038/s41467-024-54493-7
https://doi.org/10.1021/jacs.9b04895
https://doi.org/10.1021/jacs.9b04895
https://doi.org/10.1021/jacs.9b04895
https://doi.org/10.1021/jacs.9b04895
https://doi.org/10.1021/jacs.9b04895
https://doi.org/10.1021/jacs.9b04895
https://doi.org/10.1021/jacs.9b04895
https://doi.org/10.1021/jacs.9b04895
https://doi.org/10.1016/j.joule.2019.08.016
https://doi.org/10.1016/j.joule.2019.08.016
https://doi.org/10.1016/j.joule.2019.08.016
https://doi.org/10.1016/j.joule.2019.08.016
https://doi.org/10.1016/j.joule.2019.08.016
https://doi.org/10.1016/j.joule.2019.08.016
https://doi.org/10.1016/j.joule.2019.08.016
https://doi.org/10.1016/j.xcrp.2025.102653
https://doi.org/10.1016/j.xcrp.2025.102653
https://doi.org/10.1016/j.xcrp.2025.102653
https://doi.org/10.1016/j.xcrp.2025.102653
https://doi.org/10.1016/j.xcrp.2025.102653
https://doi.org/10.1016/j.xcrp.2025.102653
https://doi.org/10.1016/j.nanoen.2020.104820
https://doi.org/10.1016/j.nanoen.2020.104820
https://doi.org/10.1016/j.nanoen.2020.104820
https://doi.org/10.1016/j.nanoen.2020.104820
https://doi.org/10.1016/j.nanoen.2020.104820
https://doi.org/10.1016/j.nanoen.2020.104820
https://doi.org/10.1016/j.nanoen.2020.104820
https://doi.org/10.1016/j.nanoen.2020.104820
https://doi.org/10.1126/science.adk8912
https://doi.org/10.1126/science.adk8912
https://doi.org/10.1126/science.adk8912
https://doi.org/10.1126/science.adk8912
https://doi.org/10.1126/science.adk8912
https://doi.org/10.1126/science.adk8912
https://doi.org/10.1126/science.adk8912
https://doi.org/10.1007/s00396-020-04657-w
https://doi.org/10.1007/s00396-020-04657-w
https://doi.org/10.1007/s00396-020-04657-w
https://doi.org/10.1007/s00396-020-04657-w
https://doi.org/10.1007/s00396-020-04657-w
https://doi.org/10.1007/s00396-020-04657-w
https://doi.org/10.1007/s00396-020-04657-w
https://doi.org/10.1007/s00396-020-04657-w
https://doi.org/10.1039/D4FD00181H
https://doi.org/10.1039/D4FD00181H
https://doi.org/10.1039/D4FD00181H
https://doi.org/10.1039/D4FD00181H
https://doi.org/10.1039/D4FD00181H
https://doi.org/10.1039/D4FD00181H
https://doi.org/10.1039/D4FD00181H
https://doi.org/10.1002/cphc.202401085
https://doi.org/10.1002/cphc.202401085
https://doi.org/10.1002/cphc.202401085
https://doi.org/10.1002/cphc.202401085
https://doi.org/10.1002/cphc.202401085
https://doi.org/10.1002/cphc.202401085
https://doi.org/10.1002/cphc.202401085
https://doi.org/10.1021/acs.macromol.4c02108
https://doi.org/10.1021/acs.macromol.4c02108
https://doi.org/10.1021/acs.macromol.4c02108
https://doi.org/10.1021/acs.macromol.4c02108
https://doi.org/10.1021/acs.macromol.4c02108
https://doi.org/10.1021/acs.macromol.4c02108
https://doi.org/10.1002/adma.201908293
https://doi.org/10.1002/adma.201908293
https://doi.org/10.1002/adma.201908293
https://doi.org/10.1002/adma.201908293
https://doi.org/10.1002/adma.201908293
https://doi.org/10.1002/adma.201908293
https://doi.org/10.1038/s41586-023-06235-w
https://doi.org/10.1038/s41586-023-06235-w
https://doi.org/10.1038/s41586-023-06235-w
https://doi.org/10.1038/s41586-023-06235-w
https://doi.org/10.1038/s41586-023-06235-w
https://doi.org/10.1038/s41586-023-06235-w
https://doi.org/10.1038/s41467-021-23368-6
https://doi.org/10.1038/s41467-021-23368-6
https://doi.org/10.1038/s41467-021-23368-6
https://doi.org/10.1038/s41467-021-23368-6
https://doi.org/10.1038/s41467-021-23368-6
https://doi.org/10.1038/s41467-021-23368-6
https://doi.org/10.1002/anie.202300943
https://doi.org/10.1002/anie.202300943
https://doi.org/10.1002/anie.202300943
https://doi.org/10.1002/anie.202300943
https://doi.org/10.1002/anie.202300943
https://doi.org/10.1002/anie.202300943
https://doi.org/10.1002/anie.202300943
https://doi.org/10.1126/sciadv.adv3191
https://doi.org/10.1126/sciadv.adv3191
https://doi.org/10.1126/sciadv.adv3191
https://doi.org/10.1126/sciadv.adv3191
https://doi.org/10.1126/sciadv.adv3191
https://doi.org/10.1126/sciadv.adv3191
https://doi.org/10.1126/sciadv.adv3191
https://doi.org/10.1021/acs.nanolett.9b01515
https://doi.org/10.1021/acs.nanolett.9b01515
