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Abstract

Rechargeable batteries based on metallic lithium chemistry are promising for next-generation
energy storage due to their ultrahigh capacity and energy densities. However, the poor thermal
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tolerance, and low structure strength of lithium anode seriously hinder the widespread adoption
of high-security and energy-dense lithium metal batteries in today and the future. In this review,
we critically discuss the current status of research on robust lithium metal anode processing from
the perspectives of thermal stability, and the tolerance for external forces; summarize recent
strategies to fabricate a robust lithium metal anode; emphasize the side effect on the energy den-
sity of lithium during the robust anode preparation process. Finally, we proposed the future trends
and challenges of the design and fabrication of thermal/mechanical-stable lithium anode and
prospects toward their broad application in next-generation batteries.
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1. 51§

S VUV Ak 2 () LR T — AN T FE A AL . FRIBAT ML D BB v e B R 7 RN [1] [2]
[3]o 7EidZ: 30 4EHL, &7 rth(LIBs) G i ML KA M SRR, MO T 2R =K
AR EYER . B4% . BRE i) [4] [5]. BEAE BA T REAIF AR K &, B 1 Fith 20 i A7 tH 7L &A%
AR FRA VR — A NBI AT, HEEE NS TR S . SR, BT b e F AU N
NFE BB PR32 A - Ak, DA ES 1 Huith 93l J3 0 B ) R EL I EAE BURIR ZEAT L B R AILL6] [7]
[8]. #2030 4F, ¥AE 112 e H ot T4 B 1 it A A B i s, T H R 5 R ) 2 o 5
FH4 1500 GWh (14 1(a)) [9]. 3 E RRIEHE A S i PR RE AR 5 IR H 0 SOA R R H AR 23 5l US
$100 kWh 1 350 Wh-kg ™ [10]. #RiM0, 4A0AHE 7 i ih AR LS e B B B IR, T
At B e R B (0 TR (B (b)) [11] [12] [13]. T4 JmAR k220 vy 7o B s thy, DR F R4 23
R, ER T AR AL SR AL (R 6 T A AR S R R O —3.04 V) AR 3 O FELE LL i (3860 mAh-g ™), )
ZINNR T R A E I RS R FEAR L FR[14] [15] [16]. 5 LIBs #HLL, 4048 sith(LMBs) AT A &
g SR S 50% 1 3006 3G [17] o B 70 2 P 1A 1A v SR AR 70 T8 P A R AN TR R A AR
WA, — P LMBs 28 2s T1EN K 7R SERR B H L2 o TEIRHT G RIER R 4 T, A
AT di 2R KO R AT T IRA IR TS, BRAE NAT TR S8 T BRALER (4 7 A L LA AT ZEER A4S 22 [18] o 7411
B AR AN FR 8 F AR/ LR SR TR AN T THD, AT T K EWEA AR, AR A S TR AR[19]
[20] [21] [22]. HaERoRHEAT s [23] [24] [25]F04% FH =4 (3D) A int tA S5+ AR [26] [27] [28], TEJEM A E PEAIRK
RS TERERE, &m0 .

JUE G, BRSO — L (G, S T AR R AR [17] (B 1(c)). R LMBs (1)
PR ST B E T 2 H . DA A LMBs 2844 rh, S 12 il A 32 ke e Ao 451 R A A
FTRCINSRE, A ot A R AT [ FL A 5 A ST (SEN) 23 i S LR e, FE AN R D AN R — 2 S 80l
B HL AR A RURR I 51 22 4 il R [29] [30] o BRI, B 1l st s A o 140 2 KR S RS TR L1 B /0% J2 4
8 P AS AR I FEL AR ST A U A — AT DL SE A i pe Vb AR B R B R T vk . A, BRTFR T ILR TR,
EFEIRINBEBEFI[31], 13 B T Al g [32], AR [33]. FE[E A st (il 26+, IEF 00T H
[ A A ) 2 P AR BB AT ML FEL R PR A N 2 T LMIBs %2 &1k T 5 BB ik 2 —[34] [35], 1M
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Figure 1. (a) Battery Market Trends Forecast 2005~2030. These data originally came from Avicenna Energy [9]; (b) Energy
density and cost roadmap for conventional 18650 LIBs shows that 18650 LIBs are approaching their limits. Rechargeable
batteries based on lithium metal negative electrodes will take the energy density of Li-ion batteries to new heights [11] [12]
[13]; (c) Cost estimates for solid-state Li-ion batteries with lithium-metal cathodes [17]

