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Abstract : [ Background] The lithium metal anode, with almost the highest theoretical capacity (3 860 mAh/g) and the lowest redox
potential (—3. 04 V vs standard hydrogen electrode) , presents great potentials for next-generation high-energy-density rechargeable
battery systems. However, fabricating lithium metal anode requires a complicated and costly process. More importantly, lithium metal
anode is prone to react with the electrolyte due to lithium’s high reactivity.forming a non-stable solid electrolyte interface (SED film
of inhomogeneous composition and structure. Hence, anode-free lithium metal batteries (LLMBs) constructed by direct matching
lithiated cathode with an anode current collector can significantly reduce lithium usage and simplify anode fabrication. Without lithium
foil ,anode-free LMBs exhibit lower battery mass and thickness, reduced cost,and improved energy density and battery safety, thereby
receiving extensive attention. [ Progress] Anode-free LMBs still face significant challenges in terms of reversibility, capacity retention
and cycling stability. The working principle of the anode-free design is that, during the initial charging process, lithium metal is

deposited insitu on the surface of the anode current collector and then stripped during the subsequent discharging process. This

Wi BH.2024-06-15  FEHAHEM.2024-10-28
EEWE : FK A AR 4 (92161107,92372101)
* BIEEE x| fang@xmu. edu. en(J7HE5E) 5 zhangli81 @ xmu. edu. en(3K 77) ; chaozhi90@gmail. com( F#E &)
53483 . Jrhess . AR, 0o 5. JC S B 4 T H (R AR g A SR [0 ). S ] s i (A SRR AR L 2025, 64(1) £ 15-30.
Citation: FANG X L, WANG C M, LIU S C, et al. Research progress of anode-free lithium metal batteries[ ] . ] Xiamen Univ Nat
Sci,2025,64(1) :15-30. (in Chinese)




© 16 - TR 24 CHARFRE RO 2025 4

deposition/stripping process is repeated in later cycles. Unfortunately, the deposition is difficult to control and the deposited lithium
film also simultaneously reacts with the electrolyte, leading to irreversible loss of finite active lithium and rapid degradation of battery
performances. Therefore, improving the reversibility of lithium metal deposition/stripping and reducing the consumption of active
lithium are the two major challenges for anode-free LMBs. Several strategies have been proposed and investigated: 1) Combining pre-
lithiation of high-capacity cathode materials with the existing battery manufacturing process to build anode-free LMBs. The cathode
active material provides active lithium for the whole system as the lithium source, so developing high-capacity and high-loading
cathode is essential to improve the cycling stability of anode-free LMBs. 2) Successfully applying dual-salt electrolyte systems in
anode-free lithium metal pouch cells. The function of synergizing organic and inorganic components in dual-salt electrolyte to build a
stable interface has been confirmed with excellent battery performance even under high current density and low electrolyte/anode
capacity ratio conditions. 3) Developing Ag-C anode current collector for all-solid-state batteries of excellent cycling stability.
Regulating lithiophilic sites on the current collector effectively refines the lithium deposition behavior, significantly boosting the
battery safety and extending the battery life. These advances have greatly promoted the development of anode-free LMBs. In this
paper,we summarize the state-of-art progress of anode-free LMBs from the aspects of anode collector, electrolyte, battery test
standardization and characterization techniques. [ Perspective] There remains a significant gap between the performance of anode-free
LMBs and the requirements for commercial application. 1) To narrow the gap, researchers could aim to improve SEI stability in
anode-free LMBs by modifying the current collector surface and regulating the SEI composition. Given that commercial metal
collectors are becoming thinner and lighter, the challenges lie in ensuring sufficient mechanical strength of the foil to withstand
processing and performing surface modification to enhance the affinity of commercial collectors for lithium metal. 2) SEI film
composed of desired molecular structure and elemental distribution, with both fast ionic conduction and high stability,is possible to
standardize battery test parameters for comparability of results from different studies. 3) It is also necessary to facilitate a smooth
and practical transition from coin-type batteries in research laboratories to utility-grade pouch cells. This transition requires the
development of advanced characterization technologies for rapid and accurate diagnostics of problems in anode-free LLMBs.
Incorporating multi-mode, in-situ techniques helps to gain real time data with high spatial, energy and temporal resolution. In
addition,artificial intelligence technology should be implemented to identify useful data, establish reliable models, and carry out

comprehensive training under complex working conditions, These efforts can ultimately promote the development of anode-free LMBs.
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Fig. 1 Comparison of LIB,LLMB and AFLMB

overview of the AFLLMB development process

1 &SRt
T AFLMB H , f b 82 I 1A %) 32 T 1 ot 422 52 g

FRATTRUEAS T SET 1Fe & M. wl Ak Cu $A 8 i 1A
FI L CuC11D) f A 3 SR T 9T 3 W1 4 Jag 4 58 i
1] FULAE Ca(110) A1 Cu(100) Fh i E2 s F R
b Cu TEVE A 0B T AR A A 22 30 M 4 v 7 A% 3k vl

[1719] () , pros and cons of LMB vs AFLMB" (b),

[10,15-16,21-26] (C)

B, 50 BN 5] AR DR T oo IR e 4R A ]
W5 ASEE ST BbE R AR DURR Y Rz 1
U Al M HAT S b T AR = 4E (3D) £ L4
A 118 S AR BB A5 26 AL ) 50 Fh A0 %85 B8 DT A 205 ik 22 4
5 i BT B
1.1 FEEASHE
Xt Cu K%Y;mﬁ&_ TECHEAT T el R A DU
AR R IR R AR 4 T 1) 7 4 Ak s N RE S i 28 %



- 18 - TR 24 CHARFRE RO

2025 4F

R 2, N2 T+ AFLMB B90G e e . %5 )%
2 RIS (DFT) T3 3R B AR A% o v S 55 R i 3
A2 TR AL AR T R ) AR 4 AR TR S i
o) Zhang 254 [AFGE R A - 7E Sn-Cu A & 3L IK
A TR ORE R TR A E A Li-Sn A 4. B TH R4
SRR AR A A 22 . Sn-Cu A 4 SR TR RE I
WAL A R 2 M T M TR SR Cu 2K
i Sn-Cu &4 &N AFLMB £ 0. 5 mA/cm’ Y
HLL T, AR R ST 3020, Li %5 il ad 53t
A EAPMEL (MOP) 1235 Ag 91Kk (AgNPs) 3k
et Cu SR, PR 15 5L B AR AT 5 2R 2R ) AgNPs
AR B 2 S0 9 BOT FEAR U 35 22, IR A %
T T AR A AR S Lee S50 T ) 42 [ A AFLMB
TR T —F Ag-C BT, Ag e AgCEH
EHIE Li-Ag &4 W Ag B BERAMAIT 5
GBI I AR A SO T TR T O s T A5 Y
AFLMB B &R 8% (900 Wh/L) e FE &
(99, 8 Y0) FIHKAGEH A4 (1 000 Y.
1.2 SILEMMHE

AT 3D ZALE5 AR I A RE A5 1S I w] A () 10T
FRFRTH . B AR Jm 5 F 00 %% B, AT 4% i B R A OB
B Yang A5V AE Cu $A R MG A ELHES Y 3D
Cuz S YK F o X B JFA A2 ALY Cup S 76 B YL L i 72
H S U N, FERR R P I — 2 & & LS iR
& SEL g i S Ia i B8 AL TR, Abdulahad %51
I B DTRETE Cu 8 E E A K Ge 9K
(Ge-NW) , FFEE IR R P IR AL Liy; Ge, &4 4H . A
T AEARTTORR /300 285 1o 7 J B0 AN A 348 2 0 3 T A
AN, Li Z08 CuCl I 78 18 98 K U £ AR i 4%
ZfL Cu i L, CuCl FE iR AR Ak 3 A v JE A A L
A BRI LICL ) SEI JZ , W 545339 Cu 9k
TURE B HE B A AR AR 1 78 X B A A5 A R T 4
JE BSR4 R, B i R R4 H
TR DL K n] o 4 L B 45 R 1 3D ik ik 4R I IR 7E
AFLMB W78 a5 2] )12 i A5 Kwon 46 ¥ 11
T — P ZFLRRAE AR , v s (37 BB 242 UE IR B &)
1 SET FSZ BSOS i TR, Huang 28195 T
A SEHR Mo, C #E BIBR AN K LT 4 (Mo, CRCNE). /i T
A Mo, C FET AR R AR AU B 22, i W & TR AL &
¥ Mo, C e HEAL & & LiF (19 SEI JE AL, [FAf 3D &
P HE 2 T A 2850 R VK S 308 L %85, AT I 5 2 T T o]
# AFLMB (1 EfE.

AN TR A A DT R R 3 f 34 B AN (] e 1 1
TR AR RS AR A E] 2 .

