55 54 %5 7 11 R N S 4 Vol. 54, No.7

1L

2026 7 H JOURNAL OF THE CHINESE CERAMIC SOCIETY July, 2026

http://jcesoc.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20250435

o i

SH L T WL SR BT S

NowL & L pkdl, FEEL F O£, D FL Kk AL x| F KFk?
(1. BRIBHE KB S8R, 2RI 430081 2. TSR, W EI1T 361005)

8 O BPILE IR LA R (1624 mA-h-g ) DU RS T/ HL T A AR R, RS T R TR S SR T R
SRTI, BELEDRIA P ORI A BUZAR (58 S HALI A 370%) = 7 AL I ZE A LT, 3 BRI BT SRR AR R, RIS, [ A
fige S5 S T (SED A [ R A2/ P AE I R R SRR MR P B 1, SRR SR R PRSI BeAh, B IR N A AS T
BB TR R JEER, PRI, BB E a1, B a Sy R DO RSO SRS B F T IS — e R
FEAH B AL AU (S 5 AR T RAFHERE . ASCE S v 1A DR ARy s AR R, 3 L 1 2 SRR R
WEFEAN e, e S T dt AT RHE B 1 ra i U A R e 3

KHEIR: A ARl 85 UREGEHWT BEEMEL A4S
FESHEE: TMI12; TB34  HFER: A XEHS: 0454-5648(2026)07-2481-27
PI4% i hRETIE) : 2026-04-07

15T A0 T R LR PEA G A ALY
SRR, PRSI T B T R TR
YR SR E R . AR AAEME T . I
KB 7B SREMIAE A A, HRHE
WA RHAK(72 mAh-g ™), BB TN/ H
g, CXELLR AL T — AU T A R RS
EERO2), B(Sn). FE(Si). #5(Ge)HER(SH)A A
AR R B F A BT N2 BT EE  1 e it
il it =B,

1886 4, T 13- v 340 4 ) o S £ 5 B
TR HETRPECON 32, JRT RN 72.64, J&E
4 MM IV AR, BRI EN 535 grem ™3, A
la J&7R 1 fi A% (c-Ge) R s NI ST i iR 4 4 o 1
AR PE R T SRR OB FE(A 1b), S BctE H A G
Yo BGEE, AN TR RS ERE W (5) Photograph of germanium ingots
WK WRmRBE, £ BT o 02 b 2 e o
BT 2 BRI T ORBHAE M . 204N 4% RS54 Fig. 1 Crystal structure of c-Ge and appearance of germanium

g [6-71, ingots

Wk FAE: 2025-06-05. BT H#H: 2025-08-30. Received date: 2025-06-05. Revised date: 2025-08-30.

FETH . R AR SRR HRIRE & 5 H (92575110). First author: LIU Rao (2000-), male, Master candidate;

H—EH. X 582000—), T, WiLBRIE. GAO Biao (1986-), male, Ph.D., Professor.
BObR(1986—), B, tHd, #ig. E-mail: 3041204412@qq.com; gaobiao@wust.edu.cn

BEES: KHE1983—), B, L, #Hdz. Correspondent author: ZHANG Qiaobao (1983-), male, Ph.D., Professor.
B ObR(1986—), B, L, #dg. GAO Biao (1986-), male, Ph.D., Professor.

E-mail: zhanggiaobao@xmu.edu.cn; gaobiao@wust.edu.cn



< 2482 - CRERR Th 223400

J Chin Ceram Soc, 2026, 54(7): 2481-2507

2026 4

HAIEmY)%. SRR i AU B A SRR
P AEREIM, 4652 IV A BEH IR LA B R iR
FE M TR (B AR EL 2 BN 8640 mA-h-em™, #EH
9786 mA'h-em ). fEFHMETII, M HFENE
1103 5 LA b fEZEffsE tETT T, 49°K7E(160 nm)
AL BT BN R 2 & F PR A B 4K B
(100~200 nm)E & KGN 5 KA T R A Riqz /s

T 30 nm PGPKERE BRI B ] 5 H A TR
SRR, IR IRAR R AR R AR AL, TSR AR R
WP BB R B, ML, BRRAR 1 SR
A 4 IR PEDO), K45 (160 nm)EE AL Py
HR 7 2 1 VA, HASCKEE(20~30 pm) LA 0.1
C WIS 2N AR IR Re gl Fp B A 4 h e B8 1, 3% 1
CEARTHE T PA B Iu R I FA R

