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Abstract: Although lithium metal anodes possess exceptionally high specific capacity and are
ideal for high-energy-density rechargeable lithium batteries, safety concerns have hindered
their practical application. Because their heat release significantly surpasses that of other
battery components, improving the thermal safety of lithium metal anodes is crucial to overall
safety of lithium-metal batteries. This study develops an ultrathin (20 ym) Li-Zn (Li,,Zn, ) alloy
anode suitable for large-scale production. The as-prepared Li,;Zn,, exhibits exceptional
stability and superior safety. It remains stable after 30 days in organic solvents and does not
ignite upon water contact, eliminating the fire risk of pure lithium (Li). After storage at 60°C for
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30 days, the Li,,Zn,,||Cu half-cell retains 98.5% of the initial delithiation capacity, indicating
suppressed interfacial side reactions. Differential (DSC) tests
demonstrates superior thermal stability of this alloy anode relative to pure Li after 30 cycles at
100% SOC, significantly enhancing battery safety. Adiabatic rate calorimetry (ARC) tests on
pouch cells show that replacing pure Li with the alloy raises the thermal runaway trigger
temperature (T,) from 177.8°C to 216.5°C while reducing the maximum temperatures (T,)
during thermal runaway from 1940.0°C to 1191.5°C . A high-capacity (53.60 Ah) pouch cell
using this alloy anode delivers a high energy density of 509.25 Wh/kg and maintains stable
cycling over 120 cycles. Collectively, this low-cost, easily prepared Li,,Zn,, alloy with
inherently high safety markedly elevates lithium metal battery safety and furnishes critical

scanning calorimetry

technical groundwork for their industrial deployment.
Keywords: lithium metal battery; 500 Wh/kg; lithium alloy; high safety; thermal runaway

BEE BRI )R B kAT 35 (eVTOL).
NI EE NS5 S L AN A R, Tl Ftxt
AT TR R R i A R B S T L AR A
FEAh R H s a0, Je it i AR AL kLR P T
REREEEE . KFmAE 2 mHbr oS8Tt
L4 B SR IR LM v P 1 75 (3860 mAh/g) R (1)
HL(-3.04 V vs. SHE)IM % 52 Y, 55 A7 8 6
W (i3 2 B B 3 it 100 um,  10~12 mg/em?) L,
20 um JE 1948 Li 6 (1 mg/lem?)# 8 F B A $2 {1 £
4 mAh/cm? [FJTHI 725 &, DRI Ve 4 iR AR Al mT DA I
EZRFRBMER SRR ERES. ATEET
— A REROR TR TEAL, [ A S FI R LAY 2)
LY IR T R S FE A R FEN o RV AR 4]
JBE A PR 2 ] (BB k) 5 7E 2010 Ak - 46 A7 Jm £
& & AR CAZ O AR AT R, HAT sl 1
LG JE W A P BRI — R S, 55 T IR
BEHIEGG & BLEJR AN T B4 A A r |
I B A [l USR] A A . iDL R L
BRI A IR A R B &1 E tpe L 4 )8
LB R SHiERe ), e @R A RIILEE .
SR G HEAREAT, 125 HIECETERN | RARE
=i 70 Ah. FEE % E 400~650 Wh/kg i1 Z 1~ 251
B e b TR, A R R
eVTOL. NG S .

BT, e mibEARIKRFEET SN &
fdi FH R B (B 50 um)FE D b, AN 23 11 55 = e
BEEX MR, LB BRERNEEHESIR
RO RO AR AR R AR R JE (B NYP B K ik
Bl I S22 5 1R BRI AR 2 1 R R R, BT

o HUN/P<1.28f, NMC532||Li H ith (1) #4422 4= 1
Refct; HANP>1.20, B )ik N i i, H.
T E LIRS TG P 2 AR B T R (B 800°C), I A
Rz afa . BRI, {32 BEE 2 8 <5
P2 T < e Bt & e PE AN S PR R b SR 35

BT R PR, A e B R e ) S N
ALK R 2 B IR A RO, JF
AR, AL, AERMEA I RE T, R
AR SIHE) BRI SBORMIERE IR, TR
R BB G A KRS, HORLAFRE. 8T T
JE bR e, PR EIICR M 2R, =
AR RWBOT . AR R B 2D
REVE R O PE S, IR IR R — Bk A, e
JE RIS TR AR e T R L Ad ZH ), X AR
JEi) < o PR TR O B O B KT (HE, H
B B < J AR R 3K — I e e P R WF T A
S S