B R R A, BT B S5 A% 67 o5 R &5 L
FEHA Y Tt AR AR BE AR UEAR 2 S O (H B B 5
PG AR R 1) & R A e AR AR 25 32 7t
TR SETL o F w16 AR TH #E 5 2) AR IR MR A
5 b7 SET A2 i, SET AR PR 4515 S A A
e, R IL SRR Y BL SR T AR A B R [R] B
T B PR TR T LA AL SET 4 43, T2 i HL
FAE M SEL

2 HER&iZT

/0 SETJE st 7 v 3% 24 48 10 T L 2 s B P IO
FR/FI B3, BT AFLMB PEGE % 2G5, PRt 45
SEI i 2H il AN 2544 0y B %8, X 75 22 7E SEL (14 HLA
TCHLAL 53 22 [A1 4% 3] - s o5, BB 22 A0 FH A LA R 0 5
T R 42 , B 30 40 R AR TCHLA 53 18 45 46 AL AR
EMEF TR OL S BT SEL F BRI 4
Yy T LABEREA 30 0 5 751 R R e i R in 591 3
T E R VR R R AE O ks B T T R R A
AFLMB 435z 3] i i e
2.1 BFMHK

ANV TG R R (R SR AGAE B0 B A A i
A8 LA S 54 4 T %) B oy M BH S AN [R). 5 P R R 1
R — R o R Bk 2 AR 25, Horp BRI N S 4 TR i
W) AH 25 P T8 47, A7 R T 4R 4 Jm A AT 3 T FRURN )
BT BRI Sy KT AN T 1R R P e e B A T k2
SR SE PR N . AR B2 i R T S P A VR AT
BHLAL A 0 (>4, 5 V ovs Li/LimD) AR SA, 9872
B HF LIBO s SR Pei 2650 BRF 5T 45 i, 78 05k R e
ARV, Cu JE 4 T AR R T4 1 3 ST TORR AR
SEI B, 530 AFLMB Y FEAS SR TR R4 1 1
NS Ay o B 1R S QR N % N
AFLMB Hf# R 5% (1) T 22 07 ). Yu S50 %0 7 —
FINVFA 1, 2- = AT S e rU AR s ) iF 9 3R
R T EREILY 1,2-— 28 2B F o Ak
Wtk 3 A — CHF, 76 85 1% 5 A A AL A2 1 T R 0
Pt R 1. 2 mol/L LiFSI/#Ak 1.2-— 28 3
U PR AT () ST R v S A RS R AR A B A L
Ko e B R0R s R e, TR L E R 51 %
P PR, o R T Tk S P R PR A 7 A A ) R,
AL 3R R 4.3 V(vs Li/Li"). Mao %5055 it
FIAFACL PR IR (3,3, 3- =N MR 8 4 55 1
A %) L A B 2 A i s S S T
Cu FE AR Y BB ML B DR, JFICRE 4. 6 V



%1 JrIGesE A O UM R 4 I i Tt A T 9 38 e + 19 -
Li-plating after
(a) (b) Electrodes <2 long cycles
> \\
5 Pt .
= — u
= \ Al Lit
> —
- i S
=
g lﬁa; Zn Cu|Ag@PDA
> \ Au
2T
= : : Cul AZ@PDA-GO i
0 0.02 0.04
Offset capacity/(mAh-cm2) «» AgNPs = pdydopamine (PDA) wm SEIl =l
@ oraphite oxide (GO) @ Li-Ag alloy
>
= 0.3 0.3 (B Barc Cw/Li
o — 2 o 2 > a 1
2 L 02f 05 mAsea 02 [ tomAe E oA ehAGon,
7 A sif % oaf Z 01f 3
z ~N—— L s oL =
g \\ Sn %o (1) % (1) % 2
5 " > =0.1F e cuni >_0‘ [ ¥~ —Bare Cw/Li g
s C —0.2F — CulAg@PDA/Li —02F  —CuAg@PDA/LI >
[=W ’-—_——_ _03lu —I(?u\Ag;(I‘PD.'\»GO//‘,i 0.3 —Cu\AI,(lPDA G(i)//Ll . @)

Ni ~ 0 0204060810 0 0204060810 0.5 1.0
> Cu Areal capacity/(mAh-cm) Areal capacity/(mAh-cm™) Areal capacity/(mA-cm)
s I A
= ' ; TR o

0 0.02 0.04
Offset capacity/(mAh-cm) Bare Cu Cu|Ag@PDA Cu| Ag@PDA-GO
(c) (d)
Li plaﬂ]ﬁ further Pki'lf stripping
Thaing
unifonnLi:SSEl U L dndries “dead Li”
LS -
M/ mﬁm
‘Li plating further plating ‘ sl.nppmg
-t
plaung
= Cu foil w=Cu,S mmLimetal w=Li,S == conventional SEI
Bl 2 ORISR RO B 3 (@) B Cu Cul Ag@PDA,Cul Ag@PDA-GO I i #R A% AER TR T s 2 1 DA &

JAZ A BRI A X L0 (b)) Cu B3 LA &

Fig. 2 Overpotential during lithium deposition on various

A% 3D Cu S @k KRB EM (o) , Mo, C@CNF I 148 s 7 B8 (d)

collectors™ (a) , schematic of lithium nucleation and deposition

behavior of bare Cu,Cu| Ag@PDA, Cu| Ag@PDA-GO and comparison of nucleation overpotential and
contact angle™*) (b), schematic of in-situ synthesis of 3D Cu;S nanosheets on Cu collector™ (¢) ,

schematic of Li nucleation on Mo, C@CNFE™ (d)

B LiNig s Coo s Mng ; O, (NCM811) IEM%, SEHL T T
My 2T SR R AL A FRUE T R
2.2 fEENGIT

ARV AR 1B B B AR ] LA r T
%%ﬂﬂa SR Mﬁ:ﬁu&%ﬁm SEl {0 it £ 5,

LR R B 10 A% B A TURRA T oL R Sl a1
fr@ihéﬂﬁ R N B’th MEF R SET 248
5 AFLMB MRERIA RORIES . Louli S5 #2417 —
ol — 95 T 0 7 L 0 DU 9B R 4 ( LiDFOBR&-LiBF, )
LR R TR 28 L AR« AF 5% & B LIDFOB 1 LiBF, A )
T PR B T AE SN B NS AR TR

Fi, AL T AFLMB (G ERPERE ; LAh 1% L A T
TRZATTBR, T DL 5 AFLMB 78 52 B i b i 22 4
PE. Zhang S 25 PR T AU A BB AEAL
SRk s g v 5 | AR A9 LIDFOB(0. 02 mol/L).
RPN AR 76 20 4 IR A 035 5 A6 i s
Lis N A1 LiF 1) SEL, i A 78 1TE AR AW %6 B B 1 5 fin e
LB B 1 - H A 518 (CED 5 5% FHIZ H i )
Cu|NCMB811 Tt Hi i 7E 4 5 50 P85 A3 045 95 %6
IR LR 2 . AN [ REER (] A A B4 P A2 PRI XGER 1 B 451
AR AT X R 4 i DT = A S M. Beyene 25058 38 i #8
¥R 0.9 mol/L LiTFSI 1 0. 3 mol/L LiDFOB 1



£ 20 - BT KA CERRRERD

2025 4F

FRIR TR (FEC) /1,1, 2, 2- DU & 3-2, 2,3, 3-D4
FUNEERE(TTE) (RFLHL2 = 3) I WOH Bl 0 XL 1R &
AR T AR 9 S0 A S 1T, DA T 552 30 85 s TG 7 A
HL RS MG 3R, Kang 555 & B LiFSI 1 LiNO, 41 .
Y st ] LA 385008 /0 LANO, 78 Ha, i 8 1 A SR P42
SEBRE R B LINO, B 8UER LA, AT B A 30 15
R IR
2.3 RERAE

TERG AL A AFLMB 76 5 B 75 /750 e 76
s R 2 75 Vo AT 25 o, IR AETR A 10 P8 5 4 i
I SRR E TR SEL P rfe it 22
R P ECA AL & A % 2k i R N ff SET i &
JEEAS TT 386 00 3 7= A R AR A N BE R N 5 A
AFLMB P 28 it 5% 2% BH 12 5 e i v v 28
b B T AT %4 i) BEASE e A9 A 4 AT i o FL VL
IRUE S EmR B R R D, & & LIF. L, O
I Li, S S CHLLH 4> 19 SET A 5 A B 7/ SR A1
BILBRER B L (A5 5 Tk B P i AR &R v AFLMB /73
JEERCR AR 99% LA I, IRFENE ER 50 J8 5 A7 R +F
60 Yo k] 30 28 0, SE ad X v R R R AR Y 0 A
Hosaka 251 Qian 265 i 5% & B, 24 AL fife 0 b 28
RV BE (=3 mol/L) B8 & T4 58 H i W (1 mol/L)
B Ui B AP 700 0 - ik 3 B A TR R - R B 5 4
FEL ARV P I R R R B9 B AR A o 8 2 LB (LUMO)
I8 R AW, B AR i B B R S RN FE AR
HASE ) SET FI CET [RIBS B 2089 Li™. SR, =ik
P ARV TR I 3 280 8 e 9 W P A R 9 B 2 25 2 )
R R Efaw 250005 1o ] yag v B H ARV P I AR TR
BRER BRR BRI, 0 AT PR A VB AR 2 BE Y W] B DR PR T
o VAR FEE L R AR 100 5 A N ST, R A SR S o R B R i
. Hagos S5 ¥R 1 FEC VE M RERIINA LiPFs
o VAR FEL ARV R v, A A AT P A VA B 1 [ i e A A
L& S CHLE A SEL T SE 8 AFLMB £ 4.5 V
1) s LR 25 1F SR BB R 50 BBlJS 40 %6 28 [ 4 2R
S PERE.
2.4 ERINFERE