®1 EAESTRINGRMHIT R

Table 1 Comparison of elements as anode materials for lithium-ion batteries

Theoretical specific

Theoretical volumetric

Potential (vs. Volume Conductivity/

Element - Lithiated phase Density/(g-cm %) capacity/(mA-h-g!) capacity/(mA-h-cm) Li/Li")y/V variation/%  (S'm™!)
C(graphite) LiCs 2240 372 850 0.01 10 108
Si LixSis 2.330 4200 9786 0.20 420 4.5%x1074
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Sb LisSb 6.697 660 4420 0.80 147 2.5%10°
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Fig. 2 Challenges of germanium-based anodes and representative

modification strategies

1 55 2R SURPE L B 2 370 3%

L1 #EMROERNTESNEES
BORHIEE SR L. R R S kAL K
SR TT R, HANSZ by SIS S AN T Ui
i i SR AU A 20 A B MBI B,
FrREE A, R ERKH T AR, T 2022



5455 T H X e S B T OB R S + 2483 -

SEAEFE T AERY) 60%HIH, EE N RMEE, HA,
EE B AN SE [ 41, 2023 4F 8 AL, A E Sl FVF
AR, R, DRI T N, 2024 4
1 AZE 9 A, 44)8(=99.999%) M & A T 1550
FIUIKE 2950 Fou, HEEE(=99.999%)HEEA
FT 940 SETTIKERFA T 2125 701, e 7R
W46 5 7 SR IR B O A2 A B

P2 A Tk g @M, Bt eiEE 5 52 5
JR AR FIBCER R, B AR, i
BUNAASEW, e R E EA R, XN
BEREEE S A Pk iR, s R, AT
SEXHEEMME IR IR o #5 Sverdrup SRR 45
B, ARRMBE NI RAR LA 34.2 Ji, HuJFfik =
21 550 Jimi, FRAEFERL) 1250 Mi/4E, 2023 5L
Brr= g2 210 Wi NIHER S TTHRLE 2053 FFIAH|
TigE, FHF 2200 FEVEE 2020 FKF, ARG
HEN KTk SO AT RS . R AR EE .
SRR E B4 4R R S I Re 18R T, BE B
SR AT R, (HeBkmmElsiEa R, g
W 5 HEN KRR AR B s, (R, WFSE N R TEIE
B T 1] % SRR R ) SR HR 5 7E R A
P I AR 1 5 BSR4 T A
1.2 #EELABMRNEERASRE

A8, BEMEME, BIEMERARS,
Me ATV 9 fi I . R AR HL BN 28 FL I ST AR A
BRI P i FRLR T S S B0, AR
B LA R A RIS RIPE IR 70/ R R S
TIPS, A AR AR T RRE R S o B4
AR =

EARIRIAEE N, A8 R SRSz BRI R0,
HAREEAL Fa A7 5 T A B SEL, P AL FE VIR
BPEREHAT RERHARAME B SR 5 8w iR
T 5 HE AR 22 1 HME AYEAR IR N A RO B ERIR
(20 C)I sl J124id iR LA =R A R I 3 £i%,
H G AEAR AL X 5] BTN BRTEIRIR (40 C) N
(1 U ERAL 75 B = P AT A (~0.9 V)R ST AR
Ve AR, BRGNS 4518 4 B 1T,
XS R M i 52 PR T 0 B R A A R R A AR R
N ) ST B 1 g o W AR E RS, HAA
AR IIPEI A SRR B, B9k M4
IR AL 3.7 nm/s, FEREAKE 1YL 0.015 nm/sH),
Ak, #H LY BURECN 6.14x 1072 cm?¥/s, TMifiE
9 3x107 % em?/s; BEII SR B0, X LEALE
e B A8 15 5 40 K 45 # 6F R) RIS 7E-20~50  °C) PR 5

T, WEERRFEE R RS RAE S EERREE, B
FA0T HoAth AR B A RS 1-521,

ERAN Y, AEFEFRE S, St
W FE 7 A= IA 75 kI/mol (IRESR, 1 AT
RSB NR T R S, [ EE O
SRR, rEEA RS, HEKS RS B RER
HE KA o 3 2 PR ™ E, AL T R 2 R IG
HEEEEGHRR, mit/AE R R BN AR
R B0, LT, BRI R E S S &
T ERIRTERE T, KARRE4ERF S R T I m A B IR Fr
HBN, filn, 2 LA NEE0.56 mg/em?) T LA
8 A-g I 1800 K SGVITREF 73% 1 M A B AR FEE,
fEm T EE(4.45 mg/em?) T, BL 1 mA/em? fEFF 100
G RER I = LU R TR S 8 (>3 mA -h/em?)P8],
SHEJET Ty 225 P 5 M o 1) FH 0

2R BRSSO E DUAE R AT 338 2
HEEMHEIER . WIS R. REERRL . B
S LR DA R T 57 il B 152 4 S 0T PR IR I 1 A T
R NE SR m s, BRA AT B TR
715 BB -

2 R B AL R AL

PR o 00 o B/ T R ML B S SR L 2 B
IR ) Ok . TN 0208 4 P R AR BB 7T
TR U R BRI AR, SRR AR A
BT 8B 158 7 HAR TN, R OE s
(R R B AL AR B SR 8T A BRIV 7T, R4 kg
HH S
2.1 HEROEREE/BR SRR