https://doi.org/10.1021/acs.nanolett.9b01515
https://doi.org/10.1021/acs.nanolett.9b01515
https://doi.org/10.1021/acs.nanolett.9b01515
https://doi.org/10.1021/acs.nanolett.9b01515
https://doi.org/10.1021/acs.nanolett.9b01515
https://doi.org/10.1021/acsenergylett.0c00194
https://doi.org/10.1021/acsenergylett.0c00194
https://doi.org/10.1021/acsenergylett.0c00194
https://doi.org/10.1021/acsenergylett.0c00194
https://doi.org/10.1021/acsenergylett.0c00194
https://doi.org/10.1021/acsenergylett.0c00194
https://doi.org/10.1021/acsenergylett.0c00194
https://doi.org/10.1021/acsenergylett.0c00194
https://doi.org/10.1039/C8EE00364E
https://doi.org/10.1039/C8EE00364E
https://doi.org/10.1039/C8EE00364E
https://doi.org/10.1039/C8EE00364E
https://doi.org/10.1039/C8EE00364E
https://doi.org/10.1039/C8EE00364E
https://doi.org/10.1039/C8EE00364E
https://doi.org/10.1039/C8EE00364E
https://doi.org/10.1016/j.matt.2021.09.019
https://doi.org/10.1016/j.matt.2021.09.019
https://doi.org/10.1016/j.matt.2021.09.019
https://doi.org/10.1016/j.matt.2021.09.019
https://doi.org/10.1016/j.matt.2021.09.019
https://doi.org/10.1016/j.matt.2021.09.019
https://doi.org/10.1016/j.matt.2021.09.019
https://doi.org/10.1016/j.matt.2020.10.021
https://doi.org/10.1016/j.matt.2020.10.021
https://doi.org/10.1016/j.matt.2020.10.021
https://doi.org/10.1016/j.matt.2020.10.021
https://doi.org/10.1016/j.matt.2020.10.021
https://doi.org/10.1016/j.matt.2020.10.021
https://doi.org/10.1038/s41565-020-0657-x
https://doi.org/10.1038/s41565-020-0657-x
https://doi.org/10.1038/s41565-020-0657-x
https://doi.org/10.1038/s41565-020-0657-x
https://doi.org/10.1038/s41565-020-0657-x
https://doi.org/10.1038/s41565-020-0657-x
https://doi.org/10.1038/s41565-020-0657-x
https://doi.org/10.1038/s41565-020-0657-x
https://doi.org/10.1038/s41563-019-0431-3
https://doi.org/10.1038/s41563-019-0431-3
https://doi.org/10.1038/s41563-019-0431-3
https://doi.org/10.1038/s41563-019-0431-3
https://doi.org/10.1038/s41563-019-0431-3
https://doi.org/10.1038/s41563-019-0431-3
https://doi.org/10.1038/s41563-019-0431-3
https://doi.org/10.1002/adma.202000721
https://doi.org/10.1002/adma.202000721
https://doi.org/10.1002/adma.202000721
https://doi.org/10.1002/adma.202000721
https://doi.org/10.1002/adma.202000721
https://doi.org/10.1002/adma.202000721
https://doi.org/10.1002/adma.202000721
https://doi.org/10.1016/j.joule.2020.08.013
https://doi.org/10.1016/j.joule.2020.08.013
https://doi.org/10.1016/j.joule.2020.08.013
https://doi.org/10.1016/j.joule.2020.08.013
https://doi.org/10.1016/j.joule.2020.08.013
https://doi.org/10.1016/j.joule.2020.08.013
https://doi.org/10.1016/j.joule.2020.08.013
https://doi.org/10.1002/adfm.202208682
https://doi.org/10.1002/adfm.202208682
https://doi.org/10.1002/adfm.202208682
https://doi.org/10.1002/adfm.202208682
https://doi.org/10.1002/adfm.202208682
https://doi.org/10.1002/adfm.202208682
https://doi.org/10.1002/adfm.202208682
https://doi.org/10.1038/s41560-023-01439-w
https://doi.org/10.1038/s41560-023-01439-w
https://doi.org/10.1038/s41560-023-01439-w
https://doi.org/10.1038/s41560-023-01439-w
https://doi.org/10.1038/s41560-023-01439-w
https://doi.org/10.1038/s41560-023-01439-w
https://doi.org/10.1038/s41467-025-67029-4
https://doi.org/10.1038/s41467-025-67029-4
https://doi.org/10.1038/s41467-025-67029-4
https://doi.org/10.1038/s41467-025-67029-4
https://doi.org/10.1038/s41467-025-67029-4
https://doi.org/10.1038/s41467-025-67029-4
https://doi.org/10.1038/s41467-025-67029-4
https://doi.org/10.1039/D4EE01257G
https://doi.org/10.1039/D4EE01257G
https://doi.org/10.1039/D4EE01257G
https://doi.org/10.1039/D4EE01257G
https://doi.org/10.1039/D4EE01257G
https://doi.org/10.1039/D4EE01257G
https://doi.org/10.1038/s41467-019-08752-7
https://doi.org/10.1038/s41467-019-08752-7
https://doi.org/10.1038/s41467-019-08752-7
https://doi.org/10.1038/s41467-019-08752-7
https://doi.org/10.1038/s41467-019-08752-7
https://doi.org/10.1038/s41467-019-08752-7
https://doi.org/10.1038/s41467-019-08752-7
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 75, No. 17 (2026)