6T T FEL o VRS T ) A T b e B e 42 T A K
1) SR . BIF 5 R 3 K 22 5P A RS 0 591 T LA A F
A6 R 55 PR AR S I A B S NS E (1) SET Al CET Uik
b B SRR 5 E SRR 8] B I S, AT 4R AFLMB i
PEERERELS ., Wu 219908 LiAsF, f1 FEC 1E Sk B fift K
IR B B2 R 2 W i W [ 1 mol/L 7S FUBE R
PR-BRTR <0 /PR T2 — TR /B B2 — W . 1 mol/L

LiPFs-EC/DEC/DMCUARLL 12 1+ 1) ], 528 Cu ||
NCM523 4= L ZENEER 50 S5 75 % 1 25
FERRHN 98 Y0 M F-BI380% 5 SR hr & ik 4 R R RAEIIE
B LiAsFs A/ (it 4028 220) FEC (YA AT LLAE
IEFAMRAMIE & & F R B CEL A SEL A &0 i H
fi W AE LT A & A2 B S . Rodriguez 2507 % BIL, A%
T LiFSI, LiNOs 76 H fif W 58 5 T8 i A4k 25 4 H.
PASTEARRE IS 1 mol/L LiNO, {8 3 mol/L
LiFSI i £ LiNO,-LiFSI B, f# & i, AFLMB i SEI
AT  BEI BT I A A IR A AR R L A, Xu
SETUIE B SR A S AR S B IR B R RE S 42
% A% i AR G R TR B TR R, O
BHJFEAFA AP R T LiF S e E . B Tl
AU R RA AN SL , A AL 2 i A& i £ T s
SEL.#&# AFLMB MR8 1A 8K M . W : Zhang 4577
I A =S OB A SN2 TEHL-A Bl SEL
Meng S5 0B T 5 LI = B I 0 A Bk 2 g b L 7
TR s BEAS e SET /Y[R A, 5 IR T k2 i i v 2 SR
o AN B A IR L I A, CsNOs P T KNO, 7 265
HRECA AL A PR aEE L R R NO, A B Lis N A9 2L
% SEL

ZE b A, HAR R A Ay L R B RS i R X
AFLMB 1y SET 41 J% 45 4 Fn 8 30 R A7 o 8 ¢ i %
(3. BT FEEP TLUN LA : D R
F AR VRS R A R L R P AR S R s TR M AR A AR
SEPERN G A 2) AL EEER /MR AL 43 L B eI 5
AL PERE AL AR e v 5 3) J##% SEL Ml CEL iy
Li; N LiF S840 43 5 & 31 22 RE IV 1l e BLAWGoR B R vy 25
FHLF 3 SEI Al CEI By HL WA ). & 1 845 T
AFLMB LR AE T 2 JUAE B (9 B 53 0 i, AN &
PR3 T FL R B T 00 H R R B I R A
FA AFLMB W% B — A~ B 7 [1].

3 WA MAK

AFLMB (11 P08 e P 32 Z2 R R R B2 i, Bk i it
R S R S E RS D W N % S N 1B S LA U E i o
MU 7RI L L 45, 33 S A7 AT 2R 3 o 52 i [i]- [
T [0 ST 32 17T 52 Ve FEL S ) 70 PR e PRI F
FEMAR S5 1% T4 25 AFLMB (1988 45 J& 7T BUCR
e RkasE SET ¥4 #8E 3L.
3.1 BERTFEEE

2R 7o L o AR A R T B B0 1 R LR B
$i L BEAE K AFLMB % 4. Dahn F BUEF G FR 78 7%



514 TrBRsE 45 JC R A 4 T FL T A AT S 2 + 21 -

(a) () _ _
1.2 mol/L LiFSUF3DEE 1.2 mol/L LiFSUF6DEE 1.2 mol/L LiFSUF4DEE ‘L 40F 100 ¢ L 6y 100g
° 5 3.5k e s - 5 sl el B
£ sofl o E P — 5
£ 25p s e (2 E S -
S 20F % —, S 331 R P
S 15F -+ H40 2B dao 2
£ 1ol + 1 mol/L LDH 2 &2f 2
3 0s 1 molL LDH+DFB120 & 8 ||. 1 molL LDH J0 3
o - 3 0 1 mol/L LPF-EDE é T [ -1 molL LDH+DFB b 2
—dpmg —o.8m e < 0 35 10152025303540455053 <0 5 10152025303540455055 ©
Cycle number Cycle number
1.2 mol/L LiFSI/F4ADEE 1.2 mol/L LiFSI/FSDEE 1.2 mol/L LiFSI/FSDEE o4 S TE 100 s¢
£y S5l ) g
'i:i 3 ?ﬁ 5 B s 180 %
£3 §§4: ""v--..n-...‘_:‘w.......__”_"__ﬁo g
Z20F 525l — 0 o
S a 1 " 2
% }8' . + 1 mol/L LDH 2 §-2- 2
O - 1 mol/L LDH+DFB{20 S S || « 1 mol/L LDH 420 &
10 pm 10 pm TOSp « 1 mol/L LPF-EDE 28 [ - 1 mol/L LDH+DFB E
vk - iy 2 Lt 1 g S & L 0 3
0 5 10152025303540455055 0 5 10152025303540455055
Cycle number Cycle number

©

4 mol/L LiFSI-DME

Current/(mA-cm™)
—
(=]

1 mol/L LiFSI-DME

1 mol/L LiPF,-PC
j SN N | E—
0 1 2 X .
Potential(vs Li/Li" )V
The scan rJte was 50 mV/s 1 mol/L LiPF,-PC
d) El E2 €
( Top ) Cross-sectional Top Cross-sectional ( ) gg F
3 R e ; 18F
16
=14
212f,
E10F
nr
oF
M
i
444240383634323028 500 1000 1500 2000 2500 500 1000 1500 2000 2500

Voltage/'V/ Raman shift/cm™ Raman shift/em™

{ — IO i

44140383634313018 500 1000 1500 2000 2500 500 1000 1500 2000 2500
Voltage/V Raman shift/em™ Raman shift/cm™

() WEEFIEAL, F3DEE 3275 1,1,1- =2 A5 24% , FADEE 3R 1,2-8(1,1,2, 2- U 45 %%, FSDEE 2R 1,1, 1-= (-
2-(2,2- " LRI ZKE . F6DEE #om 1,1, 1-=5-2-(2, 2, 2- = F LEF) Z.%¢; (b) MR, LDH /R LiIFSLET DME/
HFE-347[ A CIRBE ) WP feAR A T AR b 1,1,2,2- MU Z.36-2, 2, 2- = Z A BF ], DFB %/~ LIDFOB( R4
FRWIRRHL) , LPF %/ LiPFs ONFRBRIREL) . EDE %78 EC/DMC/EMC(BRIR 245 TE /BRI g /BRIR F 218 5 (o) ik BE 3
DME #/R 2 ik, PC 2R RERIRES ; (D M () IEINFIER: E1 F£R LIPFEF VEO : V(DEC) : V(DMO) =
1 1 BIRAER L E2 218 LIPFET V(EC) : V(DEC) : V(DMO) =1 : 1 : 1 BIRAWEH,
I 2% (B 4080 LiAsEs fil FEC.

B3 AEASIR R R OB £ 4 8 B R I 5 (), Cu || NCM811 AFLMB 76 A [l £ 20 43 v 4 o Ak 22 M R (b)
L A AN [5) HL AR PR AR/ SR B O PR AR 2 [ L i U BE IR (SEVD RS T3l 32 i EL B (o f E1 Fil E2 ifh
LB P OB A4 42 Ji SEML L™ (), SR FHR [l F AR B9 Li (| Cu b/ o PELAA A o 1) Sz 2o Ce)

Fig. 3 Surface morphologies of lithium metal deposited in different electrolyte solvents®* (a) , electrochemical performance of
Cu || NCM811 AFLMB in different lithium salt fractions®™ (b),cyclic voltammograms, scanning electron microscope (SEM)
images and molecular dynamic simulation calculations of lithium metal deposition/stripping in different electrolytest® (¢),
SEM images of lithium metal deposited in two electrolytes E1 and E257(d) ,in-situ Raman spectra of

Li || Cu batteries with different electrolytes in the initial cycle®®- (e)