A NI ()& SN AR R, nTE I SR
AJ I A G A SO Re SE R R B/ A, DT S 471 F B 5
LA 3R, S8 A7/ RO R o B PR R M AL
PRI G6 TR SOl /78 HL I R 3 DA O

B RCK R A 4% ORI (1~3 pm), Jung ZEBOMH
H T A% LR (NMR)ZRAE A B EE A% BB I 28
T 2 MA8 (K] 3a): HLERES 300 mV LA,
B A LinGes, Bl JE & 225548 4 LizGers 21 150 mV
B LiisGes FFARTE R SEACEE 0 mV I H BT 22
AEAH Liis+sGes FIAE S . W1 3b Fli7~, Lim 25600
MELH], c-Ge(1 ~ 10 pm)LA 1/15 C 3 FRRAR T,
c-Ge i AEA LA a-LioGes, FLT T N
c-LiisGes, TEERLHEFEH RMELR] LinoGes #H; 1 LA
FHFEEZR GRS, P PIKIKCA a-Li.Ge 5 a-Ge.
Loaiza 25101 380 I R B2 M ACK 4% (1~3 um) AR 5



< 2484 - CRERR Th 223400

J Chin Ceram Soc, 2026, 54(7): 2481-2507

2026 4

BT R LA 1/5 C BUHLI B &4 A0 AE N
LiisGes, TMLL 1/14 C JREEES A Lij7Ges; Loaiza
gtk — B e, LiisGes B B 8 2% 42 A0 X fi] B

(c-Li;sGes — LiGe — LisGe; — a-Ge), T Lii7Ges 1
it A A B B 2% A AH AR (c-Li7Ged — a-Li,Ge —
a-Ge) [ 510 i fife o

Electroyte/SEI/Li,sGe,
Li,Ge X T T T I
1600 sl e hc-Lij:Ge, c-Ge ] 21;80
1400 WA LS Lithiation 60
T 1200 /| > — 140 2
p i <! 20 £
= 1R o0 c-Ge [ 7€ i
< 1000 g £ s o 2
& 800 - — /@ i - ] \ ' ' — 11002
} - ———— I _ E/ a-Li,G 80 g
g 690 ’)ﬂf/{ A—— %5 = Delithiation bt S
S 400 ———————— b pa-e 120
200 — = . . . .10
0 ) 0 500 1000 1500 2000
0.0 1.0 2.0100 80 60 40 20 0 -20-40-60—-80-100 Voltage (vs. Li/Li*)/mV
Voltage/V Li chemical shift

(a) In-situ "Li NMR spectra of a Ge/Li plastic-bag battery cycled at a rate of C/501%°!

0.00 0.05 0.10 0.15 020 025 030 035 040 =
T T T T T T T ;
c-Li;sGe, j
(c-Li;s,Gey) S

z
a-Li,Ge, £
(Li;Ge,) -

£/(107°%)

0.00 0.05 0.10 0.15 020 025 030 035 040
Voltage/V

(c) Schematic diagram showing the voltage
regimes in which different lithiated Ge phases
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(b) Evolution of various phases during cycling of Ge!®’!
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Fig. 3 Mechanism of lithium insertion/extraction in germanium
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Fig. 4 Mechanism of lithium storage failure in germanium



< 2486 - CRERR Th 223400

J Chin Ceram Soc, 2026, 54(7): 2481-2507

2026 4

FE A IZE AL, Pharr Z506815E—B 4R Y, fEAR L
i, a-Li.Ge RETEAIXTRUINKIRL ) R 8RB, X
113 Ge HIMRAEHAL RIS AR A —E Pl
HE /1.