170709

(74]
(75]

[76]

[77]
(78]

(79]
(80]
(81]

(82]

83]
84]
85]
86]
87)

(88

(89]
(90]

[91]

(92]

93]

(94]

[95]

(96]

de With G, Sommerdijk N A J M 2009 Science 323 1455
Nielsen M H, Aloni S, De Yoreo J J 2014 Science 345 1158
Dutta N S, Carroll G M, Neale N R, Han S D, Al-Jassim M,
Jungjohann K 2024 Microsc. Microanal. 30 844

Yoder N, Jalali-Yazdi F, Noreng S, Houser A, Baconguis I,
Gouaux E 2020 J. Struct. Biol. 212 107624

Romero A M, Bonin C, Twomey E C 2024 [UCrJ 11 16
Schreiber R E, Houben L, Wolf S G, Leitus G, Lang Z L,
Carbo J J, Poblet J M, Neumann R 2017 Nat. Chem. 9 369
Xu H, Angstrom J, Eklund T, Amann-Winkel K 2020 J.
Phys. Chem. B 124 9283

Houben L, Weissman H, Wolf S G, Rybtchinski B 2020
Nature 579 540

Kumar S, Wang Z, Penn R L, Tsapatsis M 2008 J. Am.
Chem. Soc. 130 17284

Baumgartner J, Dey A, Bomans P H H, Le Coadou C,
Fratzl P, Sommerdijk N A J M, Faivre D 2013 Nat. Mater.
12 310

Soltis J A, Wallace C M, Penn R L, Burns P C 2016 J. Am.
Chem. Soc. 138 191

Wu AL, Guo Y X, Li X B, Xue HM, Fei J B, Li J B 2021
Angew. Chem. Int. Ed. 60 2099

Torino S, Dhurandhar M, Stroobants A, Claessens R,
Efremov R G 2023 Nat. Methods 20 1400

Voss J M, Harder O F, Olshin P K, Drabbels M, Lorenz U J
2021 Struct. Dyn. 8 054302

Curtis W A, Wenz J, Kruger C R, Barrass S V, Drabbels M,
Lorenz U J 2026 Nat. Commaun. 17 1799

Ge M Y, Han B, Xiong Z W, Fu Z Q, Liu M Q, Sun A W,
Fang L M, Nie H C, Chen X F, Wang G S, Zhang Y J, Li J,
Gao Z P 2025 Nat. Commun. 17 1221

McComb D W, Lengyel J, Carter C B 2019 MRS Bull. 44
924

Zhu Y M, Zhang Q, Yang X M, Li M H, Wang B, Gu M
2021 iScience 24 103385

Tyukalova E, Vimal Vas J, Ignatans R, Mueller A D,
Medwal R, Imamura M, Asada H, Fukuma Y, Rawat R S,
Tileli V, Duchamp M 2021 Acc. Chem. Res. 54 3125

Tao L, Zhang H, Shah S R, Yang X, Lai J, Guo Y, Russell J
A, Xia D, Min J, Huang W, Shi C, Liang Z, Yu D, Hwang
S, Xiong H, Madsen L. A, Zhao K, Shi F, Lin F 2025 Proc.
Natl. Acad. Sci. U. S. A. 122 €2420398122

Wang Z C, Pei K, Yang L T, Yang C D, Chen G Y, Zhao X
B, Wang C, Liu Z W, Li Y, Che R C, Zhu J 2023 Nature
615 405

Kumar A, Tiukalova E, Venkatraman K, Lupini A, Hachtel
J A, Chi M 2024 Ultramicroscopy 265 114008