< 22 - JE TR 2R CH ARBF RO 2025 4F
%1 AFLMBs WL
Tab. 1 Comparison of AFLLMBs
#uk ZER . KERFF
I I wa o
P S mE/V  mc  PUREE 0
LiNip, o Cop, 0s Mg, o5 O: ™7 Lis PS; Cl 2.5~4.25 0.5,0.5 146 mAh/g 89(1 000)
LiNio, s Cop. 1 Mo, 1 O, 1 1 mol/L LiPF;, %5 EC/DEC, %l 10%  2.7~4.3 0.48 3. 68 mAh/cm? 90(50)
(RSP BOFEC 1 1% R0 %0 Ve
I41N10 33 (‘/OQ 33 Ml’l{)‘ 33 ()Z [46] 1 mol/L lAPF(; . “/{fé‘:ﬁu EC/DECs "{?J%j][l 5% 2. 5'\’4. 5 O. 2 2. 25 m/\h/cmz 71(40)
(BT B0 FEC
LiNio, 5 Cop, » Mo, 5 O, 178 1 mol/L LiPF;, %7 FEC/DEC (& fH [t 2.7~4.3 1,3 168. 2 mAh/g 99. 82(200)
1: D)
LiNio. 5 Coo. » Mny 3 O, 7" 1 mol/L LiPF;, % #| FEC/TFECUAFIE 1.25~4.5 0.2,0.5 3 mAh/cm® 54. 75(60)
1:2)
LiNiy s Coy ; Mny; O, 7 1 mol/L LiPF;,%#] EC/EMC/FEC(JE& 3.2~4.2 0.5 0.8 mAh/cm® >85(120)
th3:6:1)
LiFePO, P 1 mol/L LiPFs, % #] EC/DMC ({K L[t 2.4~3.8 1 159. 8 mAh/g 99. 3(1 000)
1+ 1L 38m 5% (FESEOFEC
LiFePO, ™! 1 mol/L LiTFSL %5 DME/DOLUAFIEE  2.3~3.9  0.1,0.3 3 mAh/cm® 40(200)
1+ DLEIN 2% (450 LiINO;
LiFePO, ™ 3 mol/L LiTFSL ###] DME/DOLUAFL 2. 5~4. 2 1 129. 9 mAh/g 72(200)
1:1)
LiFePO, " 1 mol/L. LiTFSI, i& 7] DME/DOL, il 3.0~3. 8 0.2 127 mAh/g 30(200)
2% (B 4380 LiINO;
LiFePO, ! 1 mol/L LiPF; +0. 02 mol/L LiNO; ,J&#] 2.0~4.0 1,3 125 mAh/g 49(100)
EC/DMC, %5 5% (Fi 4350 VC
LiFePO, ™4 1 mol/L LiTFSL %5 DME/DOLUAFR . 2. 6~4.3 1,3 1. 85 mAh 25 64. 86(50)
5:5)
LiFePO), 3] 1 mol/L LiTFSIL, %5 DME/DOLUAFIL  3.0~3.8 0.2,0.3 #j 1.6 mAh/cm®  60. 66(100)
1+ DL8m 2% (B 4380 LiINO;
Li, Sk 1 mol/L LiTFSI, ¥ #] DME/DOL, #& i1 1.7~2.8 0.1 697.5 mAh/g 56(180)

1% (B /80 LiNO;

1 VC. SRR ZHiTie s TFEC. FRACERR 204 g ; DOL. 1, 3- " 4UFF.

RSB PR 7 L CAFC) RIS X B 3 75 HE (ASC) 3 il
R[] S P U 8 B R AT T LA Herpou
PRSI L A5 PF T g vl 7 B0 £ 5 % 0 R 2 ) B
R 56 e A 3R T R b B 22 . A R RE A
R S Al N R A (o 0 |
VUL, R I AFC 9 AFLMB B 3t H B0 58, 5
TR A ASC B B0 H T 4 2 e (o R R
I BB o R AT 1) 2 K FiL Yt 75 iy (E 23 S I
WLAE S BRI PP A 75 3R L A I 4R 28 70 i F 1) T A
LA RS LR A TERE.
3.2 #HIEBERE

Wk L 2 i AFLMB {8 358 M 5 — &
TR 1o 70 A L PR TR P BE SR B 2 | R A A

4 I 55 w4 43 A @ BN L B E B A R BE AR L T
AV Pl A L P ) 2 B o) P Tt B £ % 942 T, Dahin
P A3 A 3 AS ] A 1 R L B 9 T 3l LiDFOB H
fE AN EE LIDFOB&.LIiBE, H f# i 149 22 5020 T
LiDFOB e fefeue tE 22, HZE & T 4. 3 V LRSI
I 7 A KRS 245 A LIBF, J5 » LIDFOBR. LIiBF, 7E
FHEE 4.3 V B AR B SAR. Bl A2 —
HARGT T LR VAR TRAE A TR) A L F G S ) 5
M 00, 21455 F, 28 R AR R 2 (3. 6 VOIS, FR FURLATY
REFERT ARG A B 5 HERR SR T 78 L (1. 2 VD
SRR A LA FURRUE SEL & 3 BUR ZEAN
PR ER BT A AT 8 2 BR B o R R R i AE
AFLMB WIEAFar 5 Y 2 3 VG 90 Y0 2R



14

J7 SR - JC A i L IS © 23 .

PR, AFLMB 1 28 25 2 i | B 5 1 &2 4. 05 'V
G IR 23 0 (0 BBt R 15, B A% L b 1) 9] 4 i
KRB AG  (FR G A 774y i 2 2 T

3.3 HHEHIERE

FL b 25 (R 01 2 U DR T AR i A K L R AR
B TR . — R U AL 1 T LA BRI
ENIE ST A 8 S NTTR U R 5 E N2 (3 . T AN i
JEA Louli S5 WF5¢ & BU3G ALK g mT LA SE 3
UER FL I O PR R RE A9 42 T, Lin %617 38 54 SEM A
PEAEIRIE (NMROBFSE T R X BL S AT R F1 R 1Y)
SO ZEAR R 7 (0. 1 MPa) 2514 F L 414 J@ DURR s 90 40
KAACRIE 5, B0 4w 221 2 b 2 AL 255 i = R
F1(C>0. 8 MPa) 2> T30 & B Wi 24, - 7 Wr 4 4b i &)
TE R A FEAL” s 7218 24 K 7 (0. 5 MPa) B}, PLELEY
P4 R F DG % . NMR Ml 7R . 76 0. 5 MPa |
JUF- A 5% BR (SRR it oAt s ) R 442 AE < SEAR”
5. e Ah, Liu ZEES 5 MR J1  SET 2 i &5 # A
B4 JE OB/ B 45 o0 22 (8] A A 96 2R % B I 1Y
FEHEHRE SHIY SELIE A2 0 _EAS ) 2
() Z2FLAR TR ™= 0 s B i 1) R T BB AR 0 & 75 9L SEL
5] BUE TR Z T A

K4 JBR T B AR R &4/ F AFLMB
(RIAE R BE B TE 3.

AR FE L R R AR LR H R AL R T R A5 4R T
AFLMB (G PR M 48 1A FR 04 21 Y5 1 Fa fi7 i
PEER IS AR H T 2 R B T E U AFLMB 288 H B 4%
PG N AN ANFRUE B IR B TT RE I AFLMB
PRI I AT LA e LA R AR Sm . 1 i35 7808
LR PR 11, 7 R Tt 1 0 A i R et 9 2 () 4
HAAHICE s 2) 51 ABAMERTIE S IR (A Lis CoO,
LiyCuO, 55) 55 ff & B E AR A (A0 LiMn, Niy Mn, O, |
LisV, (PO, 5 %5 UM 1 PR T3 Li F5FEE 5 3) 48
FEFE 7 X F R TR] Lt A R 5 Ad I R &
B T4+ AFLMB (1G5 Fa 5 k.

SRMTAE S 17 JH o Q] 5 1) 75 £ 78 18 ik L TR 2
SR AMICIR R BT T H b A6 25 75 A AT DR R R A iR R
JEXT AFLMB Ak B #2350 7= b Ak & J i Bk . (A5 14
R JE s AFLMB 36 i fth 2 T 15 ™ 5 A (AR BRI Ak )
B, X FEESRIET AFLMB b Ab A TR A 48 42 8
TRFRREZ I DA R 4 i 5 v A Y0 S o7 5 | 1 7= A< T A
AR AL FE Yt T L 7AW 2 R P P e FE TR R
IR A A e i T e R, £
R TR/ 5 S SO AR I K ) 0 AT A 3 LA
SR B L 2 TR AT 45 A A WA L 38 A 39 i eT B R AR T

FRAG T, 52 B4 ) B0 iy BRLUTAR. B L H M i an
v G JRE P AR e LR VR 2 4 A P A — i R
JEE - RE DR/ S T R B0 R AR AR A, TR
AR L T N, AT R A AR T L
TR AL FL Yl ) 0 3 g L AR A R R S T/
AL AT AR AL LA 58 AFLMB 1 137 #1625 73
Al L

4 BRAIRERA

BRYTARAT SR UL AT SET 41 A% 25 44 £ A7 %o 2 A
AFLMB 1 fig 2218 ML A & B A Rk ok o w25 G
B AN [F FERCHOIR S Li || Cu 2 sl AFLMB
PEATHR M, IF A SEM 500K 3 2 5 F SEM (FIB-
SEND 0] LU 28 45 & TORR /B AT 0 s R, 254 X
FEOEH FREIE (XPS) TR EE ST H AR RIS A7 B[]
TIRE T RIEL (TOF-SIMS) if fig #k— 4 E v g
S3HT SEL YRS 25 (8] 73 A 5 0. X 2E R AEH AR A 3K
WS T AFLMB 5% 19 Pk & J. SR, iX JS R
PERAE T AR S e B i R AT 2 32 BB I 2 1
SN ARXEXT AFLMB PA 08 b - F, e o 3 i A8 2ot 7
PEATERERRAE. UL R RAFH AR IR 4E K 7E AFLMB
WFFE R 3RAS T S AR B AN, SR 2 i Gl e T DA g
4 T BRI T S5V Ak A s B AR TR IR T ) R
CAFM) 0] LS i ) £ i A i b SET 9 ) 4 R R A
PRI T 53 A0 A5 B s AT 3R A LA 9K G 4 Fr
(14 2% ThT T2 350 465 R RDRELARE 2 5 U » 0 AL T 19 g 24
FL 2R BE 5 IR 2 G 5 T i B A AT R AR R L £
SERREME A HLE N A B S T AT SET 1Y
TR0, Shen 885 Fil H AV 27 (o 0 UL % 3] 21
KA S AR Ak, FETTRRILR B BE  th T AN 511 SEL
SO IR AR UAR R S B[R] A7 ) A
RRAFTE B I 22 5, A0 TV U IR A i 19 [) s o0 o] )
B AR L BB R S S A F AR TP R R K R Y
6 o JE 282 i JR K T R BEAR 0| TR O 2 B
LI 241 4 T 0 2 B ik sl 4 sk SET = w B4
o PR RN R SRR R T DA GE IO 4 T AR AR A IR A
3D AFM 5 A BRI 1 2% 1o B Bk ANl 4 109 A2 4k it
P, AT AR R SET FUHEATLA I BE Y 3 58 DU A ST 2
DURL/ BB = A B 18 380, A o A i b b X SET ML
BRCPE BE A5 Rt v 3 o R A AFM B R S T B
W LiFSI (%A #)F & LiF KiYE SEI B, A
FEHR 4 Jm R AR AL T AR Y. 8 L 0 R A F
Fang %‘[%]X‘T Cu H LiNig 5 Coy, 2 Mny, 3 O, FEL b 1) 70 H,