T SRR P e v A 0 B 7 ARk, AR
FAANFIURL ) .7 -8R AR e AT (4 A 5 B 3 T SE s T
Mo W1 4d FiT7R, Cortes 2661y A7 7] 25 A Sk
CEILRY, BRI pm) EARALI EAAARNK, S
O] A ISR I i) R 4 AR, WA
15-0.21%CxF N7 & T 1) 250 3.266 A W4 22 3.259 A).
ZIGIRT B G AL IR RS LizasGe
APFEXT AN ) b A O INEF IS AR, S B O
B2 Y] 490 MPa [1) 5% 1) [R) M 710K Ge IR FUBL &
JEN 77.2 GPa). J15 RN — DR, 45 B TR
SRR 7141 450 MPa)se BREN & 4 v A8 1) 5% 5 A
7, X BRI - R R4 I SN R T A e
% PN B 7 B 2% 1 o Zhou 25 U701% F S SR AR S 1
SR L S A M A R v A B R 1)
PR . W1 de Frow, TEREMERAGEFE S, TR
o7 2 THT 5 A 0 RV S o7 % T B8 A i SR A A 22
5, LiiGe 5 Ge Z [AIJERL T BLE ST BRI A Ak
THIREHRTS, HBUEIL SN KR )3 F e g
TRYBE LR, FEIOKEE 0= i34
Bribz 4b, WOKREETENG TR A R S 2R 1)
RGN ERGCG KAL), HIRN ™ E R w5
WA T IR, W 4F FoR, ERMEEFRO0.1C)F,
TORE 56 A A B I AR FRIEZ K 51 AR T RE, 3
LR 5 TEIRFLAE A AR 20.2 O)F, R85
FHAR FE A IR ELE GORFLIEAF s R R 15 2%2(0.8 C)
T FAR B GOKAL; MEEEERTS OF,
OB o B HLOR R &5 # S iU . g5 ALk mT
RETE BCRE () A 31 X3, A PR A A 4 oy SR
HE— 25 B AR 1) AT 2% & 72 Chen ZEMISHRICK R
B RRL(20~30 pm) 2 250R REAT TRIFAT, LA 5T
GERRM, B K 2 B R SR TR B 5
", WHBIEERL, TR BT
Chen ZEMIFE—3P3RH, B 550 (LIH) R B AE K
ML ZN)R LisGeoH J™ 5 FHAS T L (&,  Inis 1
M. BeAh, SRR R AR, S RERR
15 FLARRR B A 2 TR GHT Y SEL 2, (a4 Eg
THEGAFE, 1A T I R R

ZE L RTIR,  #EE SO Ak O 50R 22 R LA
FIVE 4R M ZET, BT R R
Ge—Ge #H% A NAEFIH Li—Ge/Li—Li 8, MR

Ve Z G55, IRIRIBERE XS . R,
LA E 52255 (KL A0 73 AT e AR 38 ST R AR 3 LA B AR AL
PURFLIE L 320, R R EIN
FBUG BRI R K. Behh, BURIRL R SRR
TR I SRV AR VERL T IR SEL R, Herr i
Y82 R ) SRS LA A

3 4F HNfiE AR T R

RN REGRN. EEHMEE 3 N
FERE TR TEGURMTTTH 70 NP 4K 2R
MK B & G5 RN 2 FLER) s AR S TTH,
kA A S RENE A2, H
G B AT o R E B SRS S A
S BEMME G A FELEF T Ge/TiO, &
%; 1E64M 5, Ge/Sn. Si/Ge  Ge/Cu 1K R
Wiz, mHEMEESE, W Ge/Fe. Ge/Ni S5k
RIMETE I BEAL, Ge 75 =5 G 4 FRR AT 1) B
WIS 7 — ek, fimse, #Eask
I SRS LA 2 AN T 1) i g5 it 5
TR E A REMAERIZNK; 2) 1Bk 48 5 R
() B e, DA/ 1) s IRk 8t A ) PR v
Feo ZHIE SR, 2 /N MIRISRIE IR AT 45 G0 .
3.1 4Kk

AR, HA GRS MR B B A R
BT RSE AL MR . o, BRI, gh
KL PIKMKRE A G BLZ R T T2 K.
3.1 BEGUORERL  SRCKEEMHLG, HAKRTR
EPEIN G BA /NI (E Sa), SikFER,
YR AR REME. W 5b iR, Liang S50
1B EAEF A, B T IR 160 nm 1)
YRR E AR Ak 2L I FE P O S AR . S5 R
N, WORLEE M R R RS AR, HAMME
PRAAT IR BRI K

YR ARG AN R B, BTN I — ),
Wang S5 37E i 1 38 1 UBERY 16 S5 B Ak, R H
— o T4 B G IBURL A5 T 7, A A SR - 3
BN 30 nm. WA RKH, HIREEN 0.8A ¢!
I, &8 MAEIS 250 G PREF 1098 mA-h-g ! Bt
RE; f£3.2 Ag ! HIREE FIEIE 250 WA ML
REMFFAE 909.20 mA-h-g ' Liu ZE74F] [l Mg,Ge
5 ZnCL &, R TEARIR 6 Buks 99 K BURL Y
ik, AR YKER E AN T 200 nm, ik
H SR HERR I B B2 A P90 L BRI A AL A 40 oK
Fi(mp-Ge NPs), ZMELL 1 C 753 1000 K5 RA



254 557 H

X pe SR BESLELES T A SO R T R . 2487 -

1048 mA-h-g ' L&, UL 10 C AT 5 RIS

‘ Many cycles
——

Micron-sized Ge

Many cycles

o — O

Nano-sized Ge

(a) Difference between micron-sized Ge and nano-
sized Ge before and after cycling

(c) SEM image of nano-Ge(HC)®*!

(d) TEM image of nano-Ge(HC)®!!

HA 7271 mA-h-g ' LA

e 1555
N v

192s

(b) Structural and crystallographic evolution of germanium

nanoparticles during cycling®

(440)

(e) SAED patterns of nano-Ge(HC)®*!