Zhang Z, Cui Y X, Huang X M, Li M H, Wei X B, Zhen C,
Cai C, Wu D J, Deng L, Zeng Z Y, Zhong R Y, Gu M D
2026 Nano Lett. 26 5062

Unabara D, Sato Y K, Hamaguchi T, Yonekura K 2025

[97]

(98]

[99]

[100)

[101]

[102]

[103]
[104)
[105]

[106]

[107)

[108]

[109]

[110]

[111)

[112]

[113)

[114)

[115]

170709-21

Anal. Chem. 97 18055

He Y, Jiang L, Chen T W, Xu Y B, Jia H P, Yi R, Xue D
C, Song M, Genc A, Bouchet-Marquis C, Pullan L, Tessner
T, Yoo J, Li X L, Zhang J G, Zhang S L, Wang C M 2021
Nat. Nanotechnol. 16 1113

Wang L F, Han P, Zhang L, Zhong C, Chen M, Li R X, Wu
Y H, Zuo Z P, Wang X D, Wang X F, Zhan C, Liu G C
2025 Chem. Eng. J. 525 170318

Sun H, Zhu G, Xu X, Liao M, Li Y-Y, Angell M, Gu M, Zhu
Y, Hung W H, Li J 2019 Nat. Commun. 10 3302

Gomez O J, Antar A, Hall A T, Tapia-Aracayo L, Seo J,
Kim N, Sun Z, Lim R, Chen F, Li Y, Cumings J, Rubloff G,
Lee S B, Stewart D, Wang Y 2025 J. Mater. Chem. A 13
28368

Ueda K, Uchiyama R, Kato N, Higashi K, Moribe K 2025
Int. J. Pharm. 674 125425

Lazi¢ I, Wirix M, Leidl M L, de Haas F, Mann D, Beckers
M, Pechnikova E V, Miiller-Caspary K, Egoavil R, Bosch E
G T, Sachse C 2022 Nat. Methods 19 1126

Yiicelen E, Lazi¢ I, Bosch E G T 2018 Sci. Rep. 8 2676 (in
Chinese)

Sartori A, Gatz R, Beck F, Rigort A, Baumeister W, Plitzko
J M 2007 J. Struct. Biol. 160 135

Zhang R R, Xiao Z X, Lin Z K, Yan X H, He Z Y, Jiang H
R, Yang 7, Jia X L, Wei F 2024 Nano-Micro Lett. 16 43
Presutti C, Vreeker E, Sasidharan S, Ferdinando Z, Stuart
M, Juhaniewicz-Dg¢binska J, Maglia G, Roos W H, Poolman
B 2025 Biomacromolecules 26 2868

Huang J Y, Zhong L, Wang C M, Sullivan J P, Xu W,
Zhang L Q, Mao S X, Hudak N S, Liu X H, Subramanian A
2010 Science 330 1515

Jabbari V, Yurkiv V, Rasul M G, Phakatkar A H, Mashayek
F, Shahbazian-Yassar R 2023 Energy Storage Mater. 57 1
Alvarado J, Schroeder M A, Pollard T P, Wang X, Lee J Z,
Zhang M, Wynn T, Ding M, Borodin O, Meng Y S, Xu K
2019 Energy Environ. Sci. 12 780

Xie Y, Wang J, Savitzky B H, Chen Z, Wang Y, Betzler S,
Bustillo K, Persson K, Cui Y, Wang L W 2023 Sci. Adv. 9
eadc9721

Wang F, Yu H C, Chen M H, Wu L J, Pereira N, Thornton
K, Van der Ven A, Zhu Y M, Amatucci G G, Graetz J 2012
Nat. Commun. 3 1201

Sanchez-Garcia R, Gomez-Blanco J, Cuervo A, Carazo J M,
Sorzano C O S, Vargas J 2021 Commun. Biol. 4 874

He J H, Li T, Huang S Y 2023 Nat. Commun. 14 3217
Iwasawa M, Miura K, Kashihara M, Kitagawa H, Ohno M,
Unabara D, Hamaguchi T, Yonekura K 2026 ACS Meas.
Sei. Au 6 340

Chen S J, Gong Z P, Zhao P Y, Zhang Y H, Cheng B, Hou
J, Song J, Ding X, Sun J, Shi J, Deng J K 2024 FEnergy
Storage Mater. 65 103096