N S LT
24 - JBEITR =22 CA SRR RO 2025 4F
300
@ ——————r —————r ©
Z‘1.0 = 4 bl.O bl. § 250
208 18038 2o 2 200f
< < < Q
o o (5] <
206 1506 30 g 150
= = = o 0.6 mol/L LIDFOB*
= [ Symmetric & 4= = - 4 oh Lo .
g 04 ccnspns : g o4 - g o4 :»/}:S/gs D/l g 100 ~ TE A LB
| =C/5 DI5 % L L=C/5 DR 4 2 :
Z.02F 40 Do N, 202 Jon prs 2028260 bt R b
ACR0DR0 ] *C/4 D/I0, . 4CP0 DI3, L f i i N 42V . L
0 20 40 60 80 100 O 20 40 60 80 100 O 20 40 60 80 100 20 40 60 8 100 20 40 60 80 100
Cycle Cycle Cycle Cycle Cycle
(b) Symmetric C/x D/x AFC C/x D/2.5% @ 1 charge 20 charge 50 charge 80 charge
A <X -
AY ‘
)
ASC C/2.5%x D/x
(e) 0.3 MP
- ion cel “Anode-frec od b a
Lu-\] 200 [ % .112“:|:§|‘/11fﬂ;;1"mmc 'lnmlLL.LPl],LL:lL‘)mﬁ)“; j
.| +2%VC 1%DTI “ 1 mol L LiPF; FEC:DEC(ow P)
= ® 06molTLiDFOB + 0.6 mol L LiPF, FEC:DEC(owP)
B # 0.6mol L LiDFOB +0.6 mol/L. LiPF, FEC:DEC(high P)
< 10 um
2 i AB A
‘D
5
<
g
Q
5 e
-
= .,
8
7N

80
Cycle number

Ca) I (b) Sy FL P E B4 5 () 1 (D) A L L S B 45 5 (o) N CD AL ) 4% . DTD, BR £ .

B4 SRAARER AR AFLMB G35 §E X FR 78RR I AFC AT ASC ™ (a) 5 P R o 7o i fi5 36
MRS AL 4 JEIE S (b) s R AR T BRI A AFLMB 78 A [R] 78 FRL 38 1k FELE R ASEERPEREDY (o) s R EE B 1k
R SRS BB PIR (4. 5 V) B/ B (3. 6 VO RISE BT (1. 2 VOO () 5 R AR R i 1Y

AFLMB 7EARRIRE S T RIEIAERERY (o s AR T B WA 4 4 )8 R mE SR (D

Fig. 4 AFLMB cycling performance under different test conditions: symmetric charge/discharge test, AFC test and ASC test™ (a) ;

lithium metal morphologies after fast and slow charge/discharge multiplier tests (b) ;cycling performance of AFLMB with
different electrolytes at different charging cut-off voltages™®* (¢) ;lithium metal morphologies at different discharge cut-off
voltages:: fully lithium deposited (4. 5 V), partially lithium stripped (3. 6 V) ,and fully lithium stripped (1. 2 V)P (d);
cycling performance of AFLMB with different electrolytes at different test pressurest®™ (e);

surface morphologies of lithium metal deposited under different pressures™” ()

T RRUEA T DA 7 B S LI L & B A5 ) R AR AN ]
B T R TS, X — 22 SESE T R i R A AN
AT WL 5 2 ) 7 R A R R B O A X e A7 1 A
B RS RRAL , IE B AFLMB 19 1F B b )16 97 4R 76
I AEAE I B IR I, 76 B IS 6 30 b & S BURR e iy 3
JERLER, bR JEA FAEH AN HF AFLMB #F 5% 1) 52
{1l 25 F 7 5.

AFLMB B f b 48 3 R-SET 5t BoA w8 E f 2
PR B A5 M o TV 2 A T A SO0 )2 T () A B A
AFLMB PEfg B i 2 LAl BAHR O A 2
PRI /SR ) FAE 4% AR T AFLMB B 5%, {H /&

RSN

BB A5 18] 43 B | i RE A0 A 1 I [R] 4 PR BE S
[ 22 % 24 156 FH B A 0 AN, S 06 2k o DL Fde AT A SR T
1A&-SEL 5L 20 i 2540 K shZS 8 A8 47 A AT B AR S iF 5%
) B AR SRR R X5 G 678 20 1 s i 5 i R 2R
TERAL L P B S IR S8 AN [RI Y, i — 20 K R Se i I
AN A AR A A H L) S S8 L oA A b

5 REERE

AFLMB J& 1 % 1 BE B 258 B AV A — v e vl 71y
FEMIARZ 0 AFLMB [l 5 #1046 B AR K



Jrig

SEAE LR B 4 R A P I S

iz .« 25 .

(a)

Neutron
diffria-

In-situ XRD
a R
Detection of phase
transition and crystal

w In-situ Raman

i )

mﬁuallespanps

(b)

/n-\//n neutron dlﬂmcuon sl ARM
e ‘Observation of CEIs
NCMsu'ucnne, “and variations in the
posmmlocahmon  crystal structure of
of charge-bearing EEENCMEEED
\ ons Z In-situ DEMS/OEMS
; In i ETIR ‘Real-time
ics of electro- afgmmumpnon
clyte and CEIs ‘ and generation
~ components /n \I/Il]l ght rmcmscape 1.5 um 20 min
In-situ TEM Vd 5 S;m?
P umea;pansml : ' -
]:nygmcobsgfvgg; underachngofNCM A B — 43
comgpggmts Advanced in-situ % sl P E
~ compor 4 SN - - s
< x characterization techniques = Slnppm;:, Ay A sum 0 53 4 sum 0 3 4 Spm
::l lﬁplll) 10 min LS plm
@ ’ o'
Spot A-first charge  (c) Spot C-first charge

5 min 1.5 pm 0 min
ipm
0 \2145vm 4 Sy

413V T3 g0 i lwm 10 min T ‘um 2S ml
AN W’%/ N 4.07V )um 5 m w,“
] N
£ W ..,\A,/\’\-\,,. 3.4V g -
§ A/ A 388 V[
A * =
'E,‘A,J\\-— MA‘W‘SSM' ES‘“W'“E 012 345‘““ o T3 3 4 Swe o T2 345‘““
P / 331} = lﬁum 25 min lSum 0 min 15!““ 0 min
3 ]
379V "g‘ 5 um 5 pm 5 pm
229V 3
—mm 1000 800 6004002001000800600400200 7-\ '
1
—-100 Olm _100 200 300 Raman shift/cm™ Raman shift/cm™ Plating 0 T 3 4 5 um 3 4 Sum s A 5
ensity/a.u.

XRD. X GHATSE TEM. B4 7 2508 FT-IR. AR LTSNS s DEMS, 73 LAk 2 B s OEMS, J5H07 L fb2 i

B 5 JALRAEE AR ML A 2 (o), JEA A B AR A R TORR /3 B i R () o il /il FH R DI A AR (LiIPAAD 1)
DUBUERIE ALY AFM IR (o) s I 0 14 25 10 58 B VL AR X I 5 7 B FL s R i 20163 (D
Fig. 5 Test contents of inrsitu characterization techniques™ (a) , lithium deposition/stripping process observed with in-situ
optical microscopyt’"” (b) s AFM images of deposited Li evolution with/without LIPAAM* (¢) , spatial intensity maps of

the two localized points and Raman spectra of the corresponding points during the initial charging process™** (d)

H1 SET ARG S5 (18, PR LA 5% 34 A ] 4 o ol ok 4 e 1R
OV | AR VR T A 3R A% R Ak AR O T R
AFLMB Ry H fk 24 P g, 8 Rk ok i, w2 o bk e
AFLMB f5 8 22 ) R jal /D7 1 B 7o il i o R op
(I AE  IFTE B RS A2 1Y SET K15 S i B ] a0k (10 41
B VU FEAT R, SR, H AT AFLMB By figfe br
B T A 7 FH AT J 25 25 0 s £ % AFLMB [Tl 9
AR, RO oE AT AL e LR L I -