[ 1. (a) 2005~2030 FEE it ARG FUN (0] XL HIRHZ YK BLERMEEIR AT ; (b) 5% 18650 LIBs HIREREHE
M AL E R 7R, 18650 LIBs [ERAEMRIR. ETEE BRI T TR BIMISEIER M 8 EEIRAZFNS
FE[11] [12] [13]; (c) & B ARMESEEMAAAMAIT[17]
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(ASSLMBs) AR 521k o PRI, B SR A T — 6 75 2 vl TARPR B A, s L RE A 2 4R
2, MEUBERNH. &5, eRERTIRE RN RZE. SIS INREERN, SRk
FAEATIERAR T, AE R R AR EAL, Hn TR R, BRE T LMBs £ W] 5 BT
TZNHI[36]. XL R AR “AKRRLN.” AR AR ) — B, T RE S B LMBs BN AR . o
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Figure 2. Robust lithium metal cathode should have the following properties: (a)
good thermal tolerance; (b) good mechanical stability
2. REARGEEAMEEZNMEE: () RIFNAMZMN; (b) RIFHNN

ASCER S _E IR 1R, A T R RS HE AR 3 R RE AU 2 AR A SR O A, FF e LA ki
HUEABRAR . FA 17y I LRI TR 2 AT R RE W Jo dth RB AR, SR (it & PR AL T AR [ B < P Al P 7 56
I HAes e st R R R . AEARANIRER, X & PAOR M # & ) ik il RER{EEt LMBs

DOI: 10.12677/japc.2022.114024 216 LY PR A= Svi


https://doi.org/10.12677/japc.2022.114024

HIRIL 2%

BB LA S R PRI LA
2. ATRERIERAR
B FRIAE PR IREE 2 A AT — EURBVE A LERI0 B AR(37] [38]. RAMKK, ASSLMBs LA

i R e e AR e MR L 2 AE[39]. SR, BUIBES, JEAEIRIE S (MT) (180.5°C) i & ik
BRI ASSLMBs £ 5 i %~ TAEMIAEMR (>200°C) . TEAR R AR SEI 2 7EHRIE AL BT 25 R 19 3l
PEMBIR . il T, IRl 8 BOR BRI 7K Jy 0155 DL HE S iy Jo ik R e it )40 A Fa il
WG, SRR RL[40]. BhAh, JERLIEE B m N, R RS BRI
N, B RANGEER[41] [42]. HAET, RRERJR Bl R N B V) R A B A I 2. flin, A S
S A E RRIRMEE M E . BT KSR TR, R A A2 1 — A B
AT P& A FE[43] 0 BT LA TE—Fh B 1 R 2 52 P R [ 2 4 Ja frmloxt T4 i P it (1 e e Ve AR e ME B G
B FIHATALE, B4 JE B SR AN 52 B A SRS R A AN % ] PR

AR R E BB E BT [44]. HTHE S 0] DURRR AR I S5 v, (RIS e % (40 25
TIER BT, FTOERK—BEE A, e/ e B BN Z 2] T T2 MCHE45] [46] [47].
AT EYF, TR LIBs B fiAk, LiCe, J&—FhEA MM Z MG 4. A, LiCs H S &
AR, HETENREEMEREE SR, Bk, ERITHREEEE &R, PR EE T 2
MER A E. FHERNCETE T RS-G-S E, MW RIRATEA 7T RE R LIRS #vde e 44 4
Mo [l 3(a) sl T u &R AR AT LS & @ B & S IS Rl R LA R A S M. —5S 0 R
%:, 40 Li-B [48]. Li-Si [49]. Li-Sn [50]. Li-In [51]. Li-Sb [52]. Li-Bi [53] [54]#1 Li-Ca [55], T\ 1E 400°C
FEAWERBE N AT TAFST, JERIH T RIFAIRE M. MR, Nav Y. Hg %50 DL &8 81 st
A Ao RUEERATT AT DA — A — MRS58, SRECRIAE n LS TE 2 B G 4. X —4FE X LMBs
BT E B REENIEA .. A& BRI LY 51 AR R TH I R IR 2 B b Li k%
AR REAG[56]. BFTTIE R, SRELE S AT ME R — AN E R T PO ETE, 8 LitrE iR
MR, 1 RA— LT BB 5 2L A2 e AL I 2K [57] [58]. tbAh, TEHLE R Mk iRinG 4
A LAY SEI BT O, ATk 5 B ot e S RIE R, B il AR e PE[59]. 1] 3(b) S 1 —1k
CHRE A SN, FFME T EATHEBER AR, 7 R SRATS R A & 7k[60].