Bloxt BB R, AT T IE I ] A PR A k- L )
TERRIIT R T B AN 20 pm (8 8 & &
(Lio Znea) itk %G A AU 4R G TR RE 2 BT
R A 7 5 N 7. SHaELiMI R, Lig,Zn,,
EerERRE e AR K s e Ty T Y R I
RS . AN S T 5KAEI R RS, I ]
CATEA WLV T LA r R b R AP AR e .
HEN R, HARERGREENE, A
AR SRR MR IR, & fRMR TR
mAEMEREEERERBN 2 et S5 EMm
o 10.50 Ah AL L 26 B i3 R (ARC)ITA
LB, Lo, Zng, A 2B 1 FL it (1 B R 5 Ak



Ae B

1504 fig

ave
F

5 # A 2026 F5 15 %

TPE, R T PR R iR, BB
o %, PLLiy,Zng, A Rk 1 & %Y & 53.60 Ah
(509.25 Wh/kg) % £ H it S 30 1 120 % 1 £ 0E 18
Ho g8k, KRTAEUESE T Liy,Zn,, & &b SRS £ 32
TR AR B Ve v A T R BB, TP R
TR\ R e AN S E Bt iR T =AM R
PRSIk N

eSS 7
1.1 HWFIR

AR AR 1 0K 55 A R 40 B ¥ AN T
99.9%, N 7 4 il VL T s R A AV A P 4 A BR
AFVF EHgRTR T AR Bt B BR A 7]

1.2 BHEESHE

HERARAATFERPHO /N 0.1ppm, O/NF
0.1 ppm, 1 ppm=10°), I 5 202 5 J& BORL N £ 2
TEABMRE S, BB E/RE(L : Zn kv 0.7:
0.3)Z 18 MAFERRL. FHJ5, # & &A1 500°C
PEIR 2 SRS 1 h, DL AR 4L 3950 73 At o
B, B & SRR B B FANELA
AHEEIREIS, REKITEREE. %
Je FVENLYI 0 R A i, T4 208 R R N T
B & 2 R BE N 20 um (I 5] & & 64, BTfg 4
A48 A Liy,Zn,,. 20 pm 4l Li il 45 T2 5 Liy,Zn,.,
HEREF—I, HRBINEEERL.

1.3 HARISRME

K FH 5% [H 8 BR K /R BH: 2 7] Apreo C A4 4
HL - AR (SEM) 7 BT A BB S,  TAEHLER
910~20 KV A% A 9% [ AR A A2 77 1) Ultim Max
RS BN T AC(EDS) AT e R 0. A H A
2k 2 £ 442 77 B MiniFlex 600 7 X 5 28 fi7 4 4%
(XRD)Z T S I AH A A, 41X 1] 4 20°~80°,
I 10()min.

1.4 HHE SR

CR2025 T A0 41 R AE R VU T E R T (H,0
/NF0.1 ppm, O,/NF0.1 ppm)4L3E . LLFHK 7% .
AR EE G . T R, TR, B
HREARFE R E R0 BB, A s
BH 12 h, {FEMAR TR BRI E . BT A AR
N1 mol/L i LiPF AW, IAFIR AR N1 D110
AR )RR (FEC)/ 1R F LB (EMC)TR A (A
LT 5200 10 R FH 1 AR ) o

R I E N 4% LA 20 pum 4l Li F1 Liy,Zn,,
9 FUN . AR 95 A TE A B Lil (Cu 1 Lip,Zn,,||Cu 41
FEh, 7E60°CHERAH N 7 A7 g7 dF130d )5,
15 3 8 E A R G R AT B R (e ), L
HIR 2 E N 1 mA/em?, #EHE N1 V.
1.5 DSCUik

LiINCM811 LL % Li,.Zn, ,|[NCM811 £ 411 i1 Jih
TE 2R 3T I A R e AT A R, 7
5 30 JE J5 75 B %2 100% SOC KA. # FE4 T
fif I, F3BNFEOCAARMIRL, AN i e % 3
(100 pL)H A 4 mg £ I 4 B A4 REAT 4 L L
e M AIRE . K DSC HF Fe 4l s Jr & S 7E iR
AR P S B AR 2 A RS NAT N . A T
4y 5] ) DSC 214 Polyma B Z /R 3 B HUL, X
FHHIFHETE 2 10 K/min.
1.6 ZREHEHNIK

LiINCM811 1L /% Li, . Zn, ,|[NCM811 % £ i Jih
MR 7R A% 5 0.33C, MHMHBEN10C, B
FEIX [ 5 3~4.35 V. 1, 10.50 Ah Li|[NCM811
BL % Lig,Zno o INCM811 % 41, # b /£ 100% SOC IR
AT H T ARC ik . 53.60 Ah Li,,Zn,,|INCM811
PR T A T RE R A S A R A, AR R
#90.33 C(1.0 C=53 A), #H 5% }1.0C, HJE
[X ]}y 3~4.35 V.
1.7 ARC;sH