D A8 4 R DT A L N AFLMB 14 45 #4 5k
B B B e A R A R A A B I AR (] Ji
RO 1. PR O %o 4 A 3R I BE AT M A R R R
AFLMB 5% iy —~ 5 B L Al Fifi 35 76 82 I A 2 i Dt
TR NI BR)Z M A L 4 F 58 7 7 1)
B2 R MOF 2425808 2D #op g2 4%
FEMEHITRAN ST, A R AL D/ R 5 0 4 I ) 2 g
{14 ] Fsf A4 A 6 B 1 SETL BE T KR 4R T+ AFLMB

(OGS AR, BL Ak, 25 R 3 b 4 T8 4 AR IE AS W7
B2k R, LR T et i A R AN W R T R
WM A7 A 32 T A A 1 o 5 1 46 A o 2 (A5 i — 2D R
ey

2) VA SEI W53 5454, JF & MR 2 i SEI
JZ IR AT eI R )T AR H AT AFLMB [ I 9
SR ), FE AR AR JE AL T LR TR R LR B 4l
IYESIEAFRE R X W E SEL 4143 T8 L v Je 24~
S N, R T DA B DET S5 1500 e 1 B (49 43
FEIGUY NI T i SET A 35 22 20 43, HR 45 41 20 10 4
PERRHEA TR, A 38 0] A F-4544 T R AL A
F B I E A P S AR e M) SET . 4l
BBIRE S G SEL 245G TCHURA HLAL S I A 3, IRl s
S ICHUAH A MLAH 22 18] AT Al 22 14 FRAIG , 2 ] )
FH SR w2 —,

3) HESNARAELL IR, B ATxtFoe 5 0= d b i



< 26 - TR 24 CHARFRE RO

2025 4F

DR S5 A 5 ARG 4 T AR A0 L (H SEBRCR A B 3R
FEL b AT A7 A R AR AN e — W ki 25 57 K
R S/ HER T A5 55— R G ) R F i
DR SR 2 S BRI IR AE AR 22 50, Qe 18 78 PG 26
T, AFLMB fEfae M A Fd A B AR 5, (H 5K
B R A PR T . S 56 = 43 4% 24 1 [ S B I
SEAT AR A alE SR MR, R, 7F ot Y S 56 op
o LRG0 B A TS B, N I AR A R T B R
P B s g 8 R 555, LA s AN ) i 93 22 ]
f ] b,

4) KA FRAF ik, Wl &R B s A 4y
HE e RE B PR R 3 B RE 0 20 A B R
FEA 52560 5% » VAR T (A 5 Tt AR-SET 5 1fi 41 i 25
Fg Ko hASE A AT . A, AFLMB (485 5k 25 46t ol —
SEJE A RAE B AP T R AT AR X 42, filan, HA
fen 25 3 BERE D) L AR ALV A TEM AT DU T 5
AU Cu FKTH 0 ITER /R &5 478 1 SEL 2 LS
XA 3 A BT PR AN W] R W iR &= v AFLMB 1Y
TR TAR-SET FL . gbAb, 3 4 K 2 Wi gl F 58 &
I T 007 55048 T 1 R AEdKs & AFLMB 5
SR 1) FE B S 10,

5 @A/ N TR (AD AR, REPER, 5 Al
FORM) R S 25 6 A B KA 3 — R i R R
Ji&. AT BARACAT LK B 3l2% ) ik 3 bR s
SR e e v P A2 2R (0 AR 2R M I S, 58 AT DAL Ha it
PR A2 T A W Lt e T, X6 A AR R 1Y
PR A4 RE R OH A RS B AT O . XK R ok 1Y
AFLMB WF5E i 5 2] A L a0 AL/BLER 2% > (ML)
T H A Bl /D T 4% 52 05 1 1 S s A, 19 8
5SS ] B 5E N B SR T S H R T A
REALAL A, ML B8R FH T3 LAY & 38 M6k BE
77 GG e TR S B T MR S - T e AR
SO B T A A R A B AP B T R SE R
PEHUEA I8 S BEBE AR B R LA L A B b A
FU ARG PR B A i A S8, el FH ol 2 TR0 2% A5 A8 il
FELH 75 3, R A5 B 9T N 01 4R 2 P B AR 57 19 FiL
TR A R AT B R g % R A0 A4S I 437
RAIF 5 FEL b, K T RS B T R ) 4 ] 0% 3 T S
IR AT b R b PRy 8 R 45 A i A el A0 SR H R
AT F ARSI FHEA B B A8 T5 HES7 22 T00T Y FEAE AR
A5 ML RSB IE I 25, IR 45 & B THA 5 il
SRR SE TR TS AT B S Lt Y A A Y b A
LG T [0 R P PR A g A

Sk

[1] CAOJ Q,SHI Y S, GAO A S, et al. Hierarchical Li
electrochemistry using alloy-type anode for high-energy-
density Li metal batteries[ ] ]. Nature Communications,
2024,15(1):1354.

[2] ZHANG C F, CHOU S L, GUO Z P, et al. Beyond
lithium-ion batteries[ ] ]. Advanced Functional Materials,
2024,34(5) :2308001.

[3] YANG Q Y, YU Z, LI Y, et al. Understanding and
modifications on lithium deposition in lithium metal
batteries| ] |. Rare Metals,2022,41(8) :2800-2818.

[4] LIU B, ZHANG ] G, XU W. Advancing lithium metal
batteries[ ] . Joule,2018,2(5) : 833-845.

[5] WANG QY,LIU B,SHEN Y H, et al. Confronting the
challenges in lithium anodes for lithium metal batteries
[J]. Advanced Science,2021,8(17):2101111.

[6] CHENG X B,ZHANG R,ZHAO C Z,et al. Toward safe
lithium metal anode in rechargeable batteries: a review
[J]. Chemical Reviews,2017,117(15):10403-10473.

[7] ADAMS B D, ZHENG ] M, REN X D, et al. Accurate
determination of coulombic efficiency for lithium metal
anodes and lithium metal batteries[ ] ]. Advanced Energy
Materials, 2018,8(7) ;1702097.

[8] TANG W H,MA ] Y, ZHANG X Q, et al. Interfacial
strategies towards highly stable Li-metal anode of liquid-
based Li-metal batteries[J]. Energy Storage Materials,
2025,64:103084.

[9] CHEN H,YANG Y F,BOYLE D T,et al. Free-standing
ultrathin lithium metal-graphene oxide host foils with
controllable thickness for lithium batteries [ J ]. Nature
Energy,2021,6(8):790-798.

[10] NEUDECKER B J,DUDNEY N J,BATES ] B. "Lithium-
free" thin-film battery with in sizu plated Li anode[ ] ].
Journal of the Electrochemical Society, 2000, 147 (2) .
517-523.

[11] WANG D, QIU J,INUI N, et al. Between promise and
practice:a comparative look at the energy density of Li
metal-free batteries and Li metal batteries [ J]. ACS
Energy Letters,2023,8(12):5248-5252.

[12] NANDA S, GUPTA A, MANTHIRAM A. Anode-free
full cells:a pathway to high-energy density lithium-metal
batteries ] ]. Advanced Energy Materials, 2021,11(2);
2000804.

[13] XIEZK,WUZJ,AN X W,et al. Anode-free rechargeable
lithium metal batteries: progress and prospects [ ] .
Energy Storage Materials, 2020,32:386-401.

[14] SCHNELL J,KNORZER H,IMBSWEILER A J,et al.



J7 SR - JC A i L IS

o« 27 o

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Solid versus liquid: a bottom-up calculation model to
analyze the manufacturing cost of future high-energy
batteries[ ] ]. 2020,8(3) :1901237.

SUN Y M, LEE H W,SEH Z W, et al. High-capacity
battery cathode prelithiation to offset initial lithium loss
[J]. Nature Energy,2016,1(1):15008.

LEE Y G,FUJIKI S, JUNG C,et al. High-energy long-
cycling all-solid-state lithium metal batteries enabled by
silver-carbon composite anodes[ ] . Nature Energy, 2020
(5):290-308.

HEUBNER C, MALETTI S, AUER H, et al. From
lithium-metal toward anode-free solid-state batteries:
current developments, issues, and challenges [ ] J.
Advanced Functional Materials,2021,31(51):2106608.
WU B L,CHEN C G,RAIJMAKERS L. H J,et al. Li-
growth and SEI engineering for anode-free Li-metal
rechargeable batteries:a review of current advances[]].
Energy Storage Materials, 2023,57:508-539.
MOLAIYAN P, ABDOLLAHIFAR M, BOZ B, et al.
Optimizing current collector interfaces for efficient "anode-
free" lithium metal batteries[ J]. Advanced Functional
Materials, 2024,34(6) ;:2311301.

LIU S J,JIAO K J,YAN ] H. Prospective strategies for
extending long-term cycling performance of anode-free
lithium metal batteries[ ]J]. Energy Storage Materials,
2023,54:689-712.

LI Q.PAN H Y,LI W J,et al. Homogeneous interface
conductivity for lithium dendrite-free anode[ J]. ACS
Energy Letters,2018,3(9) :2259-2266.

WEBER R, GENOVESE M, LOULI A ], et al. Long
cycle life and dendrite-free lithium morphology in anode-
free lithium pouch cells enabled by a dual-salt liquid
electrolyte[ J ]. Nature Energy,2019,4(8) :683-689.

LIN L,QIN K,HU Y S,et al. A better choice to achieve
high volumetric energy density: anode-free lithium-metal
batteries ] ]. Advanced Materials,2022,34(23) :2110323.
ZHANG S S,FAN X L, WANG C S. A tin-plated copper
substrate for efficient cycling of lithium metal in an
anode-free rechargeable lithium battery[ J]. Electrochimica
Acta,2017,258.1201-1207.