K5 BERRUR I 45 R AR e TE S TS

Fig. 5 Structural stability and morphology of germanium nanoparticles

AR 25 H I A BROR IS £ B AR S/ SR IE R
B (I GeO2) L K &I Ak S I & 4205, 1X
S T o A e i PR R R (IR &) 0™
WA & L E0 RRMEE M. SR AL 75-30,
AR MR Z]. TESBE RSN, 5 Lk
] R, Lin SR 3R ES >R 7 A 42 @ (A6 &4 LiZnGe,
115 &5 i B 9 KR T (nano-Ge(HC)), R =
15 85%, FTSHEE 4K BRI TS W1 ] Se~F Se i
LiZnGe A& —Fh = ottt &8 AL &9, F a5 HmT 4
A HFE A1) ZnGes PUTHARH BIRIBUZ R, X 4L
AR Ge—Ge HIER:, HIRE C Bk {H Ik
—ANFPIRHESE, HAEAE T LitAl Zn?*. LiZnGe
LU ZEREMNEDIEERR, XEWRELESSH
A TR R AE RN . nano-Ge(HC)TE 0.6 A-g!
[P B R EHS 170 IS IREF 1280 mA-h-g™!
ML=, FTUAT, BE = o &R a)
ERE, ZEARTTUS R R Y R, RIE
WA B A A RN B R ) PR A

Bl K SR LA v LR T BRI B AR S )
R#, FREA MEMABIENK, B SRS S
BRI, RIS R R, XS L)
TR, mRAUE 0 SRR (i B A 3

. RINEE )N CLE .
3.1.2 BEACKER  MIERYRIRL, Ak EE
YIEERIR T D IR AL, B REFDHIA LA SR s ek,
TR I TR (A Z ) T3 FH 9K 4 14 IR
R, SRR RaE VEBY, fEARALE J2 05T, A
PUIRENT Lir R I H 9 i §8(-2.96 ~ —2.13 eV)FIIK
I HLAEZ2(0.65 eV, 1545 T-00 5 i R AR A 5th e
FTHALEAVERE, BEAKRIS R 1T 2 (IR RY,
Liu S5 555R B ik F B vE il 45 T BB 90K 2R
FAMELLL 0.3 A-g ! B E G 300 RE A
1058.9 mA-h-g ' (LA &, DL3 A-g' BFIHIREE
FEI 900 K54 602.5 mA-h-g ! (L& & . W
6a fT7~, Liu ZBSMgFHJE AL TEM RAE, [ T4
YK 2 7E 1ok A/ I A R R 5 A R R N P R K/
WCHRAT v, ERA L B R AT S5 M mT i ik o SR,
AN K 2 FE A T B A TR AR, IR PR B AR AR R
RATIE R BRI, 5 H S PR BH 52 21 R 11861,
G, B S B R AE B A OK Gl e K BE R 4R 4
MUK, R T B AL A M F, 6k
I RIET-88T, Kim SE 891K FH i L 9 22 S0 (1 4
R N R T % FL 21 4E(NPGeNFs), TERT 35
KL T 4 YR Z o B/ T 200 nm (99K FL .



.« 2488 - CRERR Th 223400

J Chin Ceram Soc, 2026, 54(7): 2481-2507

2026 4

A RHR I 1373 mA-h-g ! IS EA T L A
3.0 C {3 NI 500 K5 AR REFFRIA 80%(FRIK
TN 0.039%), HKIEGH G R BERT
TALAEEFYE: Wl 6b Fon, FLBRSE R AT 7E AR I
PEAL R A 2 1 2 N B K, 7 0 N A5 30 1k &

a-Li,Ge

(a) Time-resolved TEM images and corresponding SAED patterns monitoring the
first-cycle lithiation and delithiation process of the Ge nanowire electrode!®”!

Pristine nanowires

Q-3
Ie " = )£
AP

i
J‘;Jl e

Charge/

\

(c) Schematic diagram of structural changes in germanium nanowires during cycling!?*!
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(b) Schematic illustration of the pore
memory effect!®!
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(g) Specific energy and power of LiCoO,||Ge and LiCoO,||C cells at 1 CP*!
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Fig. 6 Structural adaptability of germanium nanowires and their testing in wide temperature domains
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Fig. 7 Morphology and stress relief mechanism of porous germanium
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Fig. 9 Electrochemical cycling mechanism of support-structured germanium-based anodes and the structural characterization of

Ge/CNT, 3DOP Ge@N-C
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(e) Schematic stress and strain diagrams of Ge/C and TiO,/Ge/C

composites at fully embedded lithium!'!
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Fig. 10 Structural characterization of HCG and TiO2/Ge/C, and the mechanical analysis of Ge/C and TiO2/Ge/C
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(d) Germanium/tin alloy negative electrodes synthesised at
different current densities and their long cycle performance!'*!

(b) CV curves of Ge NPs!*!