Fe 7 = 24 E PRHE B2 I S AT DUA R PR 57 e R A Al o 48 47 A 7 sl S T N 7 — A B 22 ) 2
JEARGE R AR TC I R R L AE PR RN AR AR 2 RTS8 SO HERR . ISR ERYE SR R EF T, HSR
MRS R A . TEREANHIE SRR, = 4E45 0 bR p mT DR A L R R TR RE . I AR 2 4
W NAE S B A PR 1), Rk b S 2 () B 6 A ] DASE il PR A58 T ORFF AR E [61] [62] [63]0 b4k, HhiRE
(1) = G S R NS ST DAY 5T PO ARR THI FR %, it TR S0 LS B E S M (R AT 4 A
SR AELT4E) L UESE TIX—HEME. lan, PNVEANIRS T —Fh Li-B G&/MIE A ik, HAF SRS med
A T =48 LisBy ZF4BIRHESE . BIAELE SR 264 T (325°C), XML 4EIRHELE th e (R FF HATHA Z5 4, Il &
YRS FI AN SRR T RERR f A B R (1 3(0)) [64]. THELEZEML, ESMEIWRET T, E44R
BT ) T ARHESLIE 2 S8 LMBs (AR 2 A8 B2 B R AE I R I05E.  Shoh, F 45 A1 adi
AL F 700 R (R ) S A LR YA FL R W 71 [65] . FRARHESRG R —HukEgn, YIRS
BRI, IERLE AT RE S B R ok . DRI, X Y20t R AR 2 Y 5 P R AT e R

IR R AR B, EAE R AR A2 1 (1 [ 0 4 S8 Sk rE AR 5 A (AR e P R R . BR T
MFEMESL, LR R E M TR R, LMBs BB TE RN EE FigAT. 7E Lk TriE,
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EENRATREA ) R R RERTS. DE NG S oE ] DG IR AR L AR B T R A RS PEHEZE
K, XEAARERER LM AHERENZ . FEERN AR, SR AR R A — R
i, X ARAREE, PUOVERGE B RIRAEE T AL e U I 324 32 B R OGE R D, R
SihZe 2 55 SRR E A s, DU S A s L T i, ASSLMBS ITEE 22 (RPRFIRIASE T
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Figure 3. (@) The various elements in the periodic table that can form alloys with lithium metal and the
melting points of the developed alloys [48]-[55]; (b) Comparison of the theoretical capacity and discharge
plateau voltage of different lithium-containing alloy anodes [60]; (c) The attachment of liquid lithium in the
LisB, framework at high temperatures above the melting point of lithium metal [64]

E 3. (a) tEZARRTHNEMATETUSEEETRES, UNEHEIEE/ES[48]-[55]; (b)) A&
F&iE& AR EEMMEFEAEEMLLE60]; () EaTEREESNEET, RSEE
LisB, {EZ2 I HiE[64]