https://doi.org/10.1126/science.1169434
https://doi.org/10.1126/science.1169434
https://doi.org/10.1126/science.1169434
https://doi.org/10.1126/science.1169434
https://doi.org/10.1126/science.1169434
https://doi.org/10.1126/science.1169434
https://doi.org/10.1126/science.1169434
https://doi.org/10.1126/science.1254051
https://doi.org/10.1126/science.1254051
https://doi.org/10.1126/science.1254051
https://doi.org/10.1126/science.1254051
https://doi.org/10.1126/science.1254051
https://doi.org/10.1126/science.1254051
https://doi.org/10.1126/science.1254051
https://doi.org/10.1093/mam/ozae097
https://doi.org/10.1093/mam/ozae097
https://doi.org/10.1093/mam/ozae097
https://doi.org/10.1093/mam/ozae097
https://doi.org/10.1093/mam/ozae097
https://doi.org/10.1093/mam/ozae097
https://doi.org/10.1093/mam/ozae097
https://doi.org/10.1016/j.jsb.2020.107624
https://doi.org/10.1016/j.jsb.2020.107624
https://doi.org/10.1016/j.jsb.2020.107624
https://doi.org/10.1016/j.jsb.2020.107624
https://doi.org/10.1016/j.jsb.2020.107624
https://doi.org/10.1016/j.jsb.2020.107624
https://doi.org/10.1016/j.jsb.2020.107624
https://doi.org/10.1107/S2052252523010308
https://doi.org/10.1107/S2052252523010308
https://doi.org/10.1107/S2052252523010308
https://doi.org/10.1107/S2052252523010308
https://doi.org/10.1107/S2052252523010308
https://doi.org/10.1107/S2052252523010308
https://doi.org/10.1107/S2052252523010308
https://doi.org/10.1038/nchem.2675
https://doi.org/10.1038/nchem.2675
https://doi.org/10.1038/nchem.2675
https://doi.org/10.1038/nchem.2675
https://doi.org/10.1038/nchem.2675
https://doi.org/10.1038/nchem.2675
https://doi.org/10.1038/nchem.2675
https://doi.org/10.1021/acs.jpcb.0c08232
https://doi.org/10.1021/acs.jpcb.0c08232
https://doi.org/10.1021/acs.jpcb.0c08232
https://doi.org/10.1021/acs.jpcb.0c08232
https://doi.org/10.1021/acs.jpcb.0c08232
https://doi.org/10.1021/acs.jpcb.0c08232
https://doi.org/10.1021/acs.jpcb.0c08232
https://doi.org/10.1021/acs.jpcb.0c08232
https://doi.org/10.1038/s41586-020-2104-4
https://doi.org/10.1038/s41586-020-2104-4
https://doi.org/10.1038/s41586-020-2104-4
https://doi.org/10.1038/s41586-020-2104-4
https://doi.org/10.1038/s41586-020-2104-4
https://doi.org/10.1038/s41586-020-2104-4
https://doi.org/10.1021/ja8063167
https://doi.org/10.1021/ja8063167
https://doi.org/10.1021/ja8063167
https://doi.org/10.1021/ja8063167
https://doi.org/10.1021/ja8063167
https://doi.org/10.1021/ja8063167
https://doi.org/10.1021/ja8063167
https://doi.org/10.1021/ja8063167
https://doi.org/10.1038/nmat3558
https://doi.org/10.1038/nmat3558
https://doi.org/10.1038/nmat3558
https://doi.org/10.1038/nmat3558
https://doi.org/10.1038/nmat3558
https://doi.org/10.1038/nmat3558
https://doi.org/10.1021/jacs.5b09802
https://doi.org/10.1021/jacs.5b09802
https://doi.org/10.1021/jacs.5b09802
https://doi.org/10.1021/jacs.5b09802
https://doi.org/10.1021/jacs.5b09802
https://doi.org/10.1021/jacs.5b09802
https://doi.org/10.1021/jacs.5b09802
https://doi.org/10.1021/jacs.5b09802
https://doi.org/10.1002/anie.202012470
https://doi.org/10.1002/anie.202012470
https://doi.org/10.1002/anie.202012470
https://doi.org/10.1002/anie.202012470
https://doi.org/10.1002/anie.202012470
https://doi.org/10.1002/anie.202012470
https://doi.org/10.1038/s41592-023-01967-z
https://doi.org/10.1038/s41592-023-01967-z
https://doi.org/10.1038/s41592-023-01967-z
https://doi.org/10.1038/s41592-023-01967-z
https://doi.org/10.1038/s41592-023-01967-z
https://doi.org/10.1038/s41592-023-01967-z
https://doi.org/10.1038/s41592-023-01967-z
https://doi.org/10.1063/4.0000129
https://doi.org/10.1063/4.0000129
https://doi.org/10.1063/4.0000129
https://doi.org/10.1063/4.0000129
https://doi.org/10.1063/4.0000129
https://doi.org/10.1063/4.0000129
https://doi.org/10.1063/4.0000129
https://doi.org/10.1038/s41467-026-68515-z
https://doi.org/10.1038/s41467-026-68515-z
https://doi.org/10.1038/s41467-026-68515-z
https://doi.org/10.1038/s41467-026-68515-z
https://doi.org/10.1038/s41467-026-68515-z
https://doi.org/10.1038/s41467-026-68515-z
https://doi.org/10.1038/s41467-026-68515-z
https://doi.org/10.1038/s41467-025-67974-0
https://doi.org/10.1038/s41467-025-67974-0