MA C W,LI R L, LI C L, et al. Interface evolution
mechanism of anode free lithium metal batteries under
phase field interaction[]]. Energy Storage Materials,
2024,67:103306.

WANG Y, QU Z T, GENG S T, et al. Anode-free
lithium metal batteries based on an ultrathin and
respirable interphase layer [ ] ]. Angewandte Chemie
International Edition,2023,62(27):2304978.

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[36]

[37]

[38]

YANG P, GAO X W, TIAN X L, et al. Upgrading
traditional organic electrolytes toward future lithium
metal batteries: a hierarchical nano-SiO,-supported gel
polymer electrolyte [ J ]. ACS Energy Letters, 2020, 5
(5):1681-1688.

PARK S H, JUN D, LEE G H, et al. Toward high-
performance anodeless batteries based on controlled
lithium metal deposition: a review [ J ]. Journal of
Materials Chemistry A,2021,9(26) :14656-14681.

LAI G, JIAO J, FANG C, et al. The mechanism of Li
deposition on the Cu substrates in the anode-free Li
metal batteries[ ] ]. Small,2023,19(3) :e2205416.

FU A, WANG C Z, PENG ], et al. Lithiophilic and
antioxidative copper current collectors for highly stable
lithium metal batteries[ J ]. Advanced Functional Materials,
2021,31(15):2009805.

YAN K,LU Z D,LEE H W, et al. Selective deposition
and stable encapsulation of lithium through heterogeneous
seeded growth[]]. Nature Energy,2016,1(3):16010.
XIA S X, YANG C W, JIANG Z Y. et al. Towards
practical lithium metal batteries with composite
scaffolded lithium metal: an overview [ ] ]. Advanced
Composites and Hybrid Materials,2023,6(6) :198.

LIU Y C,GAO D, XIANG H F,et al. Research progress
on copper-based current collector for lithium metal
batteries[ J . Energy & Fuels,2021,35(16) :12921-12937.
LI B Q,CHEN X R,CHEN X, et al. Favorable lithium
nucleation on lithiophilic framework porphyrin for
dendrite-free lithium metal anodes[ ] ]. Research, 2019,
2019:4608940.

LU T Y, LUO F Q, WANG Z, et al. Bifunctional
lithiophilic carbon fibers with hierarchical structure for
high-energy batteries [ J ]. Chemical
Engineering Journal, 2023,466;143357.

WANG L M,BAN X K,JIN Z Z,et al. In situ coating

of a lithiophilic interphase on a biporous Cu scaffold

lithium metal

with vertical microchannels for dendrite-free Li metal
batteries[ ] |. Journal of Materials Chemistry A,2021,9;
13642-13652.

WANG Y Y,GUO Y,ZHONG J,et al. In situ formation
of lithiophilic Lis; Sns alloy and high Li-ion conductive
Li,S/Li, Se via metal chalcogenide SnSSe for dendrite-
free Li metal anodes[ ]J]. Journal of Energy Chemistry,
2022,73:339-347.

LIX]J,SUY H,QIN Y Z,et al. Spatially confined silver
nanoparticles in mercapto metal-organic frameworks to
toward anode-free

compartmentalize Li deposition

lithium metal batteries| ] ]. Advanced Materials,2023,35



. 28

TR 24 CHARFRE RO

2025 4F

[39]

[40]

[41]

[42]

[43]

[44]

[46]

[47]

[48]

[49]

(39) :€2303489.

ZHAO H,LEI D N,HE Y B,et al. Compact 3D copper
with uniform porous structure derived by electrochemical
dealloying as dendrite-free lithium metal anode current
collector[ J]. Advanced Energy Materials, 2018, 8(19);
1800266.

LI D D, CHEN B, HU H H, et al. Constructing 3D
porous current collectors for stable and dendrite-free
lithium metal anodes[ J]. Advanced Sustainable Systems,
2022,6(5):2200010.

YANG Z, LIU W, CHEN Q, et al. Ultrasmooth and
dense lithium deposition toward high-performance
lithium-metal batteries ] ]. Advanced Materials,2023,35
(15):e2210130.

ABDULAHAD S,ADEGOKE T E,RYAN K M, et al.
Cu current collector with binder-free lithiophilic nanowire
coating for high energy density lithium metal batteries
(7. Small,2023,19(20) : €2207902.

LI Z Q, HUANG X L,KONG L, et al. Gradient nano-
recipes to guide lithium deposition in a tunable reservoir
for anode-free batteries[ J]. Energy Storage Materials,
2022,45:40-47.

KWON H, LEE J H, ROH Y, et al. An electron-
deficient carbon current collector for anode-free Li-metal
batteries| ] ]. Nature Communications,2021,12:5537.
HUANG A M,WU Y H,HUANG H J, et al. Lithiophilic
Mo, C clusters-embedded carbon nanofibers for high energy
density lithium metal batteries[ J]. Advanced Functional
Materials,2023,33(36):2303111.

WONDIMKUN Z T, TEGEGNE W A, SHI-KAI J, et
al. Highly-lithiophilic Ag @ PDA-GO film to suppress
dendrite formation on Cu substrate in anode-free lithium
metal batteries[ ] ]. Energy Storage Materials, 2020, 35
334-344.

HORSTMANN B,SHI J Y, AMINE R, et al. Strategies
towards enabling lithium metal in batteries: interphases
and electrodes [ J . Energy &. Environmental Science,
2021,14(10):5289-5314.

NING J R,DUAN K J, WANG K, et al. Boosting practical
high voltage lithium metal batteries by butyronitrile in
ether electrolytes via coordination, hydrolysis of C and
relatively mild concentration strategy [ J |. Journal of
Energy Chemistry,2022,67:290-299.

LIND C,LIU Y Y,CUI Y. Reviving the lithium metal
anode for high-energy batteries ] ]. Nature Nanotechnology,
2017,12(3) :194-206.

LI S,JIANG M, XIE Y,et al. Developing high-performance

lithium metal anode in liquid electrolytes: challenges and

[52]

[53]

[56]

[59]

[60]

[61]

[62]

progress [ J ]. Advanced Materials, 2018, 30 (17):
el706375.

PEI A,ZHENG G, SHI F, et al. Nanoscale nucleation
and growth of electrodeposited lithium metal[ J]. Nano
Letters,2017,17(2) :1132-1139.

YU Z A,RUDNICKI P E,ZHANG Z W, et al. Rational
solvent molecule tuning for high-performance lithium
metal battery electrolytes [ ]]. Nature Energy, 2022, 7
(1) :94-106.

MAO M L, ]JI X, WANG Q Y, et al. Anion-enrichment
interface enables high-voltage anode-free lithium metal
batteries [ J ]. Nature Communications, 2023, 14 (1):
1082.

DONG L W,ZHONG S J,ZHANG S H, et al. Toward
practical anode-free lithium pouch batteries[ ] ]. Energy &
Environmental Science,2023,16(12) :5605-5632.

TIAN Y, AN Y L, WEI C L, et al. Recently advances
and perspectives of anode-free rechargeable batteries
[J]. Nano Energy,2020,78:105344.

LOULI A J,ELDESOKY A, WEBER R, et al. Diagnosing
and correcting anode-free cell failure via electrolyte and
morphological analysis [ J]. Nature Energy, 2020, 5
693-702.

ZHANG ] W, ZHANG H K, DENG L Q, et al. An
additive-enabled ether-based electrolyte to realize stable
cycling of high-voltage anode-free lithium metal batteries
[J7. Energy Storage Materials,2023,54:450-460.
BEYENE T T,SU W N, HWANG B ]. Dilute dual-salt
electrolyte for successful passivation of ir-situ deposited
Li anode and permit effective cycling of high voltage
anode free batteries[ ] ]. Journal of Power Sources, 2022,
542:231752.

KANG D W,MOON J,CHOI H Y,et al. Stable cycling
and uniform lithium deposition in anode-free lithium-
metal batteries enabled by a high-concentration dual-salt
electrolyte with high LiNO; content [ J]. Journal of
Power Sources,2021,490:229504.

LIN L D, QIN K, ZHANG Q H, et al. Lirich
Liz[ Nio.sCoo.1 Mng 1 JO, for anode-free lithium metal
batteries[ ] ]. Angewandte Chemie International Edition,
2021,60(15) :8289-8296.

ZHANG Y H,LIU J,LI Y F, et al. Reactivating the
dead lithium by redox shuttle to promote the efficient
utilization of lithium for anode free lithium metal
batteries[ J ]. Advanced Functional Materials, 2023 ,33(40) ;
2301332.

WANG Q.LU T T,XIAO Y B,et al. Leap of Li metal

anodes from coin cells to pouch cells: challenges and



J7 SR - JC A i L IS

e« 20 .

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

progress[ ] ]. Electrochemical Energy Reviews, 2023, 6
(1):22.

YAMADA Y, WANG ] H,KO S, et al. Advances and
issues in developing salt-concentrated battery electrolytes
[J]. Nature Energy,2019,4(4) :269-280.

HOSAKA T, KUBOTA K, KOJIMA H, et al. Highly
concentrated electrolyte solutions for 4 V class
potassium-ion batteries| J |. Chemical Communications,
2018,54(60) : 8387-8390.