% J1 H1 9% [/ Thermal Hazard Technology /A 7]
HAE 22 AR e AT A (EVHARC),  HEf 4
TR R PR EERRAE . R “ -5 15—
R PS8 B I, WA P IT A
FHEBYE R 5°CIR, A E H bR 5 NS
B, AR EA 40 min.
1.8 MIRHREITE

& H PyCalphad % i+ 5 46 Li 5 Liy,Zn, , & 4
MR PEIE, BARRFEQ RN #%%, fKHE Gibbs H
e /MU SR, B E 1R &R AR e R 4 R Li,O
M ZnO. FiJE, 45l vk 5 M) & 45 (63 4l Lis
Li,,Zn,, 1 O,) 5 4 i & 8t (Li,O A1 ZnO) i S & H
w4, RIWERY S RV SIS ENEE, HSH
Al Li 5 Liy,Zn,, & & R E .

2 ZR57k
21 EASMHIESRIE

WA . TR AL RS T Z



% 4 30 BEE U R AR SR SR

1505

TER(E ), EIh 4 T Lif Li,Zn, 564, &4k
1 m, % IAF] 100 mm, JEECH 20 um.
Fris MR e, TR, FrLEhE, RHZ
G ek R BA M B R REAN N T8 PR,

& &

L)

3

E1 Li,.Zn,, &EHERSHIERE
Fig. 1 Synthesis and fabrication process of Li,,Zn,,
alloys

Kl 2(a)} Li 5 Liy,Zn,, 1 XRD E 3 . K45
FW, 2L TS e T 52.08°, X R.(100) 4 IHi »
M Lig ,ZNg 5 AT 5 06 3= 22T J& T LiZn & 4 AH (PDF#
65-4082), J& T L7740, 7 [aEE N Fd3m, 34
FEARRAEIE S BT 24.71°. 40.91°LL K 48.38°,
S5 SR RL(111), (220) LA K (311) & T2, [ B
XRD W& 3 1 7E 42 8 Zn ¥R AE 17 55 26 f1 12 36 F
(PDF#65-5973) P ok M 42 21| HARRfE IS, SR EH IS Al
R EIE R A S A, Lig,Zn,, H
A B TS B Li(110) B AT S 0, R W L R A7 AR
43 4 J@ 4 AH (PDF#65-9346). 11T K#54> Li 5 Zn
TE R LiZn & A0 = ZEWp M HATS B, R
e SR A R e s, 7R XRD B R R B
AR T LiZn & &AM AT 5 58 E . B 2(b) BT
Liy,Zn,, 1 SEM & J 5 EDS s 2 BA A e 1) [X dgloxt
BLLIZn A&, s i X8 T4 . 446
Wi 2(c)Fror i SEM 5 EDS Kl /-, AT LLHEN7E
Liy,ZN,, & 4 LiZn & & AH 5 1) T 1 i 2 AL I Y
WEEM, VPR 7AW X .  FRAE
B, Lig,Zng, & 4 A2 — Rl il Lizn & S AR 1E 34k
& BB R FLBR M & G 25
2.2 ZEMENK

aiLi & e B mnsamts, S8EmS 5
IK AR R 2B R A RS A SR GRS FH T L
W, AR 5 5 R R A I N T T AN R E [
SEI - &y kG M4, 6 e b e IR DL

—Li— Lio7ZNos ©(100)
® Li (PDF#65-9346)

VLiZn (PDF#65-4082)

Intensity/(a.u)
<

El2 (a) LiFALi,,Zn,,H XRD Ei&; (b) Li,,Zn,,&&/I*
ESEM UK Zn TESF; (c) Liy,Zn,, & & RIEE SEM L
BRZIntiZa%H
Fig. 2 XRD patterns of Li and Li,,Zn,; (b) surface
SEM and Zn element distribution images of Li ,Zn,,
alloy; (c) cross-sectional SEM and Zn element
distribution images of Li,,Zn , alloy

AR AT Wk, MR G SRR i
EVE S ZAaER MW, | eI 7 Al Lim
Lio . Zng o 75 A7 WL 750 (0 008 TV e o K 4 Li A
Liy,Zno, & < 7 70 AR AR IR — Z I (DEC) % B} il
P9, TSR T R0 R P € R A T B e (] ) AR
o MWEIBXTLLRI I, ZELifRE2dI5, Wil
T OB RN T, HERURR—/ R, &
RA T EEEM. 7dE, LS,

i Li ‘Lin 7ZNno 3
| - 3

Li ‘L[mznna
ren ==

ettt

T\
&= ¢

=) (=

PN 2R [ES

30K

E3 LifiLi,,Zn,, & & EFE R EFiEEHEIRRTS
Fig. 3 Corrosion state of Li and Li ,Zn, alloys after
different days