3. Mtz ERE AR

FAE A L g, AT S R R B L AT AT B S L, AR LR SR 12 A RTE[66]
[67]. DREERE, < A A ) it i s v 4% L T LB (3t L LA LM B SR K 2R RE 0 . AR )R
AL BRI U A T I R I — e R B SR, (A SR SR < A AR A el T JFL o 7 i R i A
IR, H T s AT sh s s RME Ry R AP B AL 2 R RE . R fE 25% L ERAN AT
AR MR L4, BEJS TR AR, SRR A AE R PR W2 [36] [68]. /AL AT IRANINT 2R IR LiT
VORI Y, Rt SRR R AT I, AT S50 R AR O 2 8 RE AL A 22 4 XU 42 i [69] [70] [71] A
e, JEV)RE EHA — AR AR O, BRSNS AR NUIIASTE,  [RII SOANRE i L M R R A E

BFIH AT, KZHOCT MG R AR BT TR w320 b N T &R A SRR
EHLGN, PR T EBR=F0O5, GRFERITRNE72]. REEE[73 MY EIRAIEA[74]. — ORI, Rt
SCHRBEARR AN 2 FLEH AT LMEE B T3 5000, RTINS (AR AR B3 AL T S AN T, ey B PRI 3 e
Bk, SHHEEMRE, SCARIPREMEN AOETESE TR I A R H R, 0 B R PR AR E TR AR .
WS AGE B SR AR, DO E B, SR, JIf BnT LB R bk . 2555 s IR 15 R
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BN BRI AR B IR I R R v, 08 1 — AP SRR DR [75] 0 X PR/ BRAK A AR AL B
REMBRIU 2 NRIRIIEENE, I R R BRI B G rh R B L7 AR e V(] 4()) £
SENME 1 — Pl A AT R O, B A R I SRR A AT SR (rGO) 1 Y R IEIE HH [ 76] - JX?FMM%EI’J«’EE
GORBL S R BN UGRFE . ML RE SRR SR, JRAEE R R R A bk RE . BRAh, —
RV BAGHFEL, a1 Mxene, B R SBARITERE . FRA5E NG L ] L BEEBAR BT T — FhAZ 5
B RIEH TizCoT, MXene/PUK L 42 S AW IE (1] 4(b)) [77]. XA EA KBRS B I D RETE MR %
BLH S RAFIRAN Sy, W DR AL 22 ORI &) FEDURR T — B B 5, TR MRt
PR ST AT LA B ISR 5 PR 2 R RS A W
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Figure 4. (a) Schematic showing the fabrication process of fibrous lithium metal anode and digital pictures of
the flexible lithium anode under straightening and bending conditions [75]; (b) Schematic diagram of the flexi-
ble MXene@CNF@L.i anode [77]; (c) Schematic diagram of the synthesis of stretchable Li/Cu electrode [78]

E 4. () m"EMMERTAERESEAROSMESEMZEERREFENTSHEG THHRFER
[75]; (b) 3R1E MXene@CNF@Li SatR7mEE[77]; (c) RAIRL{H Li/Cu BARKI & AR R EE[78]
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o TARE R (R e P ) 4% S v SR A R R B T — S L . AR, BT S AR AR
FIET S, fERERRARR, BATLAS S MBS A T LA XI55 AR T J7 ) — B 2 T
B, TESAMECRIR MG - LI - TH - ROIEVGIRIEE BT, HiliE 7 — /S 1] e () B oK g R A /4
HA G 4(c)) [78]. 3RAF T RS MIPUIE 557 M REGEEIT 1000 VXA ) F o] Hi 4 B8 71 (731 6096 1) B fh B AF)
[78]o UbAL, JURFI =4ESE M T LLA St o B Y, (RFEL3 10T . ZR5E NAE 2019 AF i IRiE T —
L B A (SLMA) [79]. SLMA AR5 5) 73 BUE B S VIR A5 3 R P B i s, P 3R
ST LA S Ui, il DUR L R i S E (5 5(a)). SLMA 7E 25%[H BT )5 /) R R 80 AR 5 (17 A8
etk JF HE TGO, Ao AR 8. SRR EE MR b, &R sk
T RS MR- A RTEN SR AR T B . B ATEREERE BT TR, %
TR RS 4 @K TR R I NBRIBRL, KRR TR R T 5K, SRk ] LATE &R 78
I A LR S T B35 (] 5(b)) [80]. BASE AW T — Mo ik, @ BRI R IR A SV, 7T
DAFEAS R R 7 B 4 B ANFTAR 22 H . mbEREROAE-45 & & (& 5(c)). 245 NMC IERKIT
e, RN AT DL Ot s DR S T A, IR T AR IR PERE[81] [82].