QIAN ] F,HENDERSON W A, XU W, et al. High rate
and stable cycling of lithium metal anode[ ] ]. Nature
Communications, 2015,6(1) : 6362.

EFAW C M, WU Q S, GAO N, et al. Localized high-
concentration electrolytes get more localized through
micelle-like structures [ J ]. Nature Materials, 2023, 22
(12):1531-1539.

HAGOS T T, THIRUMALRA]J B, HUANG C J,et al.
Locally concentrated LiPF; in a carbonate-based
electrolyte with fluoroethylene carbonate as a diluent for
anode-free lithium metal batteries [ J]. ACS Applied
Materials & Interfaces,2019,11(10):9955-9963.
YANG T X,FAN W Z,WANG C Y,et al. 2,3,4,5,6-
pentafluorophenyl methanesulfonate as a versatile
electrolyte additive matches LiNiy, 5 Coy, » Mny, 3 O, /graphite
batteries working in a wide-temperature range[ J]. ACS
Applied Materials & Interfaces, 2018, 10 (37): 31735~
31744.

WU B L, CHEN C G, DANILOV D L, et al. Dual
additives for stabilizing Li deposition and SEI formation
in anode-free Li-metal batteries [ ] ]. Energy &
Environmental Materials,2024,7(3) :12642.
RODRIGUEZ R,EDISON R A,STEPHENS R M, et al.
Separator-free and concentrated LiNOj; electrolyte cells
enable uniform lithium electrodeposition[ ] ]. Journal of
Materials Chemistry A,2020,8(7):3999-4006.

XUL Q,LI S, TU H Y,et al. Molecular engineering of
highly fluorinated carbon dots: tailoring Li" dynamics
and interfacial fluorination for stable solid lithium batteries
[J]. ACS Nano,2023,17(21) : 22082-22094.

ZHANG Q K,ZHANG X Q. WAN ], et al. Homogeneous
and mechanically stable solid-electrolyte interphase
enabled by trioxane-modulated electrolytes for lithium
metal batteries[ ] ]. Nature Energy,2023,8(7) :725-735.
MENG Y F, ZHOU D, LIU R L, et al. Designing
phosphazene-derivative electrolyte matrices to enable
high-voltage lithium metal batteries for extreme working
conditions[ ] ]. Nature Energy,2023,8(9):1023-1033.

RAHMAN M M, TAN S, YANG Y,et al. An inorganic-

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

rich but LiF-free interphase for fast charging and long
cycle life lithium metal batteries[ ] ]. Nature Communi-
cations,2023,14(1) :8414.

SAHALIE N A, ASSEGIE A A,SU W N, et al. Effect
of bifunctional additive potassium nitrate on performance
of anode free lithium metal battery in carbonate
electrolyte[ ] ]. Journal of Power Sources, 2019, 437;
226912.

DONG L,ZHONG S, YUAN B, et al. Reconstruction of
solid electrolyte interphase with Srl, reactivates dead Li
for durable anode-free Li-metal batteries[ ] ]. Angewandte
Chemie International Edition,2023,62(23):202301073.
GENOVESE M, LOULI A J, WEBER R, et al
Measuring the coulombic efficiency of lithium metal
cycling in anode-free lithium metal batteries[ J ]. Journal
of the Electrochemical Society,2018,165(14): A3321.
ZHANG S S,FAN X L., WANG C S. An insitu enabled
lithium metal battery by plating lithium on a copper
current collector[ J . Electrochemistry Communications,
2018,89:23-26.

PYO S, PYU S,GONG Y J, et al. Lithiophilic wetting
agent inducing interfacial fluorination for long-lifespan
anode-free lithium metal batteries[ ] ]. Advanced Energy
Materials, 2023,13(4) : 2203573.

ASSEGIE A A, CHENG J H, KUO L M, et al
Polyethylene oxide film coating enhances lithium cycling
efficiency of an anode-free lithium-metal battery [ J].
Nanoscale, 2018,10(13) :6125-6138.

LIU H D, YUE X J, XING X, et al. A scalable 3D
lithium metal anode[ ] ]. Energy Storage Materials, 2019,
16:505-511.

SHIN W,MANTHIRAM A. Fast and simple Ag/Cu ion
exchange on Cu foil for anode-free lithium-metal
batteries[ J]. ACS Applied Materials & Interfaces,2022,
14(15) :17454-17460.

LINR,JIA T Q,LIU Y R, et al. Super-three-dimensional
lithiophilic Cu-based current collector for anode-free
lithium metal battery [ J]. Materials Today Energy,
2023,36:101341.

CHENG H, GAO C, CAI N, et al. Ag coated 3D-Cu
foam as a lithiophilic current collector for enabling Li, S-
based anode-free batteries [ ] ]. Chemical Communica-
tions.2021,57(30) :3708-3711.

LOULI A J,COON M, GENOVESE M, et al. Optimizing
cycling conditions for anode-free lithium metal cells[J].
Journal of the Electrochemical Society, 2021, 168 (2):
020515.

LOULI A J,ELDESOKY A, WEBER R, et al. Diagno-



. 30 ¢

TR 24 CHARFRE RO

2025 4F

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

sing and correcting anode-free cell failure via electrolyte
and morphological analysis[ J]. Nature Energy, 2020, 5
(9):693-702.

LIN X,SHEN Y, YU Y,et al. In situ NMR verification
for stacking pressure-induced lithium deposition and
dead lithium in anode-free lithium metal batteries| ] ].
Advanced Energy Materials,2024,14(14) :2303918.
LIU W,LUO Y T,HU Y H,et al. Interrelation between
external pressure, SEI structure, and electrodeposit
morphology in an anode-free lithium metal battery[ ]].
Advanced Energy Materials,2024,14(5):2302261.
BADDOUR-HADJEAN R, PEREIRA-RAMOS ] P.
Raman microspectrometry applied to the study of
electrode materials for lithium batteries [ J ]. Chemical
Reviews,2010,110(3) :1278-1319.

HARKS PP RM L,MULDER F M,NOTTEN P H L.
In situ methods for Li-ion battery research:a review of
recent developments [ ] ]. Journal of Power Sources,
2015,288:92-105.

SHEN X, ZHANG R, WANG S H, et al. The dynamic
evolution of aggregated lithium dendrites in lithium
metal batteries[ ] ]. Chinese Journal of Chemical Engi-
neering,2021,37:137-143.

SHI Y, WAN J,LIU G X, et al. Interfacial evolution of
lithium dendrites and their solid electrolyte interphase
shells of quasi-solid-state lithium-metal batteries [ ] ].
Angewandte Chemie International Edition, 2020, 59 (41) .
18120-18125.

LIN W, SHI Y, YIN Y X, et al. A flexible solid
electrolyte interphase layer for long-life lithium metal
anodes[ ] ]. Angewandte Chemie International Edition,
2018,57(6) :1505-1509.

WANG M Q, HUAI L Y, HU G H, et al. Effect of
LiFSI concentrations to form thickness- and modulus-
controlled SEI layers on lithium metal anodes[ ] ]. The
Journal of Physical Chemistry C, 2018, 122 (18);9825-
9834.

FANG S Y, YAN M, HAMERS R J. Cell design and

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

image analysis for in situ Raman mapping of inhomo-
geneous state-of-charge profiles in lithium-ion batteries
[J]. Journal of Power Sources,2017,352:18-25.
LU H Z,ZHU X Q,MEI ], et al. Recent progress of in-
situ characterization of LiNi,—,, Co, Mn, O, cathodes
for lithium metal batteries: a mini review [ J ]. Nano
Research,2024,17(3) :1384-1401.
ZHAO Q,STALIN S, ARCHER L A. Stabilizing metal
battery anodes through the design of solid electrolyte
interphases[ ] 1. Joule,2021,5(5):1119-1142.
WANG C Z, ZHENG Y, CHEN Z N, et al. Robust
anode-free sodium metal batteries enabled by artificial
sodium formate interface[ J ]. Advance Energy Materials,
2023,13(22) :2204125.
ZHOU S Y,SHI J,LIU S G,et al. Visualizing interfacial
collective reaction behaviour of Li-S batteries [ J .
Nature,2023,621(7977) . 75-81.
QIAO Y,HU R,GU Y,et al. Exploring new generation
of characterization approaches for energy electrochemis-
try: from operando to artificial intelligencel J]. Scientia
Sinica Chimica,2024,54(3) :338-352.
XU G S,JIANG M X,L1] L,et al. Machine learning-
accelerated discovery and design of electrode materials
and electrolytes for lithium ion batteries[ J]. Energy
Storage Materials,2024,72:103710.
DUONG V M, TRAN T N, GARG A, et al. Machine
learning technique-based data-driven model of exploring
effects of electrolyte additives on LiNiy, s Mny, » Coo, 2 Oz /
graphite cell [ J]. Journal of Energy Storage, 2021,
42:103012.
CHEN Y G,SHU Y F, LI X M, et al. Research on
detection algorithm of lithium battery surface defects
based on embedded machine vision [ ]J]. Journal of
Intelligent &. Fuzzy Systems,2021,41(3) :4327-4335.
ZHENG L.ZHANG S Q.HUANG H, et al. Artificial
intelligence-driven rechargeable batteries in multiple
fields of development and application towards energy

storagel ] ]. Journal of Energy Storage,2023,73:108926.

(AR 5 B 1045 9%