1506 g #e F

5 # A 2026 F5 15 %

T — D HE AR IR R . Ly, Zn,, 7 30 d IR
R IR AR R A I R RIS, LR R
3% B HLIE IR e 8, R Ly, Zn,, BA ik
(RS E PEANP LA TR ihae 71 MR T, KaliLifn
Lio,ZNny, LR A KH, il R B RE . 4 2
N AL fi K B ) A R B ROREFE R, T
Lio,Zng  Ffil /K JE AR FFEE = AR, HE RN
WHARRAFKENG, Hrk 78K G R —%
ST

Start of reaction

End of reaction

4 (a)Li. (b)Li,,Zn,, 5/kz 8K REMHRIER
Fig. 4 Photographs of the reaction activities of (a) Li
and (b) Li,,Zn,, with pure water

It 60°C M Z A LI, RS VEAL T LA
Liy,Zn,, 7E s A7 i i FE R i fe e k. BB JER T
Li[|Cu FH Li,,Zn,,||Cu 411 F87E 60°C T 47 fif A~ [F] B (1]
J& s BA 1 mAJem? 1) HLI S B2 B EE 22 1 V(vs. LilLiT)
SR H - i 2k, BN B T R AR S
afi Li A1 Liy ,Zn, , AL 2= R 1 B(a) v i Fa b (17
it O d)FIMR G5 3, 4l Li TR Bl R AR B, 58
— B B L 2 B N 1.70 mAh/em?, P& HLE N
122 mV; 5 BB A E 8 1.48 mAhlem?, P
HHEZN308 mV, BHE &N 3.18 mAh/cm?,
Hh s B s R Em T B, JF H b4k
BRIZN, X AT REYHPE Al Li SE R AN A 5 | R IRk
AW S SRR A . Lig,Zng, FOCEE il 28 [ AR 23
B, M BUB RS2 1.60 mAh/em?, A H
JERNT74mV; BB BOR 2 RN 1.60 mAh/em?, P
HHEZ8 265 mV, &S 2 E O~ 3.20 mAh/cm?.

XF T Lig 720G HE B — i BOW N4 <5 Jes AR 0 it 2
IR, BB T BN BT LiZn & G I i A AR
FURCAR I B i A K T 2E Lie &I 5(b). (c) v 60°C
NAHET d M 30 d e I - R 2. S5 RERHT,
H T v A A R T A L AR TR TR R 48

1

w— Li

o
[

" —— Lig7ZNos

o
o
T

Voltage/V

°
~
T

0 05 1.0 15 20 25 30 35
Capacity/(mAh/cm?)
(@0d

R—

08— Lio7ZNo s

Voltage/V

0 05 1.0 15 20 25 30 35
Capacity/(mAh/cm?)
(b)7d

— Li

= Lig7ZNnos

Voltage/V

0 05 10 15 20 25 30 35
Capacity/(mAh/cm?)
(c)30d
E5 60°C TR 8] i B A S8 14 g mliat
Fig. 5 Delithiation performance after storage
different days at 60°C

JS2, AN ST TG o — T3 T 3 ) A R A T
5 J5 Tt 2 R R T B e R AR, R A
7 d e B2 Li b 28 i 2R 2 s, T BB S =
T A7 i I B) SE K 22 30 d, 3% A 480 DU A A T 4 5



5% 4 0 HE . FRELE SR S SR

e, RIWNCOEMBEEE. Liy,Zn,, FIF 2 A
afi Li o548 Th, fEMEMET7 dM30dJE, i srih 2k
BIORFFARE, W] MBS 5 AH BT B 5 4 00 il DR FF
100% H198.5%, & W] 5 1 &I S 87 52 3] &l 2 # ]
Li,,Zn,, & 4 B0 7 AL 2= PERE T IH R T Lizn & 4
FHROWEAEH : — T, LiZn &S5 B g
M TR I mAsE e, vl e ] ik f g
W B TR S, 4 B ske e i) [ 25 H i ot 77
T (SEN®*; 55— 51, LiZn AHLE BBl P 5BAL 2 =
el s g e, MERAEE -1 PR, B
PEPRE Y Lt fnaig, O] R AT, A
T 3 sk A ] 2050 PR ARG L P g s F o 2020