(¢) CV curves of SnGe NRs!'?"!
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(e) SEM images of GeSn(h) after 400 cycles!'*!!
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(a) Schematic structure of Ge-Si/CNFs!4!

(d) Schematic diagram of Cu/Si/Ge NW!4!!

(e) Structure of Cu/Si/Ge NW and its interfacial
lithiation procession of the Si/Ge interface!™"!
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(b) SEM image of Ge-Si/CNFs!'*!

(c) STEM image of Ge—Si/CNFs and corresponding
elemental mapping images!'*!
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(f) Thickness changes of Si/Ge bilayer
shell as a function of lithiation time!'*"!
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Fig. 12 Structural characterization of Ge—Si/CNFs, and the interfacial lithiation process of the Si/Ge in Cu/Si/Ge NW
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(a) Ex situ XRD patterns of Cu,Ge/Ge composites at
different charge and discharge status!'*!
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Laser Micro-Cladding/Dealloying
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(c) Schematic of the laser microcladding
and dealloying!'*!

(d) SEM image of the surface of
the Ge—Cu anode!*!

(b) Partial DOS of atoms for the states near the Fermi
level from —1.0 eV to 1.0 eV in Cu,Ge!™*4

(e) HR-TEM images and element distribution
of the Ge—Cu anode!'*!
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Fig. 13 Operational mechanism of CusGe and structural characterization of Ge—Cu anode prepared by laser cladding and dealloying
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(a) Schematic of the single
particle cell assembly

(b) TXM and corresponding 3D morphological
evolutions of a single Ge, ,Se, , particle cell
at different states
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(c) XANES spectra generated via TXM images
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Fig. 14 Schematic of single-particle cell assembly, TXM/3D morphological evolution of a Geo.sSeo.1 particle cell, and the corresponding

XANES spectral!>]
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(a) Design idea chart for Zn,Ge,Cu.Si,P,!">*!
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(c) Diagram of the ball milling process using layered GeP as a precursor and the corresponding phase formation energy of
the triple disordered-cation alloy s with a sphalerite structure based on DFT calculation: InZnGeP;,
GaZnGeP;, AlZnGeP;, BZnGeP;!™**!

Intensity

Bl 15 ZnGe,Cu-SinP2 TR i m i B R AL ], DARIET DFT S INEE 254 =007 B8 76 4 A K i Re
Fig. 15 Elemental screening schematic and lithiation mechanism diagram of ZnxGe,Cu-SiwP2 and phase formation energy of ternary
disordered cationic alloys with sphalerite structure based on DFT calculations
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Table 2 Electrochemical performance data of germanium-based anode materials

Materials design Mass loading/ Capacity after cycling/(mA-h-g™) Rate capacity/ Initial coulombic efficiency/% Ref.
(mg-em™?) (mAhgh

3D Ge/C 1.410 740.5 after 650 cycles at 1.0 A-g™' 685.0at6.4 A-g”! 52.90 [20]
CuGeSiPs;@graphene 1.500-1.800 861 after 1450 cycles at 2 A-g™! 448 at20 A-g™! 91.35 [33]
mp-Ge NPs 0.80-1.20 1048 after 1000 cycles at 1 C 727.1at10C 80.40 [74]
Ge/Cu3Ge/GeO, 1.850 875.7 after 500 cycles at 0.1 A-g™' 395at3 A-g! 67.30 [75]
Meso-porous Ge 0.800-1.500 1217 after 400 cycles at 0.8 C 673 at 10 C 65.50 [78]
Nano-Ge 1.100-1.600 1280 after 170 cycles at 0.6 A-g™! 1200 at 1.6 A-g™! 58.18 [81]
Ge nanowires 2.000 602.5 after 900 cycles at 3 A-g! 615.0at3A-g! 81.40 [85]

