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Abstract: Graphite-based lithium-ion batteries have nearly reached their theoretical energy
density limit. By contrast, lithium-metal batteries (LMBs), as core technology for next-
generation energy storage and electric vehicles, are expected to surpass this limit, achieve
energy densities over 500 Wh/kg, and broaden applications. However, the development of
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ultrahigh-specific-energy LMBs faces three core challenges: first, lithium dendrite growth—
during charging, dendrites form on the lithium surface, potentially piercing the separator and
causing short circuits or even fires; second, interfacial instability—the solid electrolyte
interphase (SEI) formed between lithium metal and electrolyte is unstable, accelerating active
lithium loss and shortening battery cycle life; third, safety risks—the flammable electrolyte can
trigger rapid thermal runaway after short circuits. To address these issues, this review focuses
on liquid electrolytes and systematically discusses advanced liquid electrolyte design
strategies from a molecular perspective. By analyzing core approaches such as solvation
structure regulation and solvent interaction optimization, it clarifies how different electrolyte
designs (e.g., weakly solvating electrolytes, competitive coordination electrolytes, and flame-
retardant solvent systems) inhibit lithium dendrites, stabilize interfaces, and improve safety.
Finally, future research directions for liquid electrolytes are proposed to accelerate the
commercialization of ultrahigh-specific-energy LMBs.

Keywords: lithium-metal batteries; electrolytes; solvation structure; solid electrolyte interface
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Fig. 5 Solvation structures of the strong solvating electrolytes (SSEs) and WSEs as well as the reduction

potentials of free anions and aggregates

CF LTI, 2 Kl F % 70
TRRME S VEFIARE F7, T 1 55 R AR TR A A S
R AN, a- 5 AR 7 8 481 < s R i 2R K
LiF (3 5 S i T B-3 A 17, (HIZ i S Vi
PEIFAZE R T o= 0 1 e B AR AR A B A 1) 57

[46]

MR ENE. 52X, vy gl A/
7 IR B s, PR B e 5 R 1 AR
P, AT A R % T E 1 5

455 A SO B ARV FINE BE IR 42 Th AL
Pig, AV 559 R AR EE D T 1T

CF, 2 A%} 41



1520 g #e F

5 # A 2026 F5 15 %

A longer alkylchain

F
So o /O\/O\/I\F /O\/O\)K(F
F

DEE DPE DBE BFE DFE TFFE
oS NN P S TN Fo~o~F Fe0 F Fa~ F
O
Y T
DMPE DEPE DEEE DBEE BME TFDMP
/Ow/\o/ \/Oj/\o/\ \/O\/\o/\ \/\/O\/\o/\/\ /O\/\o/\/\ /OI\O/
F7IF
EME FEME DMME TMME F3DEE F
NPV O\/\ /\/F O~ F O F SO F
EMP F1EMP F2EMP ¢ FSEMP F _ ¢ F F6DEE O
O _~_0O_~ /o\/\/o\/\F O _~_0O /O\/\/O\XF Fj\/o\/\o/\ﬁ’:
F
F
HMN FDMN DFMN TF'FVIN F4DEE ¢ F5DEE
Id bd bd 1o e Blo - F
F ~ o F o]
\oJ\o/ ~So o7 o o oo /\Ff /\,:(
MME DFME _ TFME _ TFDOL __ FDMB FDMP
% F FRF

F>‘)\/
Fe

P ONGFN o

Partial molecule fluorination

FF
/O\)S(\O/ /OMO\
F F F F

E6 witiaflas FrIEIE & WSEs
Fig. 6 Designing the structure of solvent molecules for preparing WSEs

a PN X y
X—CF, X CFs \/\CFa

7 ARFE X" EFAEAEIERREFIERREE
Fig. 7 Schematic diagram of the electron-
withdrawing effect of fluorine atoms at different
positions on the "X" group

J& T KRG TAE, MIhE K T — &5 B-TARHEE
Tt BAREHE T (2-F 4HE)BK(BFE). —H LA
AR 3 /Y % (DFME) & 1,1,1- = 4-2-(2- R4 3 2R
Y2 IE(TMEE). Wt AL, BALMEUC & B 1%
S, 0 R R A LR T B A L T
mEERAREREEMN: 2 L—CH,F I HR
f& 4 —CH, ZEHIF, R T RWALFI—CH,, &I
SR T 5IEN 0 TR ARes iR
SRR BE (W% F| —CHF,58{—CF, 5 [4), M4 &
HRRCOJE TR B 7 =% B, B s 55 Lt
HIER FINasERE, X — AN IS M A
TER AL 7O IE[ a0 8(a)]. 4Tk (DEE)E
B E R Ry, BAEEE S8 I KIR
QU C T R KEIRABETT, (HH R 36°C—
X A AR P B PR ) T AR S PR S B s )
TERCHE . EPXIX I A, AN TR P8 T 7E DEE 45

F 5] N B BRI (—CH,F),  Ih & it o Fr bk
AT 2> T BFE[E 8(b)]. 1% 73 T Al JE B 3RS 11
Li—F 5 Li—O = G B A7 45 04 3 b e o7 A% 3 B 384
9T LTS5 R T IBCAIRE 11, SRETEORFR AL
FE PR A KA S TS, 5 A58k T DEE
(RS B R IASR B, BFE 2r T eIl
G RetE: H—, %K% 0.98 glcm®, H
By Pt R A R, K, WA R
128°C, WL TIREIGHIER K H=, BTHS
HFAE-60~70°C X [A] A T5RERR & frFF 0.95~15 mS/cm,
ERCARIR X N s Y, EARRE R, A
&AL 4.7 V(vs. Lit/Li). AU EE— 25 DL A
LA St (MME) N BB 7, Bt & T —
R FH A A R w A I HE (—CH,F. —CF,CF,H.
—CF,CH,) It A X% #% B- s ACHE 7> 7, R Ak G4
DFME. VU % A 2 71 402k /e (TFME) & 2,2- — 36
-1-( PR 48038 ) T B (MDFME) [ 8(c)]. WF 78 K HN
AR FAIARE I BTN 5 2= M g5k, a1
Li*BIECALAE F K AR IR 25 Ve e = AR B sem . 3L
—, DFME 7 ffj—CF,H % # 1l 5 Li*J i 58 e £7. )
Li—F FH LA B —— 3 P 55 fic A7 B = B i 3 4 o
WAL FEAE 2, NREmdEE s -5 1



i

¥4 IS

THAE . e G RE R <R I R FE ARV R B 5 N I A E e

1521

VE BB S AR E , NI SLBL B AR e 5 Ak
FasE P, H =, TFME ' /{—CF,CF,H £ 4]
DK AH 48 —CF,— 2 B 5 i 7 i S8, LTk
KEL'WEALRE ), SERMERES THRSEEET
B, HDRIB = A AR, R A AR s 1 KR
. BT Bk “HUREE-FCA M -PERE” B OREK
FE, DFME-1.5 mol/L Hfif i i 3 H J e 4 5 1
fe: MR RN A Al B 1 X (CIPs) 5 55 1 R &k
(AGGs) iR G MMM, CIPs A BT S &
SEI BRI, AGGs N BE LR FE £ 1% 1) Litfk 4 2h 11
S, ZHWMESLHL R mtR - B TR TR
. NAHUERSE, T XA AR
140 mAh Li||LCO # B Hith, 7E 140 IRTEH 5 25 &
TREFZRANIE 91%, T80 UE B T LA BR B-4 A K Hik
I FAESE R B AR R AR e S . DMEAE N
B G JE AT 1 8 AR, LR 2 “XT)
S Rtk — 7, BRI
B e m ik B A Riffeett; 55—, Hid
mEMEREZ, H 5 LIFSHER R /ER & U T 5 5
PR IR AR ——IX P R S™ E R 7 HAE SR =
B H I N o EF X DME (1 5% 3 7 A RE M A
ARG, AR R = g R b ek
PESFENE : X AE DME 7 T4 0 5] A—CF, 2k [4], RE
FIIRE 1 0 0 1 ] R 7 A 110 25 [R) A2 BELGE L 75140 26
B, BCIh A R T 2 AR K I 77 TMEE .
°F NMR IR 45 RAESZ, TMEE A/ F J& 776 Litff
FERS KA L BEROSN, F 45 LiflAfE(E LiT—F
HERRVEFH (RD B sE ) SUbERE, —CF, 3R] 15
WL TN AT R o T P, E W EEH
RERMT LB, R E
et M DWRRI, HET TMEE R 2 (1) F Rl
BT B SEI B A MR I RUZS548 . 2 ik
)RR~ Li,O sk 20 nm), WENTEERILR .
ZA MR ME M E SRR S SRR E R
AR, JET NS BRI o e S e R R, AE
14 Ah 2% TR AL b (ZT . 8, R i
510 Wh/kg)H o] S8k T 100 RAEFA[ K] 8(d)].
23 WItEFMHATICERE

731 38 G VR AL HL g 5t (MCEs) 2 — 2R ik
FINZH 5 53 F (WA RNER 1 DhReA s in sl
B RIIRR SR, R A5 20 2 R0 B (W L) B
BLRe 122 ettt “ AN TEAEALIREE” (1 F AR

Fo HEOBAET, s 2 H 0 RS SE
FEAETR LN LB = S50 F i S S BRAR S A1
fefa PERE, 2T R O R B e Lt SR T AN AR
SE B TR - TR R IE B VE 22 S5 A% Lo Y B
FERORTT A S84V R AR5 T ST 58 VA T
U L AR VSRS ) A% 0 22 S A U R A 5 R TR L
i, SGURTIAL HU RO I 51N 59V TR TR FEARTA
FRRT B T TR RE T, T S8 40 O Ao 7R P AR AR
FEVN NG5 T 70 BN R C AL B8 7 BV T S8 4 s 1
Bz A28 TARARCR I, S99 AL R
TaGREERS, RILERNE TR SR(ER
N H N 1~6 mS/em); 55 S (oL R AR A N T
B S S HIE R 7 7 SIS T AR, B
T HL S EFK(0.5~3 mS/em). 7L SR E 7 1H
SR IAL F AR R LB R (W1 L, O LiF) N
(3 0 B0 (1 SEVR 584 Bo Ay Y F AR AT s )
I, TR SENZ A L L S o BT (R
JEARZ (KT 4.5 V) R I AL A A e E 1
JaE R SEURZWINEE L, Had M T 5K % (3.0~
4.2V). TifeERRKE, MCEsARHHITEF LR
Aoy BAAS LI ggRe AL SRR R, (H | SA7AE
WS PR . B AV A s R EE OB 2L, BT
BN BRI B L PR R R, TRV AL
L SEFR PR 5 oK BRI, X ZETERVA 7 T
W SR BRI DME) R RIEHT - 1%
0[] S RO JR) F0 et FEE FEL AR AR TR
A R YA TR VA T R B R R VA AR RE ) S R L
[F IS £ Bh 95 BC A 58 R RN “shasad” LI
R . B2, XA BRI b A S R,
REMS A 2 55 LIVA LR I “ REER”, R LT
s IfeRede, WE T Liteqah /15, A i
T O <5 R LR BRIE TS IR R RE AR 7 >R

% MCEs (% LBt itHi2H, ARURELLITF R
JFRE T — AR HVE S PR SO IS 2 R . & 9
@)Ffr7s, BB I IR T — TR 1 5 4 1R i
Aoy T ——1,1,2,2,3,3,4,4- )\ 5 -5- H 4 5 R b
(OFE)™, M7 25t A5 ELEC MCEs X “ 55 Hc -
rAEVE” SEGEH N BIRE R M D L e
H, BER&SLMSsiiiiae ), Xaethin 58 E)E
GO E: ARM i e B R B B, T
BT B T RN S s E Y, BRI T
AR, ERCE R IEMRT K. # OFE 5uiE




y ap s 2, S o >
1522 it B8 B ¥ H & R 2026 55 15 4%
@
H H H F
"“L/O\/k' H 'Z{O\/kl H /O\A' 'F /O\A' 'F
F H % F % F
High Low
® 9F NMR 9F NMR
it 9F NMR
- —-Liso___ F M 0.55 ppm Strong WT s"z"’ ’
; 2 I L ‘@ - \
H S . ) S e S
6\) S S s rd
4 Y =, 0.15 ppm
£ 5 . 0.15 ppm b 5 i
> High ionic conductivity 8 s 05pem | 8 ]|
> Stable in contact with Li metal £ < ——DFE - £ TrE :
and high-voltage cathodes BFE 1 mol/L LIFSVBFE LFSiBre ——0.2mollL LIFSIBFE |
» High boiling point " R N L s N T T T n
-223 -224 -225 125 130220 225 -2380-75 -76 -77 -224 -225 -226
Chemical shift/ppm Chemical shift/ppm Chemical shift/ppm
©
3
"9F NMR(solvent) Y\o p "°F NMR(solvent) o ~ LNMR = TFME-1.5 mollL
F AN ~ —pFve e ~|—TFME X ~| —— DFME-1.5 mol/L
Y\O\ o 5 | DFME1.5 moliL L coondinaion S | SR s mon e 5 | e — MME-1.5 mollL
Ee / S Shieided effect | S No coordinaten mieided effect| & [T
Cop >\ * 3 p S| CRiCH,OH \ oy |
Orgj; "aflon = CF,CH,0H H = . %’ H
L '
|- J_ 5 Has
Excellent Li metal stability £ i kS ! ¢ £
Moderate ionic conductivity i I A i
Excellent anodic stability A PO S S S—
-78 -79 -126 -127 78 -79 -127 -141-142 02 -05-06-07-08-09-1.0-1.1
Chemical shift/ppm Chemical shift/ppm Chemical shift/ppm
(d) Deshielded @== === Shielded
. . /\
Strong electron . Deshielded effect 0, , O~
withdrawal S| A=04ppm ;7(:*.1_1
0, 0~ G| 1 Caraton F F TFME-2 mol/L,
E \ + e § ! 1 CF;Cﬁ Li* phobic interaction
F ‘*' Lithiophobic E —_— TMEE
interaction 9 - o/_\p_ Shi_e[ded effect
£ :F_<—___-I:I A—fO_Sl ppm
Moderate coordination F !

High Li metal stability
High high-voltage stability
No Al corrosion

TMEE-2 mol/L

Vacuum

Li metal

20 nm

Li metal

DMEE-2 mol/L_A_ Li-F interaction H *

DMEE A

Electrolyte
permeation

-75

-79 -124 -125 -126 -127
Chemical shift/ppm

Mlddle vulta ge
Cell weight
Cell cagaclty :

Gravimetric energ

Volume energ denslt

932 Whi/L

8 (a) TRIBEEMKEESFANS FRAMERG; (b) RREBKBFESF; (c) WEBKDFME 53F; (d) =&

R TMEE & F

Fig. 8 (a) Coordination energy between lithium ions and solvent molecules after substitution with different
fluorine contents; (b) monofluoro-substituted BFE molecule; (c) difluoro-substituted DFME molecule;

(d) trifluoro-substituted TMEE molecule

FA 5 P4 5 750 (1 7 SC R & ) DME. DMC. ACN
%), LiFSIHEE R, MIhE T & 2 MCEs &
2, [H151.4 An [ 8O0 BB RE 5 ST AR B R
(450 Whikg), F7£ 400 4™ 1 P (17 B3 2 81%) 7E K

AT T (NCM811:

4 mAh/cm?, #IE T

44V,

20 ym £, FLi: 2.4 g/Ah)SZ Bl T AR

.

BEAh, FATHE— L T N,N-—
F(FSN)IFE 58 PRI 1 20 1

H S T
%o T IR O AR



4 IS

THAE . e G RE R <R I R FE ARV R B 5 N I A E e

1523

EE S SR AU R R e, HAHH
#% 5 LirS3 EL AT R M, FSN 5 5 3 7046 ¥ 771
DME S B, mcIht e 7 7 — 28 = 2 MCEs & &
[E9(b)"™. ZfkFRF, #IFEFILI DME v 5 Li'%
R, AR R EE IR, (R
BiPERE, SFECALAY FSNE T 5 DME 3% 4 LitFil A7 A7
A TR AR AR P 0 B TN L) A )
1Ry, BRI T E SR, —H N ERERAR
IEM T LALLM, e m 5 SRR,
LR M & R Li,O i Fa e SEI S CEL. fE 52 H]
1k 1 Ah 25 & () NCM622||Li %k £, 5 it 75 F£ 300 &

JG, HEAFERE80%. BATHE—SaIHMEA R
TR REFEALEE T 1,1,1- =9 -2-(2,2,2- =
CAFE)H R 2 (TTME) [ 9(c)]™.  HBEfefE
RIS B S B AR R B, ARl

HESECAREE S S LA RIS R, R IhRE P A 2
FPETE AR R I PR AR R S AR R AR e
i i MD #4045 4 NMRAESE T TTME 34> 2 5 Lit
B Az, T FSI/DME/TTME 72 (G R8s, 5
SR IIXZ SEI A H NI 53, A 8 i 48
e G RN, R RS KAEmE S EH
b P PR S BE TR AL T T R

(@  conventional LHCE MCE e L* @D FS @/'@» CoordinatedfreeDME @D/ @IIP Coordinatedffree OFE @Il Free TTE
I _,\\ el \Q‘e-‘ MCE o&» LHCE oD Conventional
A /=N (KoM Sy
{ ,‘;' NP <A 0 1 N §N2 Y4
‘¢ \ / ‘\\ f‘ /' [ ‘\\ 9 .’,’ A & " Y 4 \ ’.\‘
V7 \'--" . a . @ -
- Anion Bulk Anion Bulk Bulk
mm repulsion Interface repulsion Interface Interface
Electrolyte stabilty - S ,
DME LiFsI TTE OFE < . s ' . — . /-‘ —
- - - /e > ' > - &> .\’.
; o Mo L RE, £ RF Beciode
WS SR F)\{\DX{ F)Péftf  Less free DME Decreased free DME Large free DME _
FYNdF F Minor parasitic reaction Suppressed parasitic reaction Intense parasitic reaction
(b) T Free bS1” I CIps PO AGGS
FSQ‘:')DME TTE<'>DME DME ESN < [FsN-DME TTE-DME
0" 0"~ Pl PR s 3.1%25.79%
7l N \ yd N s RN 3
/ O \\ 0 O \\ / 0 O \\ //0 o Q\\ 7]
fococ0|) (Qecoc20)) 0O I g [712%
1020 /0 TU000 10 17000, (&) £
N O / o / Vo ) \Q 0 o0/ _lowe FSN
2.0 Q. °.p SN
o o - Se= S 17.5%
DME FSN z ’
& [82.59
o X% o o o " £ -
L] ] o f L
. 690 720 750 780 690 720 750 780
LiFSI DME FSN TTE Raman shift/cm! Raman shift/cm-'
~—Li-O (FSI)
———Li-O (DME)
——Li-O (TTME)
B s
0 5 10 15 20
10
A

9 (a) IEXFRMETF MRS T OFEMERANIERER; (b) TFIEFF D TREELSD T FSN AT W EME N REE;
(c) MFRMESTF TTME E R SR T LS PRI R R A ERIEEK
Fig. 9 (a) Asymmetric competitive solvent molecule OFE: Schematic diagram of the mechanism of action;
(b) fluorosulfonyl molecule FSN: schematic diagram of the effect on solvated structure; (c) symmetric molecule
TTME: images of theoretical simulation and interfacial characterization in the competitive solvated structure
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