it X 4l Li 5 Liy,Zn, , 22 18] ) OB il &
ZE5, REENEIA 30 [ 5 100% SOCHRZ T I bk
W, 5HMFBIRE G417 DSCliX. Wil 6 B
N, (G4 Li -5 R TSR R L R e R
Ti% 5504 J/g, i Liy,Zng, 7] DLKE R B B 35 PR A
66% 421857 J/g. IAbh, 4liLi5 A 8] i i i
IR T 175°C, 1M1 Liy,Zng o 10 35 i B3R 0 A7 1
212°C, MR F4iLifem 17 37°C, Liy,Zn, i B
ECIRIR IR F112°C, AEL4ELI(70°C )Tt 52°C, &
B Liy,Zn,, A m 2@, 5o, wmekE
(K (b)), M6 G4t LifE 110°Cfd Bl T 5 0 5
[PITBCHRIG,  RT BE T B/ B SRR AR 1) ) S R
Lip,Zng JUAR B, DL SRR, Liy,Zn, , &8 AL
A AR b i AR e 1, PIRIVREIE:, T Ak
FfIEA AR TP AR A AR S HER . AL R, 4l
RIMENFAEFE W 7 FRARATEE B SEI DL ik 2
TETERAEE Sh i, HARE AR B RIS R Y
BRI SE, I R IV G HTBEA RN, - B 5 R AN
JE AR A DA () DGR PR 28 2 —1". PR, L2532
FEILH b4l Li 5 A e i B e T A 2 4 M R
2.3 e ATfTIEEeIE

IR FLER B, Lig,Zn,, & & BAA R0 T
PEREA 2 252 THE 1. WK T FoR, Nik—B5E
20 pm Li,,Zn,, 1B AR LE 4 st R () T A7 1%, i
A8 NCM811 Jy IE Ak il % 1 10.50 Ah % (0, HiL s,
K ARC Sk A4t Li UL K Liy ,Zn, 5 & 4273 38 bk
(R A A L A R SR A R BT . Horb, KR
E Hh 28 B 3 ik Fjth SRR e AT VA, 2 )
NEFERGEIGIEE T, #ORIERORIRIE T,w #kis
B T BART S, T, il | P2 AR

1507
T i 175°C
| — Lig7ZNnos
£
= 5504 J/g
£
3 212°C < _1857J/g
®
Q
I
50 100 150 200 250 300 350
Temperature/C
@
TExo )
| - Li
g —o— Lig7ZNo3
2 |70C
£ setone!
E
8 112°C|
®
Q
I
50 70 90 110 130 150 170

Temperature/C
(b)

6 (a) {E¥ 30 &5 100% SOC A7 T4k Li LUK Li, . Zn,, 73 5l
SHBRREARIDSCHIZ; (b) & 50~175CiREXERIH
KE
Fig. 6 (a) DSC profiles of pure Li and Li,,Zn,, mixed
with electrolyte at 100% SOC after 30 cycles;

(b) enlarged view range from 50°C to 175°C

Bl T, B NPOE R 1Cls IR E, £RIT
GE BT H ) B P HORES, IR R T,
BRI A B B m R, RS AR R
TR PR DL R T B R . AT, b 5
R 100% SOCIRE . @il 7(c)fin, 4liLif
Lio,Zng, B A0 L T, 3 B 4373 56.7°C A1 53.2°C,
X FEIHLE T SENW A ERY. BT PR 5 R
SN, FERF SR AR i IR R, S bk B
TR o Lig,Zn,, B M INAS T, % 2 216.5°C ,
AH BG4t Li 8t s i 177.8°C 4271 38.7°C . 4l Li %%
A0 L) T, R 34 1940.0°C, Ly, Zn,, F A
MW A5 T, 05 AN 1191.5°C . A Eb BT B K
748.5°C . LA, 4l Li A i AR R B AR IR B v
15 1940°C, Y& T il A5 vl R ZUR R 1) & JE 4R
4 J@ B ) 28 B O TR FE AR O/ R B v vl i i
2000°C, JHUAR B ze 68 5 R B 7 ™. bk, M
H = IR BRI R A, (] Liy,Zn,, & & e
HL R 28 77 1 2095.5 min, AR H 4l Li ) s jth S8R T
11650 min. LA RSV, Liy,Zn,, B84 Wi
AR RIS OB, 4 v B 4 T P v B s SR
fE, R FRAR TSR I R S B E . T
afiLi 5 Lig,Zn,, & S E R ZM T2 E R,



1508 fi

2026 #5515 %

@ (b)