____________________________________________________________________

Dual conductive
polymer composite
matrix

Lithium
mocroparticles

Molten Li-Sn alloy in Stamping print Li-Sn
stainless steel case alloy on substrate

Figure 5. (a) Digital photograph of semi-liquid Li metal ink [79]; (b) Digital photo of handwritten Li metal ink on
copper foil and the obtained finished product showing good ductility [80]; (c) Schematic demonstration of stamp-
ing Li-Sn alloy on a substrate and a large flexible Li-Sn alloy film printed on a copper foil substrate [81] [82]

5. (a) FiESESBEKPIHBRE9]; b) F5 Li € BE/KERBLENHBREMBEBIMESRIH
RIFHIIERIMEB0]; () FEEM LAE Li-Sn SE&MFEENER, WUKRTEHREER EENFHI—XREM Li-Sn
& &EIERIER[81] [82]
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4. BESRE

LR EPIR,  BATTANFAT 52 LR S0 77K 52 BE 7 A T3 TH R GEEDE 1 A AR [ AR RO TR o

Xf T B A R FAT 32 PR A B S, R BE 2 U ] T — IR ARt s, DLORAIE sl A R T BOAR E
P . FAE TR ORI, R R BRI A A b . FRATA G T SRR E T A R K
FEIjE. —MREeNTE, SRS b G R Bk SRR I A S . M7 IR
TR AR R RN R S SR B A A B . 53— AR A = 4ERESR LLB 1B R
MR . —MORUL, ZINREMESERING & = AN ER . 1) =4EHELE R A RPN IR e s 2) AES
FARRAZAE R 3) ZALATAERER P AR D

BEAh, BATENE T RAI RIS BT G b o 5 2 am IR X E rE AR (R 5 2 B RUFH R
Wk SRR SR — AT R R MR BT, I Mxene. A 8806, BEWE. S—MIT
FARATHAR SN S, R A A BB, AT 3 e B bR R A 0 52 ko FEAROSR B 7E v,
B EE NG AR R Gt Pl SR 1 < B B O LS

FATTAT LA, FIrAT SR (10 ] 4 < o S7Ae AR T W 2 — A S [R] 0 T, AR st A eh T 51N 7 RIS VEAT R
SECT A RRGE R E IR — AR SR I R E AN AR Ly 5 mAh-om ? [ 4 R 41
PE-5 R IR RHLES, X ERE AR JE RN /N T 50 WK, A RESElm e m® . thoh, FaE 8
e LRI DREPE ORI 2 ) JE AR 2 S i e LTS R R o LT AR AT RE o R, A [ I ARO0 1 P 3 2 BHE
WAL, IFHNAE 1~20 ORI BAR RS VE BN, 0 THIE DR Z IIEORSR T M 2R . —LERE
% ST BE AT I BUR IR Z R, W57 EUTRRAG 2 SRR, A EHER S T 5. A A% B
alloae AL i-a: 0 1 U N = Vil R e SR AT ] 1 S Rt S R =16 s o 8 R 61 9 AN B ULE 177 R E i1
T [ K 2 BRI B AT IR N o i ) R SRR E 1Y) HE R P B R 8 P A ] 2
ok B RAT SRRSO - BR 70 SO A BE— 2D dt 22 Ah, 0 N 122 8 0% AT T A [ P ] 2 Fb e ot
JERIWETE . [ A AR B — LSO RREE, IR SR, RIFIERVEN S B T 1, A BEAE
PR R R Y BT T S DA [ OB Bl o EORORE, ] ) < A 70 2 2% 5 e ] ) I 26 P g8 o L
FHANTE, HESDTE 2 A 2 [ A B Bt A SE PR N BERE o R, EAS R A, B A LA el
<2 TR FL AT AR e P B SEARF P AT ] B0 P S P T, B 1RSI DA, [ B S0 1) D75 92 A2 15 W] LA Y 21
Hopb il - ?

B oW
SR K B AR B S AL 58 B ARRHE R G Bt )
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