https://doi.org/10.1038/s41467-025-67974-0
https://doi.org/10.1038/s41467-025-67974-0
https://doi.org/10.1038/s41467-025-67974-0
https://doi.org/10.1038/s41467-025-67974-0
https://doi.org/10.1038/s41467-025-67974-0
https://doi.org/10.1557/mrs.2019.283
https://doi.org/10.1557/mrs.2019.283
https://doi.org/10.1557/mrs.2019.283
https://doi.org/10.1557/mrs.2019.283
https://doi.org/10.1557/mrs.2019.283
https://doi.org/10.1557/mrs.2019.283
https://doi.org/10.1016/j.isci.2021.103385
https://doi.org/10.1016/j.isci.2021.103385
https://doi.org/10.1016/j.isci.2021.103385
https://doi.org/10.1016/j.isci.2021.103385
https://doi.org/10.1016/j.isci.2021.103385
https://doi.org/10.1016/j.isci.2021.103385
https://doi.org/10.1016/j.isci.2021.103385
https://doi.org/10.1021/acs.accounts.1c00078
https://doi.org/10.1021/acs.accounts.1c00078
https://doi.org/10.1021/acs.accounts.1c00078
https://doi.org/10.1021/acs.accounts.1c00078
https://doi.org/10.1021/acs.accounts.1c00078
https://doi.org/10.1021/acs.accounts.1c00078
https://doi.org/10.1021/acs.accounts.1c00078
https://doi.org/10.1073/pnas.2420398122
https://doi.org/10.1073/pnas.2420398122
https://doi.org/10.1073/pnas.2420398122
https://doi.org/10.1073/pnas.2420398122
https://doi.org/10.1073/pnas.2420398122
https://doi.org/10.1073/pnas.2420398122
https://doi.org/10.1073/pnas.2420398122
https://doi.org/10.1073/pnas.2420398122
https://doi.org/10.1038/s41586-023-05731-3
https://doi.org/10.1038/s41586-023-05731-3
https://doi.org/10.1038/s41586-023-05731-3
https://doi.org/10.1038/s41586-023-05731-3
https://doi.org/10.1038/s41586-023-05731-3
https://doi.org/10.1038/s41586-023-05731-3
https://doi.org/10.1016/j.ultramic.2024.114008
https://doi.org/10.1016/j.ultramic.2024.114008
https://doi.org/10.1016/j.ultramic.2024.114008
https://doi.org/10.1016/j.ultramic.2024.114008
https://doi.org/10.1016/j.ultramic.2024.114008
https://doi.org/10.1016/j.ultramic.2024.114008
https://doi.org/10.1016/j.ultramic.2024.114008
https://doi.org/10.1016/j.ultramic.2024.114008
https://doi.org/10.1021/acs.nanolett.6c00141
https://doi.org/10.1021/acs.nanolett.6c00141
https://doi.org/10.1021/acs.nanolett.6c00141
https://doi.org/10.1021/acs.nanolett.6c00141
https://doi.org/10.1021/acs.nanolett.6c00141
https://doi.org/10.1021/acs.nanolett.6c00141
https://doi.org/10.1021/acs.nanolett.6c00141
https://doi.org/10.1021/acs.analchem.5c02121
https://doi.org/10.1021/acs.analchem.5c02121
https://doi.org/10.1021/acs.analchem.5c02121
https://doi.org/10.1021/acs.analchem.5c02121
https://doi.org/10.1021/acs.analchem.5c02121
https://doi.org/10.1021/acs.analchem.5c02121
https://doi.org/10.1038/s41565-021-00947-8
https://doi.org/10.1038/s41565-021-00947-8
https://doi.org/10.1038/s41565-021-00947-8
https://doi.org/10.1038/s41565-021-00947-8
https://doi.org/10.1038/s41565-021-00947-8
https://doi.org/10.1038/s41565-021-00947-8
https://doi.org/10.1016/j.cej.2025.170318
https://doi.org/10.1016/j.cej.2025.170318
https://doi.org/10.1016/j.cej.2025.170318
https://doi.org/10.1016/j.cej.2025.170318
https://doi.org/10.1016/j.cej.2025.170318
https://doi.org/10.1016/j.cej.2025.170318
https://doi.org/10.1016/j.cej.2025.170318
https://doi.org/10.1038/s41467-019-11102-2
https://doi.org/10.1038/s41467-019-11102-2
https://doi.org/10.1038/s41467-019-11102-2
https://doi.org/10.1038/s41467-019-11102-2
https://doi.org/10.1038/s41467-019-11102-2
https://doi.org/10.1038/s41467-019-11102-2
https://doi.org/10.1038/s41467-019-11102-2
https://doi.org/10.1039/D5TA03196F
https://doi.org/10.1039/D5TA03196F
https://doi.org/10.1039/D5TA03196F
https://doi.org/10.1039/D5TA03196F
https://doi.org/10.1039/D5TA03196F
https://doi.org/10.1039/D5TA03196F
https://doi.org/10.1016/j.ijpharm.2025.125425
https://doi.org/10.1016/j.ijpharm.2025.125425
https://doi.org/10.1016/j.ijpharm.2025.125425
https://doi.org/10.1016/j.ijpharm.2025.125425
https://doi.org/10.1016/j.ijpharm.2025.125425
https://doi.org/10.1016/j.ijpharm.2025.125425
https://doi.org/10.1038/s41592-022-01586-0
https://doi.org/10.1038/s41592-022-01586-0
https://doi.org/10.1038/s41592-022-01586-0
https://doi.org/10.1038/s41592-022-01586-0
https://doi.org/10.1038/s41592-022-01586-0