— Li 7=1940.0C

— Lig7Znos

T=1191.5C

400 TA177.8°C

0 500 1000 1500 2000 2500 3000 3500

Time/min

©
E7 (a) @HIMIREHR; (b) 10.50 Ah Li,,.Zn,|INCM811
REEMBE; (c) £F LifiLi,,Zn, kAR EEH ARC
MK LER
Fig. 7 (a) Adiabatic accelerating rate calorimeter;
(b) photograph of 10.50 Ah Li,,Zn,,|[NCM811 pouch
cell; (c) ARC results of pouch-type cells with Li and
Li0.7zn0.3

K HI PyCalphad i fF 73 5l i 55 7 3 (R AVE
TR S RN 8 i, 4 Li iR #A(E 2 42350 J/

50000
42350
40000
&)
3
% 30000}
3
©
>
< I
£ 20000 15432
T
O
10000} I
0 .
Li Lio7ZNo s
E8 LifiLi,,zn, M E
Fig. 8 Calorific value of Li and Li,,Zn_,

g, M0 Lig,Zn, s & <5 IR GE VB 15432 Jig. #4
RAFUR LA TR RIS R, 5
FLt L AR R SE LA S SR P AR (A T AR Y
AARNEAT, S LE e B A R il T AR L
HEFITINL

T SR B K 7 Y A L il
KIg@Hz—, REtEsE

2L R 1) B 22
WL AR

FaARee, SR H Liy,Zn,, &4 Fitl, ULECNCM811 IE
e, #14% 7 R~F318.50 mmx100.50 mmx5.28 mm
FI . W 9(a) s,  HE b S B 5 &l

Others: 1.80%

Al-plastic film: 2.81%

Electrolyte: 17.98%

Separator: 4.83%—— > 500 Whikg

Anode: 4.48%
Cathode: 68.12%

(b)

5
45t
>
B 4r
jo)]
]
235
3t 5360 Ah __»
202.52 Wh
25 L . L . L
0 10 20 30 40 50 60
Capacity/Ah
©
1204 120 700
2 ol 16005
%100 100 >500§
5 8015 80 L. :
o S 5400 >
8 6015 60, 509.25 Wh/kg 300@
a s -3
2 08 a0+ 200 =
% Li; »Zn 5|[NCM811 pouch cell 1 %
& 204 20- Voltage: 3.0—4.35V {100 5
N 0.33 C charge/1.0 C discharge

0 20 40 60 8 100 120
Cycle Number
@

9 53.60 Ah Li,,Zn,;|[INCM811 iR E1EE 114 (a) FREFR
F; o (b) EEERHALL; (o) F—EBFTMEmhL; (d) B EEE
Fig. 9 (a) Weighing photograph; (b) proportion of
main components; (c) first-cycle charge-discharge
curve; (d) cycling performance of 53.60 Ah Li,,

Zn,,|]INCM811 pouch cell



% 4 BEE WA

e R E TR < Al BT ST R

1509

397.68 g, it FEHE & L b I 9(b) B &
. E9(c)ER T HAE0.33 CF /1.0 CHUHEEAMT T
(1 B 7 R 2k, WU e Vs Bl 3.0~4.35 V,
S R HL 25 B M 53.60 Ah@1.0 C, i HLBE B N
202.52 Wh, I Jiii 2 g 72 % 5% 4 509.25 Whikg s
AR RE R 25 E 4 1198.28 Wh/L. 41 & 9(d) il N 1iE
HPERE, 7£0.33 C7EHI/1.0 CiHL. 100% DOD 7§
AN, ZH T 120 IRIEIE G 2 B AR R AT
% 90.8%, IiE T Liy,Zn,, & & fitk s gt 5
TEIA AR E M AT AT

3 % #®

AW FE A #E 500 Whikg 48 b B i 3 i 1 v
FaE e, R evEr L, Zn,, &k, R 5
F TP AL s Rl %L 1) T 205280 20 um 8 78 45 47 o)
%, MTREFLERSE. SEEEEHESE AN
gt atat. LigZn, KRIHE e, —
75 5 7KL MA R AERRRR, i — TS5 A WA A
B i A R AR R b o SR L, Zng, B AR AL L,
60°C =i A7 fits 2 A S50 3R I F T j e DA 21 48
4, DSC Wik % B 30 J& 18 35 5 1 2 4 8 6
(100% SOC)-5 Hff 1] B2 T Tt M 5504 Jig [
k%1857 JIg, %081 66%. 7F10.50 Ah it
ARC 525671, Liy,Zn,, L T, 36 fE H 177.8°C #2 F+
% 216.5°C, T, % 1 1940.0°C F£ 1K & 1191.5°C,
A R AR PR 5 R OB R L ASE 2H A o S X o PR A
. 25, 4 Li,Zn,, N TR E R R EE
509.25 Wh/kg. A& fE & % B 1A 1198.28 WhIL 1]
53.60 Ah Bt i, SEIL T 120 RIS E G, R
LR ) T AR . AR TAE R T &80
WAESR TR e A e 2T I EEEH, MR
o e B TR e 22 4 1) S A A 4 J b R 1 1
BT

& % X ik

[11 LIU J, BAO Z N, CUIlY, et al. Pathways for practical high-energy
long-cycling lithium metal batteries[J]. Nature Energy, 2019, 4(3):
180-186. DOI: 10.1038/s41560-019-0338-x.

