Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

IAUEGTEREBARKIHIMR
IEH oM KFR KREx K

Failure mechanism of lithium metal anode under practical conditions
Wang Xin-Meng  ShiPeng Zhang Xue-Qiang Chen Ai-Bing  Zhang Qiang

5] Fi{5 B Citation: Acta Physica Sinica, 69, 228501 (2020) DOI: 10.7498/aps.69.20200906
TEZE 71 View online: https:/doi.org/10.7498/aps.69.20200906
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

122 RUBRIEG T Aty 4 5 AL i
Recent progress of 122—type iron—based superconducting wires and tapes

WIFEAEA. 2018, 67(20): 207402 https://doi.org/10.7498/aps.67.20181256

A AN TR R AL S BT LER A SR 25 S L BT T

In situ observation of lithiation mechanism of Sn0, nanoparticles
YrEE2EdR. 2019, 68(15): 158201  hitps://doi.org/10.7498/aps.68.20190431
Li 2§ B SRR AT B2 AE B, N4BZR A% T YR LiPERE DL AL

Optimized Li storage performance of B, N doped graphyne as Li—ion battery anode materials
PrPeEd. 2019, 68(21): 213601  https://doi.org/10.7498/aps.68.20191161

W S 5 T Cu—Ze 3L S A 4 BT E AR AR IF 9

Liquid—solid phase transition of Cu—Zr eutectic alloy under microgravity condition

YIBR2EA. 2017, 66(6): 068101  hitps://doi.org/10.7498/aps.66.068101

PR RO T S ST
Progress on the failure analysis of lithium battery
YIBR2A4R. 2018, 67(12): 128501  hitps:/doi.org/10.7498/aps.67.20180757


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.69.20200906
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.67.20181256
https://doi.org/10.7498/aps.68.20190431
https://doi.org/10.7498/aps.68.20191161
https://doi.org/10.7498/aps.66.068101
https://doi.org/10.7498/aps.67.20180757

#) 32 % 3R Acta Phys. Sin. Vol. 69, No. 22 (2020) 228501

Tl EZSE A Y IR 5]

LA EGTEREARKIABITAR

EF&H? BEY K

B2 BRE U

N

1) (MHERHE A SR 20 TR, fRE 050018)
2) (HHERFEHETRER, dba0 100084)

(2020 4E 6 H 14 HIEF; 2020 45 7 A 15 HUEHERH)

4 A DR L o B S Ll 2 B AT F R R B B T — AR G R U R it B AR SR A A AL = — . SR, L
T T AR 1 1 Y0 5 T B AN 389 54 D RR A ) 0t )™ i B o) 5 EL S B it . BT, &) R SR I 98 R 22k A
TR Y S 6 A5 1, X % T B A 67 R 2E BTE A W B AL s v BORE R BT R UL S R R s B R X A,
AR R (< 50 um), RGN JIEAL A B L (< 3.0), IR HL AR i (< 3.0 g-Ah ) S Ak 45 2 Se B L
REA B (> 350 W-h-kg ) URTHE. A< SO0 4 JE 41 67 A 7 TR AN B S AR 250 T B 906 B A e ok AR 40 i 4 ol
TS0 5 HEAT LB, A0 W s 2 S RO TR AL 3 s 4 i A G B A S A A5 R T T I A Bk A, OB TR B S Ak
&R AR AT ST SRS, LLER R U o HL e 4 B I R Y ) R

REIF: GRELGN, BRI, — Ui, ST

PACS: 85.40.Qx, 82.47.Aa, 88.05.Hj

1 5 =

Wit ] FAE RE R A AR, TR L S T RRAL
A AR SR A A 3L [ BB SR, AT
B e L R R L S R AR S a1, 4R, DA
A7 285 Ry BB P B S Y R s L e 4 S A B I
I FE L. SR, 22T 2 A A EE LA
(372 mA-h-g ) L2505, HFTEEE 5 HL
AEE % (260300 W-h-kg!) FTHEE1E, B
Pl R ATH 2838 7522 -0 4 8 B =LA AR
(A R AR HL B4 (—3.04 V7, AT F AR S FL AR ) A &
AOFE LA (3860 mA-h-g!), Bl 2T —1%
e LU RE R F b Y AR SR A L 2 — 671 (R 4
JE BRI SR, 25 R R N A SR T AR

HAT Ty e i o A A 5 5 1 b L LSRG
fiE

DOI: 10.7498/aps.69.20200906

NG [ A . Y A T P AN e B G A 1
ANEE S BRI 4 ) R 4 A ORI PR R R
=, IETReS | AR Akl TRE S &R A
[R5 FHAL 2 Je 5=,

o BRI JT AT T RKEEIE TAE,
R s e i Y PP AR B AR 1219 T
S RO R = A A G A P59 g [
A5 (30-40] 1 T A FL A T (41 —47) . S SBRIF Y R %
TR ST AR ML A 4 TR AR DR U A AR 2 1,
AL AR AL RRE R HA 22 6530 45 1 1) S FH AR A
JE AL, XF IR 48 B R AT A L X
[ S A 4 SR A b 1 & e B T kit

SR, LA AR 2 BR FH AN S50 45 LU
SR 4 SR AR Tt AEARF (> 200 pm). &
Fb /IE W T 2 He (N/P > 10.0). 1 HE fife o i
(> 30.0 g-Ah!) 5. {H = HLAE 4 Ja 2 H sl () S B

* EFE AR E @S 2016 YFA0202500, 2016 YFA0200102) ., [ [ AR EIE 4 (LS 21676160), FRAHHAE
Bl2Edd: (HHES: 21825501). EI%K A AR =L S IX IR A I A H (HEHES: U1801257) FIEHE K. A FRMIFHE 4 B¢ B ERE.

T HEfEEH. E-mail: chen  ab@163.com
i BIE1E#E . E-mail: zhang-qiang@mails.tsinghua.edu.cn
©2020 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

228501-1


http://doi.org/10.7498/aps.69.20200906
mailto:chen_ab@163.com
mailto:chen_ab@163.com
mailto:zhang-qiang@mails.tsinghua.edu.cn
mailto:zhang-qiang@mails.tsinghua.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 69, No. 22 (2020) 228501

BT S AR A, il AR A (< 50 pm). G
N/P [t (< 3.0) fRHLf#R I (< 3.0 g:Ah?) 55 B
A W —LE SRS TR IR AN S5 F T AT DL 4R T4 T £ e 1t
AIPEIRERE, (HIEE R — o DATE S FIAL 25 Y
HL SR A S B U BRI, O T SRR E D I Y
PeRE 4B B U i, R AGATRIR AL B 52
PRI T SRR R Y 22 5, T3 b7 22 S = AR Y
, ET A S A A R AR AR Y K SR RIS

ASCHEARERSE T & IR L N/P b i
It MAEIME R AE SRR 4 R AR R PR RE L R Ak
LS AR TR SR A2, 45 B3 Hr 1 22 57 AR Y st
R TESE AR T, oy FH R v A AR IR N /P L
B, T PR D, 4 T B AR A R R (D
Z: 5 38 OB RS SOOI A TS PR Y L) R R
1, U AT TR AN R R BB AR i T
5] