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Abstract

Lithium metal batteries are considered to be one of the best choices for next-generation high-energy
density storage devices due to their extremely high theoretical specific capacity (3860 mAh-g-1). How-
ever, dendrite growth of lithium leads to instability of solid electrolyte interfacial layer and volume
expansion of lithium during cycling. As a result, serious safety risks and poor circularity have been
brought, which to a large extent hinder the further commercial application of lithium metal batteries.
Through the study of the growth mechanism of uneven deposition of lithium, many researchers have
proposed various schemes. For example, significant progress has been made in the design of elec-
trolyte additives, the development of solid electrolytes and the design of 3D current collectors, etc.
Finally, the shortcomings and optimization of these schemes are discussed.
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1. 518

SRR JE S A R P I B A P A M BRI T B T R S AR (1], JaAE A TR AT BRI KR
BERUF . ATREEE AT REIR, PLanXEE. AKAERURBHAE2]. N T 7/ FIAX Sl B AR e, 7R &=
R &R R4t[3] [4] [5] [6] [7]. W 7o B Bt AT DA s A i A2 FORE T RE 52, BN R R W7
i8] Hor, HEE R R TR AE . R AR AR, B B I e r R, T
L AT A BEVE T oR[9] [10]. B 1 il i e Th e s AR s 1 S e . SR AR B
P Tk Ab[11] [12] [13]. #R1fT, B HBEALEMHRER SRV AR, B FHRIbKEEEME SHEES
FE L R 1) 75 SRANTAC[14] [15], V) F IR B A = Re &% FE I HL it R4 [16] [17].

FEARZ BRI RE B0 4 R A DAL A i v ) B8 L 75 12 (3860 mAN-g ) DA K AR 1) 484k 388 iR Ha iz
(—3.04 V vs.AriEE ), AR T —A] 78 B I AR RIE$E[18] [19] [20] [21], HREURA Sk
FHL R R . 25N, WREWRARE, SR Bnl Lo =235 62 MIHE 4 fit
M- BRI - A Eh[22] . IX L 4 R I R B B A R B T, R TAE SR B T s [23]
[24] [25] [26] [27]-
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Figure 1. The challenge of lithium metal anode [28]
1. $BeEPERAI k(28]

FUSHL & @ b VE 234, (EARRE A ) AR R PR 1) 7 ek J . 480 & PH AR 5 F A i B A
TR 4 8 SR T T A 1 1 A5 AR AT 2 (SEN) [28], 1% SEI Z B A M PGS T S etE, Ay DABH -4
& JE AN LR — P AR T S N, LR GRIE Y AR . SEI EAR T BT RITE e, (ATEfE4:
PRV I FE A, B PR R T IEBRAR R R K AU 4E T B SEN EAERY, IR rARVR K RE . AR
“HEEL” FRTR(E 1), TR, R SEI B Rag RV 2 6hiE, JEminis e R T E s bE Ly, B
BCEREG fn (] 1) DRIE, B, “PEHE” | SEI 2R B HELLLLE 1) SEI JZ 2 A R Hh B AIC A <6 & rrtb i)
AL PERE, WER AR, (B FE M. AERERES . AT Xk, AHH T —teH %

DOI: 10.12677/aac.2023.131002 12 TR


https://doi.org/10.12677/aac.2023.131002
http://creativecommons.org/licenses/by/4.0/

JEE, i I

RSN o R, A SCERIR 1 e rh — BB SEmE , dnse vt FRRAS AN 77U [29] [30] [31]+ T A [ 25 Mt i [32] [33] [34]+
BT IR = 4R IAR[35] [36] [37] [38], I A AL fh AL A A K, B 148 PR ik
PERE.

2. ERAEKIE

L A SR I R T R S AR 1, AR NMER Th A S UL R . IR R T, BIdR
JEAZ A Ex i S AR ORAT o SR . B T AR R T SR ORRE BB b SRR — AR S
R AR, IR ASOE I B, F IR R I ] BEIE K R AR AE[39]. AW TS 1A AR K
HAR(E 2()~(c)): HITRAAIIL), HASIREEREGEIA N, (£ SEl 2 T AR KN A7, IR SEI
JEROR e . BAEREETR AR, AR ECR, BB, ER M40, WA 2(d)FR, B
WRAES S Wi, WiRE e R T “HE8R” 5 TR 2% ik (0 B SR IR 5 RSN, TR T4 R SE
JZo WERAERR L T SRR T, NS 5IREERIR, BTN “BE8E” o sboh, HERIRY “IeeR”
FERHAR B EERE (1A 2(e)) . BCERHITE BRI SR, MR RIZRR, haEI2R R,
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Figure 2. Schematic diagram of the failure process of lithium anode [40]
[ 2. 2RISR REE][40]
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Figure 3. (a) Contribution of adsorbed atoms to bond strength in an embedded atom model for magnesium (red) and lithium
(blue); (b) Free energy changes of adsorbed atom (i) and surface atom (j) with different coordination numbers; (c) Schematic
diagram of high-dimensional phase and low-dimensional phase; (d) Relationship between the surface migration barrier of
magnesium and lithium and the coordination number of migrating atoms [44]

E 3. (a) EHFEE)MBES)MWRANRFEEG, RHERFIEEBOTH; (b) WMETFOFMERERF(G)ETEER
BB BTN, () SERMEERTER; (d) FMENKEIBELMIBE TR X R[44]
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A ATIRRE R, RIS 2R IR IS . NI MR, BER Y T
PR A R SRS, 110 B DU BE 2% 5 £ AR R T 2B A HE JE M SR IE B[ 41] [42] [43]. DFT 57
TN Mg-Mg B ) 25 15 e S e (] 3(a))» BEDTAR I T Rl et 4E AR AN IR AR AR 2 18] £ B Hh e 221 EL A B v (1 3(b))
[44]. IXEW], BT LLER IR 2 2 U e R 2 My (i =4k B —HEShH, T A2 —4ER i 2i) (141 3(c))-
i, VORISR IIE R ) 1R A RE . WlE 3(d) T IR IXETR, BT 2 5EINIT
M A RVEE AR . IXANEERERY], BRIIER N 2 SEIERR 2 128, BIZEAR TR 1 Hft
RN, IR AN R A L. BR AV TTR BE R B S H AT SR RIS, T Bl 75 W AR
TAERTT R . PR, B < BH AR R A B A AR T RE AN v D AR R R B S AR I 2 B A

3. HIFIERRB A&
3.1. e AR n 5

NTHREAE R IR, ATEL R L HE R TR 2 5g . Hd, fERMRERFIIA
Dheetedsmsl, BAMANG S BAER R, Bl R BeA TR MR s 2 —. FERBCRERE
o, AR NG AT DU I 2 R PR A, R TR RS . SR, FRARTRAS N
FIAREA B2 NIRRT : 1) LT SEK #UTRAT N SEI LR HLE] C2gidt t, (HiX
S flE = @AY, ERAE T E[45]. BeAk, THREAS IS r Itk RE S ML ELE A R AT, 2) B
(R RAEFE A M LAE 7~ AH IO HLER[29] 0 3) R KR BIF FOH0 & BT A A% B 77, E 2 A4 L n 7 7
KARIA I AR 2R WT T #E, X b PERE A 2 A F A DARRS2[46] . K2 0t ST 4R WP e SR — R n5s), AT
TIN5 A A 028802 2 o 7515 JEL A, 55 s (a2 8 A R0 1 ) 22 D PR W TR S8 AT 75 BRI 9. EL T, VT
% SEI TR IFRIER 2 ) Tl i e 1 sk oy R i B AR 1) SEL /= . AR#E SEI R FE Ry, w4 SEI
BRI 53 T OTEHUAL &1 SEI AR OB HLAL &9 SEI EER N«

3.1.1. EEEHLEY SEI BRI
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Figure 4. Fluoroethylene Carbonate (FEC) [51]
B 4. ®mAKER 2 HEE[51]

— ki, SEI B R A T B E T SEl Eh A IS & [, SEI WESIA
HUI%T SEN 2 (S A v e 25 2 e B A E ] - A WF 7SR, AL (LIF) 2 SEI W AT 2 sy,
AL i 25 SR B TE SEI R BOE R, I H AT LA S4B 7 10T R [47] [48]. SANHRIR 2 4B (FEC)
S E 4 R A R B A T RO IR 2 —, B AT AR AR H AR b A R AR R R T A SR T
SEI, MM 2 25 42 = it M 6E[49] [50]. BRI, AN FEC MI/ERMLEESEAT T V2 WF 0. 7 LA
LiPFe-EC/DEC iy, B8 7 A FEC %5 SEI R L. 574 T(EC: —0.38 eV,
DEC:0 eV)Hitt, FEC #RINFIMK LUMO 7K T fK(—0.87 eV), C-F H#E1E 310 fs /A7 W&, RUAZETALT AL
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o FEC et A7 I ML FETE R LiF-SEI JZ (%] 4) [51]. B T4 Hi - il Bk #21 Li-SEN A8 SR8H, s FEC
A DL 2 PR R R A e w4, o B B I Fi SR SEL W 4R B (3G N 34 K [52] . Bk Ah, FEC
AL FRAIK SEI IR RE, el AL MRS, U8 FEC RIMFEE 3 Bk T IA )4 f#[53]. FEC i&
] BE XA 2 B AR E A M VE B (A LiPFe) [54]. B FEC ¥NFIAL, &RhBT 70, HUMRR B & s ot
AT R BT ok e 7 SU% 1 LIF-SEI J2[50]. BtAh, LiF b nf DL 3 FAE s n ), o A g
R, W LKA m U AR e P [55]. H2 LiIF & 980 T S 2(-107% S.om™) [56].

H R £ (LINOg) th & —Fh LAY (AN i 77, (EARAR s vt rp B B8 IR [57]. AT, LiNO;
T SRR AL 0 P[RR R AE AR E RO 4 PR Al h i 5 BRI [58] [59]. A FHER M, IR Bl
DMEREAT SRR A & BB R S, TERCE & LixNOy Fl 2 B AL M8 =) (10 LiSO,» LipS,03) 1
BUZ SEN (4] 5(a)) [59]. B LiINOg J&, 1wk SEI 2 Liu,NO, HIfRZH %, LixNOy FIAETE R LAME N

PR AR AR - AR T A (ROl R SR AL [59] . LAk, E 2M LiFSI-DME HLfE 1, LiNO,
MIAEAERE B R T FSITI 58 & 0 RIS SEN AR R 4> T3 7755540 P Li-O B (1.7 A)FT Li-N ##(2.9
AVHIERHBL, EH T NO; 25 7 LiTHIE LSS . LINO, f77-75 v LA 35 4 5 B 1 FVA 71 40 1 Z AT
BT - WA AR, Ml FSITE 7R R R (& 5(b)) [60].
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Figure 5. (a) Schematic illustration of the synergy between LiNO; and lithium polysulfides [59]; (b) Schematic illustration
of the effect of LiNO; on alerting Li* solvation sheath. Top panel: Snapshots from MD simulation of 2 M LiFSI-DME elec-
trolytes with and without LiNO; addition, respectively. Bottom panel: Schematic illustration of the Li* salvation sheath in
corresponding electrolyte, respectively [60]

[ 5. (a) LINO; 52 B UMMt EMER REEI[59]; (b) LINOs ¥F LiAFILENHEIERR~ER. £&5: £2 M
LiFSI-DME BB 2 &R LINO; N FERINFIEME. TE5: MR EBRERP LiYaT (LEHE[60]

3.1.2. R EHED SEI BHm

SEI EH 1 MA N AR AT E M = Wi, Wik IR & () 1 ROCO,LI/ROLI <
1Gpa) LA S AE LA Fh A VA AR P U X IR AN REAT RO BEL L A 3k — 25 R AR I M [61] [62]. HAT, KT
SEI HH ARG NAEDHIER R TR E, TATRA mEMEREINE, 7T DR SR B AR AR R AR L
[63]. F MLtk BAVE N BB A NG, AT ABI & 2 B — WEBK(DME) S &, Ik — b 7E 40 4 & P AR 3 T 2 BR
B ORI SEN [31] [64]. MRIEE TALMEEER, HAEMK I A%, )55 DME MK DME
(-H)-H %, HJ5, BT DME (-H)- H R &S BT B (K 6(a) [64]. 485 (0 AP [65]
ME AN EYI66]H AT 1E v DOL A AR 51 K. B T3 SRR A4, TGl N —RFIHHL
I FAE AR A SR SEN [67] [68] [69]. &R 5K &M i tERE SEI JE ANtk iz R, LA
PEEAE RS TR M RE [63] [70]s BN, BRAN = N L TR (PST) 5 4 4 s BH AR B i FELAKL 2 0 fife Dy
AHUALYI(RSLie) BEAHLZ LIRS Lis) s LiSx Al LizS/Li,S, (14 6(b)). ALY RSeLis Al RS, Lis £
MM LioS/LI,S, i B AT RLAF st RO e, 1958 T SEI MRS sE M. AERIREE N 2 mA-.cm™?, AN 1
mAh-cm [ F R, 400 AMEIR T35 22 3R 7] ik 99% [63].
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Figure 6. (a) Schematic depicting the catalysis of I~ for DME polymerization [64]; (b) Schematic de-
picting the decomposition of PST to sulfides and polysulfides [63]

B 6. (a) I'51% DME & REE[64]; (b) PST SRR ERILIIF L RILR REE[63]

3.2. ERESEBRR

BB T DL 22 FLIR R B AR e i, 51 AR 4 el v S A . AR PRI — X R B R
AU B 2 AR SS08 (1 [ 245 P A O AR 22 FLIR BRIV AS R T . Monroe $i5 1, B S B VIR & (> 6.8 GPa) i)
[ 5 FELAA 5 A B8 T A A S [71], B v PR AT IR (1 2 Ak o (EE B IO e R, [ A5 AR T ) L
fbPERR, 0 LitH SR, 2 S B S RO [72]. BeAh, A RS R, G T R RS R AR
ﬁ%ﬂﬁ,m&@%%%ﬁolﬁﬁﬁﬁm&ﬁﬂﬁ%uT%ﬁzQHFmETUﬁ%$m;aﬂﬁ
A FHUBGREE LAIHI R SR K 3) SRR AR 4) B RAFRLS R bR e
H AT T I T 2 A 28R A B AS AR, LG TEHLE S iR . SR AW E A A R LR &R &
[ 245 HL A 5

T S AR B LiTH BT S4A(> 1073 S-om™) [73], B B (s rE s g . — Le Ak [ 74] [75] [76]

ABRAA[77] [781 7T 1 N 4 8 it i) AR o AR, ER T O ML S MM s A S R A o IR DA R TE LT
AR SR SUHAR S VEZE BT DATE S B P A T I 5 7 08 PPk ke o 7 1 45 P AR AN 2 ) T 9 2
AT LA B3R i [ 79]. B AR . IR OB AR A A RHE A (7 ()R E AR A
BRI 5 R 4 i 2 (] FF) P TR) 2 [80] o SRINAR LIt X TR IR 603 1 0 AR B Rl 5 4 PR AR F B, [ I 48
LA AR R B T A A . JE T A AR L 7 ST AR P B AR RS BB (= 413 Q-em)
FE T A AR A (1638 Q-cm?, [ 7(b))HIPU 4y —, 7E 0.1 mA-cm ™ B gk e IR (& 7(c)),
TR AT A A A 110 T 2 F AR 1) 45 PR FEL VB AR AN A 32 /N o H A K AR (> 2000 mV). SR 1T X LE 7
FCH I ST L BT SR A R, RTINS PR 7 B b I D B S R AR A
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Figure 7. (a) Schematic illustration of the layer-by-layer design where the polymer membrane acts as an adhesive layer be-
tween lithium anode and garnet electrolyte; (b) Comparison of Nyquist plots for symmetric batteries with garnet-polymer
layer-by-layer and garnet-only structures, respectively; (c) Electrochemical lithium deposition/dissolution cyclic perfor-
mance of the garnet-polymer layer-by-layer symmetrical batteries at 0.1 mA-cm 2 [80]

E 7. () HABAMHRESSEMERRZERNREE; Ob) 22RA8AESRMAEBAM R &XFREH
Nyquist EIEL4R; (c) #E 0.1 mA-cm > T, AiBAE & BExtFRE jth A $2 F 55/ R BB 1R IR M RE[80]
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KA WE 2 R R IR A A LR A 4030 7 4Rk [78] . BT H R M 45 MR R U i, A4 [
AR S E R A R r S efh, o HAE . A, AR R A . (HRRED
VE6] 25 FL AR SR AFAE 25 5 R R e PS8 A T AT o] 45 PR 199 ] R [B L]« iy 1 MR X 2k ik, Zhang 45 [82]
WEIE 7 JLRR 5 A £ 0 (P DF) 2k [B 25 L e o /2 21 < J ri b b (Y Ak 52 B . %F PVDF-LiX (X = FSI,
TFSIH1 CIO, ) FA# i b AT 1 AN 43, ERAR T BT AL 2247 . Hod, PVDF-LIFSI P45 A 1t fE i if
R FHA 118 x 107 Sem™ R B T S5, HAe e Mhimm T Fo A i 3R & B (1 8(a))
PVDF-LiFSI HLfif 5t 588 BH R I S I BT sl— AN St 2, #d 1BEEL s 2B K . Zhou 2583142 H 7 —Fh H
T4 e F I R X2 5 A P [ 2 LA T (1] 8(D)), LASMI AR dh AR K IR R SR G W (] 34 FL AR I 1 A 3
AT o WERTR, AR R AP0 7 5 4 4 PR A, T sSEBLERL MDUR, mHERAYH
FE T 5 AN i, AT APPSR B, BES L RBT EUL . iEH PEO PENARIE R &Y, B JR(N - HI A -
N ) (PMA) (B 8 ENEERAEY . BTHZHms 7TEM SN EK, WERAWESBMETE
L AR H AR PR RS, 7E 65 C YA R T i S %8 2.05 x 10*S-cm ™

(b)
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Figure 8. (a) Galvanostatic cycling profiles of the cells with PVDF-LiX at current rates of 0.05, 0.1, and 0.2 mA-cm 2[82];
(b) Structure diagram of Double-Layer Polymer Solid Electrolyte (DLPSE) [83]; (c) Molecular structure of PMA [83]
[ 8. (a) PVDF-LiX 7£ 0.05.0.1 1 0.2 mA-cm 2 BB R Z & T HIER B hL[82]; (b)) NERSVEFRMBRREE(83];
(c) PMA K945 F4514[83]
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Figure 9. (a) Fabrication of vertical aligned LAGP/PEO composite [84]; (b) Comparison of Li dendrite inhibition of PLL
electrolyte and normal liquid electrolyte [85]; (c) Structure diagram of HMSE [86]; (d) Voltage profiles of the Li/HMSE/Li
and Li/liquid electrolyte/Li symmetric batteries at a current density of 2 mA-cm 2. The red curve represents the performance
for HMSE and the black curve represents the performance for liquid electrolyte [86]

[ 9. (a) EEHF LAGP/PEO & &+ #IAHI & [84]; (b) PLL FEAR RS IE &S HE R B X SR A R NI E FA O EL B [85] 5
(c) HMSE £ #[&[86]; (d) LiI/HMSE/Li #1 Li/ifAS R ART/Li S FREL AR R E A 2 mA-cm BB E TR, L&
AR~ HMSE B1%RE, B EMSGRRRSEBRRAVIERESE]

Time (h) 600 800 1000
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N T TR TR AL FA RS, BETHRTE B T — i 2L 1 3R A 4 v A AN T AL 1 265 H A
JRE AR A ESE SR k. Wang £ [84] HI TCHL9H K BURL AT S & 0 & i 1 8 25 fL AR R .
Li1 sAlgsGey s(PO4)s (LAGP) LN K FRL ] 4 T TCHLIE BLHEFIBN, A5 S o Wk, BHEL
Fe Al LITFSI MK 9(a)). LAGP fEid e $R At S il i (2 0 1 BB 7 i A&di, PEO Ui Ao fd i AR 15
TV, MR T A . ZEAMRESE TR TSN 1,67 x 10 S-em™. Zhao Z5[85]#I#% T 5
— M BTNl - REMARE G HEET . ZAAYH LisslagZrissTa 02501, (LLZTO). RIFE L b fl
LiTFSI (8% PLL)ZH AR . PLL AT LASRZE TFSI, SEMUI SIS 7040, Mmikez A st A K. 78 25°C T,
UE G E AR THS%RN 1.12x107° S-om ™ (14 9(b)). Duan Z5[86]42H T —FhAEHZ J2 B4
fETi(HMSE), ¥ b5 09 KF] 0~5 V, PAISCHRFATHAFEE M. 75 HMSE H, R (PAN)S Bk
HeHE, R PAN Bl - 58 4 BE TN IR IR TR 5 41 40 J8 BH AR %A, 18] 29 PAN@Liy 4Alg 4Geq 6(PO4)3 (LAGP,
80 Wi%b) 5 A Ak o IR AL 1 A& AR (0 e UM P PELLE 1 AR 2B K, LB T SR N 3.7 x 107 Seom ™
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Figure 10. Schematic diagram of the phosphidation reaction of Cu nanowires [87]
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Figure 11. (a) Schematic of the Ag nanoparticle-decorated Cu foil; (b) Voltage curves of Li nucleation on the bare Cu foil
and Ag nanoparticle-decorated Cu foil; (c) Cycling stability of the Li metal anodes based on the bare Cu foil and Ag nano-
particle-decorated Cu foil at 1 mA-cm™2 at 1 mAh-cm ™2 [88]

11. (a) RAKAKLTIEIRIATERRIER; (b) BRIFEMIEIRIATE LI A B RN ; () BETHRIAEMIEREEN
$E & BT 1 mA-cm™, 1 mAh-cm™ THITEEREE14E[88]

3.3.2. BEHPR

BARHA LRI iR Tt S b2 B TR 48l b . BRGKE (CNTS)H
VESERARIT, BT HA =42 U, MR A5 1 fls . Wang ZE[103]18 F R 9K & i 40 A N 4T
W, SEELT AR R, T aiikaE, e T CE MIEMR . BECKE KRR LT
SRR AR R, AR HR T AR N 5. BIAEZE 10 mAh-cm 2 AR, =4
KRG LATCAS & 1 05 s AT TR

S YRR AT 4E(CNFs) (AR T as 07 B bt RL, 7T DU RO AR S B 3 R, AT 175 5482
MARYTRR[104]. BhAh, ZFLESHITT AR MR & B ARG IR AR b AR, 4 RP4E 4 PR AR 1
£ 2 mA-cm™®, 1 mAh-cm ® 44K, 300 UKAEHF Al A F] 99.99% 1) 1 i B30 . Cheng %[ 105 ]38 it 76T Ifi 4
5 ER R E SR CNF RS, R R SRR F S Rt a BRI %A b, B8 — =42 L E%k,
DU S 20 50 (R A AR R B A o o 45 B SH AR P 6 R B S ZE 1 mA-em 2. 2 mAh-cm 2 4644 F B i 35 mV K
iR, FROEEE L 500 h.

300

St 100
225047

< O WGC/LFP full cell, 10 M LiFSI in DMC _90
E 200 ) O WGC/LFP full cell, EC/DEC —s

N2 ° o Cu/LFP full cell, EC/DEC

21505 T

~J
(=)

> Wrow

3

9

S -— ®WGC/LEP full cell, 10 M LiFSI in DMC
= 5040.1C =T @WGCI/LFP full cell, EC/DEC -
B3

(]

2,

0

D
o

©Cu/LFP full cell, EC/DEC

Coulombic efficiency (%)

%3
[}

0 50 100 150 200 250 300
Cycle Number

Figure 12. Full battery cycle stability based on graphene cage and bare copper [106]
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Figure 13. (a) Schematic of the fabrication process of Li/CuzZn composite; (b) Cycling stability of the full cells based on the
Li/CuZzn and bare Lianodes at 1 C; (c) The corresponding galvanostatic discharge/charge profiles of the full cell based on the
Li/CuZn anode [107]
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