[2] QING P, WU Z B, WANG A B, et al. Highly reversible lithium
metal anode enabled by 3D lithiophilic-lithiophobic dual-skeletons
[J]. Advanced Materials, 2023, 35(15): 2211203. DOI: 10.1002/
adma.202211203.

[3] RN, EBEA, X, &5 i A8 F 4L 7 it 22 2PN bR HE IR U],

FH, 2024, 54(2): 239-243. DOI:10.19535/1.1001-1579.2024.02.021.
ZHAO L X, WANG X D, LIU R R, et al. Status of safety evaluation
standards for Li-ion battery for energy storage[J]. Battery
Bimonthly, 2024, 54(2): 239-243. DOI: 10.19535/j. 1001-1579.
2024.02.021.

[4] ALBERTUS P, BABINEC S, LITZELMAN S, et al. Status and
challenges in enabling the lithium metal electrode for high-energy
and low-cost rechargeable batteries[J]. Nature Energy, 2018, 3
(1): 16-21. DOI: 10.1038/s41560-017-0047-2.

[5] LI'S, JIANG M W, XIE Y, et al. Developing high-performance
lithium metal anode in liquid electrolytes: Challenges and
progress[J]. Advanced Materials, 2018, 30(17): 1706375. DOI:
10.1002/adma.201706375.

[6] ZHANG C, FAN H M, CHEN X L, et al. Non-sticky Li-alloy leaves
for long-lasting secondary batteries[J]. Energy & Environmental
Science, 2022, 15(12): 5251-5260. DOI: 10.1039/d2ee02135h.

[71 #EFH, A, BRAL, & —Fh ATR A E A KOG A dr 4
4@ Hiith A4 : CN118763335A[P]. 2024-10-11.

[8] VFWRME, 4B W, ZRURRH, 55 . — P B G it SO Rl B L 5 Ty
VAR R Hith: CN114784259B[P]. 2024-06-04.

[9] ZRAM, WP, A, & . — Pl s i ) & (0 5 R R LA 4
H: CN221361938U[P]. 2024-07-19.

[10] B 5% o & s B o B do 28 e Ry, o T T b v A A B R R S

GB/T 20930—2015[S]. db5i: H EFrik Hi kL, 2016.
General Administration of Quality Supervision, Inspection and
Quarantine of the People's Republic of China, Standardization
Administration of the People's Republic of China. Lithium strip:
GB/T 20930—2015[8S]. Beijing: Standards Press of China, 2016.

[11] PUTHUSSERI D, PARMANANDA M, MUKHERJEE P P, et al.
Probing the thermal safety of Li metal batteries[J]. Journal of the
Electrochemical Society, 2020, 167(12): 120513. DOI: 10.1149/
1945-7111/ababd2.

[12] ZHANG K, WU F, WANG X R, et al. 8.5 pm-thick flexible-rigid
hybrid solid-electrolyte/lithium integration for air-stable and interface-
compatible all-solid-state lithium metal batteries[J]. Advanced Energy
Materials, 2022, 12(24): 2200368. DOI: 10.1002/aenm.202200368.

[13]LIY Q, LIU Q N, WU SYY, et al. Unraveling the reaction mystery of Li
and Na with dry air{J]. Journal of the American Chemical Society,
2023, 145(19): 10576-10583. DOI: 10.1021/jacs.2c13589.

[14] SCHIEMANN M, BERGTHORSON J, FISCHER P, et al. A review
on lithium combustion[J]. Applied Energy, 2016, 162: 948-965.
DOI: 10.1016/j.apenergy.2015.10.172.

[15]WU Y K, ZENG Z Q, ZHANG H, et al. Constructing thermo-
responsive polysiloxane shields via lithium initiation to inhibit
thermal runaway of lithium metal batteries[J]. Energy Storage
Materials, 2024, 70: 103499. DOI: 10.1016/j.ensm.2024.103499.

[16] JIANG F N, CHENG X B, YANG S J, et al. Thermoresponsive
electrolytes for safe batteries[J].
Materials, 2023, 35(12): 2209114. DOI:10.1002/adma.202209114.