NPGeNFs 1.000 678 after 500 cycles at 3 C 81.80 [89]
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(Continued Table 2)
. . Mass loading . . Rate capacity . . .
Materials design Capacity after cycling/(mA-h-g™!) Initial coulombic efficiency/% Ref.
/(mg-cm?) /(mA-h-g!)
Ge NWCA
. 0.300 740 after 200 cycles at 0.2 C 959at2C 64.64 [90]
(binder free)
Honeycomb-like
. 0.800-1.400 755 after 3500 cycles at 1 C 420 at20 C 84.00 [94]
macro-Germanium
p-Ge 0.900-3.500 1325 after 200 cycles at 0.5 A-g™! 806 at 10 A-g™! 92.50 [95]
Ge@CNTs 1.500 276 after 1000 cycles at2 A-g™! 438 at5 A-g! 66.00 [99]
Ge/C nanowires 770 after 500 cycles at 10 C 792 at10C 82.00 [100]
Ge (10 nm) uniformly
. 2.500 760 after 900 cycles at 2 C 432 at5C 68.70 [101]
confined in carbon
Peapod-like Ge/N-doped
1.500 1080 after 1200 cycles at 0.8 A-g™! 874 at12.8 A-g'! 50.00 [102]
carbon
Ge@G@TiO,NFs 0.800 1050 after 100 cycles at 0.1 A-g™! 550at1A-g! 74.00 [103]
Ge@N-C 1.500-2.500 521.1 after 1000 cycles at 5 A-g™! 299.7at 10 A-g! 85.80 [105]
Ge-ZnS@N-C 1389.7 after 450 cycles at 0.5 A-g™! 548.5at5A-g! 79.50 [107]
Ge-QD@NG/NGF/PDMS 1.800 1220 after 1000 cycles at 1 C 801 at40 C 76.39 [113]
Ge/3DPG 931 after 250 cycles at 0.5 C 494 at5C 61.00 [114]
Ge/rGO/CNTs 1.000-1.200 614.5 after 300 cycles at 0.5 A-g ! 363at2 A-g’! 73.00 [115]
Ge/CNT(binder-free) 0.100-0.130 819 after 1000 cycles at 0.2 C 210at10C 29.00 [116]
3DOP Ge@N-C 1.000 1160 after 200 cycles at 1 A-g™! 508.2 at40 A-g! 32.70 [117]
3D sea urchin-like
K 2.140 1060 after 130 cycles at 0.1 C 438 at5 C(-5 C) [123]
Ge-THC(binder-free)
MP Ge@TiO, 717 after 300 cycles at 3.2 A-g! 7748 at3.2 A-g”! 70.40 [124]
TiO,/Ge/C-HP 3.890 1112.8 after 2000 cycles at2 A-g! 9189 at20 A-g! 92.40 [126]
Sn modified nanoporous Ge 0.980-1.150 974 after 500 cycles at 0.2 A-g’! 778 at1.5A-g! [129]
Gep.97Sng,03 nanowires
. 0.345 1127 after 150 cycles at 0.2 C 47.80 [130]
(binder-free)
3D hierarchical Ge-Sn
. 5.300 938 after 400 cycles at 1 C 82.00 [131]
(binder-free)
Axial Si-Ge heterostructure
. 0.085-0.100 1180 after 400 cycles at 0.2 C 613at10C 74.70 [134]
nanowires
Interconnected Si-Ge
0.600-1.000 1046 after 500 cycles at 2 A-g™! 866.8 at 20 A-g! 84.00 [138]
nanocrystals
H-SiGe/pC 1.000-1.200 706 after 700 cycles at 5 A-g™! 12554 at8 A-g! 83.10 [139]
Ge-Si/CNFs 0.800-1.000 764.1 after 1000 cycles at 0.5 A-g™! 813.9at2 A-g”! 66.70 [140]
Cu/Si/Ge NW 1523 after 3000 cycles at 2 C 1010 at 16 C 72.50 [141]
Cu3Ge/Ge/C 1.000 1345 after 500 cycles at 0.5 C 598 at 60 C 75.75 [144]
Cu3Ge/Ge@G aerogel 790 after 100 cycles at 1 C 684 at2 C 71.00 [145]
Ge/Cu wire mesh (binder-free) 633 after 100 cycles at 0.1 C 660 at5 C 55.80 [146]
CNTs-CusGe/Ge@C 0.800-1.200 1013.4 after 1000 cycles at 0.5 C 931.7at10C 71.70 [147]
Nanoporous Ge/CuzGe 853.6 after 300 cycles at 3.2 A-g! 900 at2 A-g”! 67.30 [148]
Ge2Nijg@NCFs 1.200 541 after 1000 cycles at 2 A-g! 498 at5A-g! 80.00 [150]
Ge-Fe/MWCNT 0.290 491 after 1000 cycles at 5 A-g! 435at10A-g! 95.00 [151]
GexoPao 1.800-2.200 474 at 8 A-g! 91.00 [157]
Zng 5Geo sCuq 5Sio sP2 2.500 701 after 100 cycles at 3.2 A-g! 55l at6.4A-g! 93.00 [158]
InZnGeP3 1.300-1.600 904 after 1500 cycles at 2 A-g! 453 at20 A-g! 92.20 [159]
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Extended Abstract

Germanium (Ge) anode materials emerge as promising candidates for high-power, high-energy-density lithium-ion batteries due
to their high theoretical specific capacity (i.e., 1600 mA-h-g") and exceptional electrical conductivity (i.e., >103 times higher than
silicon). However, their practical implementation faces critical challenges, i.e., the substantial volume expansion (up to 370%) during

lithiation/delithiation generates extreme internal stress, causing electrode pulverization. The concurrent volume fluctuations induce
repeated rupture/reformation of the solid electrolyte interphase (SEI) layer, continuously depleting active lithium ions from the



5 54 &5 7 W X pe SR BESLELES T A SO R T R .+ 2507 -

electrolyte and accelerating capacity fading. Also, commercialization is hindered due to the germanium scarcity and high
purification costs.