https://doi.org/10.1038/s41592-022-01586-0
https://doi.org/10.1038/s41592-022-01586-0
https://doi.org/10.1038/s41598-018-20377-2
https://doi.org/10.1038/s41598-018-20377-2
https://doi.org/10.1038/s41598-018-20377-2
https://doi.org/10.1038/s41598-018-20377-2
https://doi.org/10.1038/s41598-018-20377-2
https://doi.org/10.1038/s41598-018-20377-2
https://doi.org/10.1038/s41598-018-20377-2
https://doi.org/10.1038/s41598-018-20377-2
https://doi.org/10.1016/j.jsb.2007.07.011
https://doi.org/10.1016/j.jsb.2007.07.011
https://doi.org/10.1016/j.jsb.2007.07.011
https://doi.org/10.1016/j.jsb.2007.07.011
https://doi.org/10.1016/j.jsb.2007.07.011
https://doi.org/10.1016/j.jsb.2007.07.011
https://doi.org/10.1016/j.jsb.2007.07.011
https://doi.org/10.1007/s40820-023-01267-3
https://doi.org/10.1007/s40820-023-01267-3
https://doi.org/10.1007/s40820-023-01267-3
https://doi.org/10.1007/s40820-023-01267-3
https://doi.org/10.1007/s40820-023-01267-3
https://doi.org/10.1007/s40820-023-01267-3
https://doi.org/10.1007/s40820-023-01267-3
https://doi.org/10.1007/s40820-023-01267-3
https://doi.org/10.1007/s40820-023-01267-3
https://doi.org/10.1021/acs.biomac.4c01651
https://doi.org/10.1021/acs.biomac.4c01651
https://doi.org/10.1021/acs.biomac.4c01651
https://doi.org/10.1021/acs.biomac.4c01651
https://doi.org/10.1021/acs.biomac.4c01651
https://doi.org/10.1021/acs.biomac.4c01651
https://doi.org/10.1021/acs.biomac.4c01651
https://doi.org/10.1126/science.1195628
https://doi.org/10.1126/science.1195628
https://doi.org/10.1126/science.1195628
https://doi.org/10.1126/science.1195628
https://doi.org/10.1126/science.1195628
https://doi.org/10.1126/science.1195628
https://doi.org/10.1126/science.1195628
https://doi.org/10.1016/j.ensm.2023.02.009
https://doi.org/10.1016/j.ensm.2023.02.009
https://doi.org/10.1016/j.ensm.2023.02.009
https://doi.org/10.1016/j.ensm.2023.02.009
https://doi.org/10.1016/j.ensm.2023.02.009
https://doi.org/10.1016/j.ensm.2023.02.009
https://doi.org/10.1016/j.ensm.2023.02.009
https://doi.org/10.1039/C8EE02601G
https://doi.org/10.1039/C8EE02601G
https://doi.org/10.1039/C8EE02601G
https://doi.org/10.1039/C8EE02601G
https://doi.org/10.1039/C8EE02601G
https://doi.org/10.1039/C8EE02601G
https://doi.org/10.1039/C8EE02601G
https://doi.org/10.1126/sciadv.adc9721
https://doi.org/10.1126/sciadv.adc9721
https://doi.org/10.1126/sciadv.adc9721
https://doi.org/10.1126/sciadv.adc9721
https://doi.org/10.1126/sciadv.adc9721
https://doi.org/10.1126/sciadv.adc9721
https://doi.org/10.1038/ncomms2185
https://doi.org/10.1038/ncomms2185
https://doi.org/10.1038/ncomms2185
https://doi.org/10.1038/ncomms2185
https://doi.org/10.1038/ncomms2185
https://doi.org/10.1038/ncomms2185
https://doi.org/10.1038/s42003-021-02399-1
https://doi.org/10.1038/s42003-021-02399-1
https://doi.org/10.1038/s42003-021-02399-1
https://doi.org/10.1038/s42003-021-02399-1
https://doi.org/10.1038/s42003-021-02399-1
https://doi.org/10.1038/s42003-021-02399-1
https://doi.org/10.1038/s42003-021-02399-1
https://doi.org/10.1038/s41467-023-39031-1
https://doi.org/10.1038/s41467-023-39031-1
https://doi.org/10.1038/s41467-023-39031-1
https://doi.org/10.1038/s41467-023-39031-1
https://doi.org/10.1038/s41467-023-39031-1
https://doi.org/10.1038/s41467-023-39031-1
https://doi.org/10.1038/s41467-023-39031-1
https://doi.org/10.1021/acsmeasuresciau.5c00158
https://doi.org/10.1021/acsmeasuresciau.5c00158
https://doi.org/10.1021/acsmeasuresciau.5c00158
https://doi.org/10.1021/acsmeasuresciau.5c00158
https://doi.org/10.1021/acsmeasuresciau.5c00158
https://doi.org/10.1021/acsmeasuresciau.5c00158
https://doi.org/10.1021/acsmeasuresciau.5c00158
https://doi.org/10.1021/acsmeasuresciau.5c00158
https://doi.org/10.1016/j.ensm.2023.103096
https://doi.org/10.1016/j.ensm.2023.103096
https://doi.org/10.1016/j.ensm.2023.103096
https://doi.org/10.1016/j.ensm.2023.103096
https://doi.org/10.1016/j.ensm.2023.103096
https://doi.org/10.1016/j.ensm.2023.103096
https://doi.org/10.1016/j.ensm.2023.103096
https://doi.org/10.1016/j.ensm.2023.103096
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
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. 75, No. 17 (2026) 170709