[171CHENG X B, YANG S J, LIU Z C, et al. Electrochemically and
thermally stable inorganics-rich solid electrolyte interphase for
robust lithium metal batteries[J]. Advanced Materials, 2024, 36

lithium-metal Advanced



1510 & fE

Bo% 5 R

2026 #5515 %

(1): 2307370. DOI: 10.1002/adma.202307370.

[181ZENG X Y, CHEN Y, NIE H, et al. Advanced poly(ether ether
ketone) separator for lithium metal battery[J]. Small, 2025, 21
(13): 2411626. DOI: 10.1002/smll.202411626.

[19]HAN L F, ZHANG M D, CAQ Y K, et al. High fire-safety, thinning
lithium metal anode for high-energy-density lithium metal batteries
[J]. Advanced Functional Materials, 2025, 35(44): 2504427. DOI:
10.1002/adfm.202504427.

[20]WU W Y, LUO W, HUANG Y H. Less is more: A perspective on
thinning lithium metal towards high-energy-density rechargeable
lithium batteries[J]. Chemical Society Reviews, 2023, 52(8): 2553-
2572. DOI: 10.1039/D2CS00606E.

[21BURTON M, NARAYANAN S, JAGGER B, et al. Techno-
economic assessment of thin lithium metal anodes for solid-state
batteries[J]. Nature Energy, 2025, 10(1): 135-147. DOI: 10.1038/
s41560-024-01676-7.

[22]CHEN Q L, LI H, MEYERSON M L, et al. Li-Zn overlayer to
facilitate uniform lithium deposition for lithium metal batteries[J].
ACS Applied Materials & Interfaces, 2021, 13(8): 9985-9993.
DOI: 10.1021/acsami.0c21195.

[23] OUYANG Y, CUI C, GUO Y P, et al. In situ formed LiZn alloy
skeleton for stable lithium anodes[J]. ACS Applied Materials &
Interfaces, 2020, 12(23): 25818-25825. DOI: 10.1021/acsami.
0c04092.

[241ZHOU M Y, LIAO Y Q, LI L H, et al. Unraveling the heterogeneity
of solid electrolyte interphase kinetically affecting lithium electro-
deposition on lithium metal anode[J]. Journal of Energy Chemis-
try, 2023, 85: 181-190. DOI: 10.1016/j.jechem.2023.06.008.

[25]L1 J R, SU H, LIU Y, et al. Li alloys in all solid-state lithium
batteries: A review of fundamentals and applications[J].

Electrochemical Energy Reviews, 2024, 7(1): 18. DOI: 10.1007/

$41918-024-00221-0.

[26]LIN L, LIU F, YAN X L, et al. Dendrite-free reverse lithium
deposition induced by ion rectification layer toward superior
lithium metal batteries[J]. Advanced Functional Materials, 2021,
31(40): 2104081. DOI: 10.1002/adfm.202104081.

[27]L1 XY, ZHU R J, JIANG H J, et al. Thickness-controllable Li-Zn
composite anode for high-energy and low-N/P ratio lithium metal
batteries[J]. Journal of Materials Chemistry A, 2022, 10(20):
11246-11253. DOI: 10.1039/D2TA02162E.

[28] WANG Z H, SONG Z C, LIU Y C, et al. Stabilization of the Li
metal anode through constructing a LiZn alloy/polymer hybrid
protective layer towards uniform Li deposition[J]. Physical
Chemistry Chemical Physics, 2022, 25(1): 124-130. DOI: 10.103
9/d2cp04787j.

[291 FENG X N, REN D S, HE X M, et al. Mitigating thermal runaway
of lithium-ion batteries[J]. Joule, 2020, 4(4): 743-770. DOI:
10.1016/j.joule.2020.02.010.

[30]FENG X N, REN D S, OUYANG M G. Safety of lithium battery
materials chemistry[J]. Journal of Materials Chemistry A, 2023, 11
(46): 25236-25246. DOI: 10.1039/D3TA04182D.

[31] XU X Q, CHENG X B, JIANG F N, et al. Dendrite-accelerated
thermal runaway mechanisms of lithium metal pouch batteries[J].
SusMat, 2022, 2(4): 435-444. DOI: 10.1002/sus2.74.

[32JWANG S L, ZHANG C Y, CHEN D P, et al. Explosion
characteristics of two-phase ejecta from large-capacity lithium
iron phosphate batteries[J]. eTransportation, 2024, 22: 100377.
DOI: 10.1016/j.etran.2024.100377.

[33]ZHAO W H, MENG C, ZHAO Y R, et al. Research on aging-
thermal characteristics coupling and aging thermal management
analysis of large-capacity LiFePO, battery[J]. Journal of Energy
Storage, 2025, 114: 115675. DOI: 10.1016/j.est.2025.115675.