To address the core challenge of volume expansion, the existing research focuses on material structural design and compositional
optimization. Nanostructuring strategies (e.g., nanoparticles, nanowires/nanotubes, and porous frameworks) effectively shorten ion
transport pathways and alleviate stress concentration (nano-sized Ge demonstrates the superior anti-pulverization properties).
Compositing approaches integrate small-sized Ge (i.e., nanoparticles or quantum dots) with carbon-based matrices or metal oxide
frameworks, leveraging buffering networks and conductive scaffolds to maintain structural integrity, suppress particle fragmentation,
minimize side reactions, and stabilize the SEI. Alloying tactics (e.g., forming alloys with Cu/Sn/Si or developing Ge-based
high-entropy alloys) utilize a multi-component synergy to distribute stress, enhance mechanical stability and conductivity.
Furthermore, employing germanium oxide precursors or multi-phase composites offers viable routes to reduce costs.

This review systematically represents recent advances about Ge-based anode materials. First, this review comprehensively
analyzes their intrinsic properties, lithiation mechanisms, and failure modes. Subsequently, this review classifies key modification
strategies, i.e., ranging from low-dimensional nanostructures (particles, wires) to nano-/micro-sized composite architectures, from
Ge/carbon, Ge/transition metal oxide composites to multi-element alloys and emerging high-entropy alloy systems. Stress-buffering
mechanisms are elucidated in conjunction with synthesis methodologies, with particular attention to structural evolution during
cycling. Finally, this review outlines future research directions, emphasizing the need to synergistically resolve volume expansion,
interfacial instability, and cost constraints through structural engineering and low-cost processes, thereby paving an effective way for
their practical deployment in high-performance lithium-ion batteries.

Summary and Prospects Germanium-based anode materials have achieved significant progress in lithium-ion batteries, primarily
in cost reduction, structural optimization, and interface engineering. High material costs restrict large-scale application, thus
prompting the development of diverse Ge sources (e.g., GeOz, organic precursors), Ge/metal and Ge/metalloid composites, and
Ge-based high-entropy alloys. Ge combined with conductive metals like Cu or Ni improves electrical conductivity and structural
stability, while pairing with active elements like Si or Sn mitigates volume expansion. In high-entropy systems, Ge can regulate
lithiation behavior, effectively controlling volume change.

To address severe volume expansion during cycling that leads to material pulverization and capacity decay, various
nanostructural materials including Ge nanoparticles, nanowires, and porous frameworks are designed. Nanoparticles have low
expansion and fast kinetics, requiring artificial SEI layers and conductive matrices for stability. Ge nanowires exhibit radial resilience
and axial flexibility, especially when directly grown on current collectors, offering a practical potential. Porous Ge integrates
nanoscale activity with a high tap density, improving energy density, while avoiding particle agglomeration.

Interface instability and poor conductivity at a high current are also challenges for Ge-based anodes. The reactive surface of Ge
can form unstable SEI layers, limiting performance. To address this, some engineered artificial SEI coatings such as N-doped carbon,
heterojunction-carbon, and TiO2 are developed to enhance ion/electron transport and mechanical integrity. In addition, a uniform
dispersion of nanoscale Ge within conductive networks also improves fast-charging capabilities and cycling stability. Integrating
structure and composition design through high-throughput element screening, one-step synthesis, and precise structural tuning is a key
to reducing Ge dependency and enhancing performance. Further advancement requires in-situ characterization and multiscale
simulations to uncover lithiation-induced phase transitions and stress evolution, facilitating the transition of Ge-based anodes from
lab-scale research to industrial application.

The market adoption of germanium-based anodes is expected to follow a trajectory starting from high-end applications and
gradually expanding to broader markets. In the short term, their use focuses on niche sectors with extreme requirements for energy
density and fast charging but low sensitivity to cost, such as aerospace, military equipment, advanced medical devices, and long
endurance drones. In the medium to long term, as manufacturing costs decrease and processing techniques become mature,
germanium is expected to serve as a dopant or an alloying modifier for mainstream anode materials like silicon and tin, enhancing
their kinetics and structural stability, and thereby indirectly improving the range and fast-charging performance of electric vehicle
batteries. China has a unique strategic advantage in the global germanium supply chain. China develops a complete technological
system covering refining, purification, and deep processing, enabling efficient production of high-purity precursors such as GeOz and
GeCla. In parallel, the extensive recycling of germanium-containing by-products from industries like optical fibers, infrared optics,
and solar cells creates a sustainable “resource-product-recycling” loop. These advantages significantly lower the marginal cost of use
and ensure resource security, offering a practical and competitive environment to overcome cost barriers and scale up applications.

Keywords lithium-ion batteries; anode materials; germanium; nanostructure design; composite material; germanium alloys