SPECIAL TOPIC—The 80th Anniversary of the School of Physical Science
and Technology, Lanzhou University

Applications of cryogenic transmission electron
microscopy in physics and materials”

ZHANG ZelinV?#  PU RuiV?# KANG Dongyuan V?#  YI Siyang V?#
XU SongyiV? WU Shanquan Y2t LEI Dongsheng V2391

1) (Electron Microscopy Centre of Lanzhou University, School of Physical Science and Technology, Lanzhou University, Lanzhou 730000, China)
2) (Key Laboratory of Magnetism and Magnetic Functional Materials, Ministry of Education, Lanzhou University, Lanzhou 730000, China)
3) (State Key Laboratory for Animal Disease Control and Prevention, College of Veterinary Medicine, Lanzhou University, Lanzhou 730000, China)
4) (Jiangsu Key Laboratory of Zoonosis, Yangzhou University, Yangzhou 225009, China)

( Received 11 May 2026; revised manuscript received 8 June 2026 )
Abstract

Cryogenic transmission electron microscopy (cryo-TEM) preserves biological and material samples in a near-
native state via ultra-rapid vitrification and enables high-resolution imaging at cryogenic temperatures, which
substantially alleviates structural degradation induced by vacuum dehydration and electron beam irradiation.
Capitalizing on this unique advantage, cryo-TEM has long served as a powerful characterization tool in traditional
disciplines including biology and medicine. In recent years, it has also seen tremendous advances in structural
characterization and mechanistic exploration across physics, materials science, chemistry and atmospheric science.
This review first systematically introduces two core technical routes of cryo-TEM: the vitrification-based strategy
(Sections 3 and 5) for the structural analysis of electron-beam-sensitive materials and the characterization of
dynamic evolution processes, and the cryo-stage-based strategy (Sections 4 and 6) for the oxygen-free preparation
and investigation of low-temperature physical properties of air-sensitive materials. Subsequently, we
comprehensively summarize the state-of-the-art applications of cryo-TEM in physics and materials science,
covering five key research directions: 1) the protection mechanism and atomic-scale structural resolution of
electron-beam-sensitive materials (e.g., MOFs, COFs, perovskites, and hydrogels); 2) oxygen-free sample
preparation and interfacial structural analysis of air-sensitive materials (e.g., Li/Na/K metal anodes, SEI/CEI
films, and solid-state battery interfaces); 3) time-resolved cryo-TEM methodologies including offline sampling, on-
chip integration and electron beam-induced dynamic detection, as well as their applications in probing nucleation
and phase transition behaviors over timescales ranging from microseconds to months; 4) in situ cryogenic
observation of the structural and functional evolution of advanced functional materials (e.g., ferroelectric domain
transformation, skyrmion lattice rearrangement, charge density wave transitions, and low-temperature Li"
transport behavior); 5) the latest progress in correlative characterization technologies that integrate cryo-TEM
with spectroscopy, diffraction analysis, theoretical calculations and machine learning algorithms (Section 7). This
review aims to provide a comprehensive and insightful reference for further expanding the application scope of
cryo-TEM in fundamental physics and advanced materials research.

Keywords: cryogenic transmission electron microscopy, electron-beam-sensitive materials, air-sensitive

materials, time-resolved, low-temperature physical properties
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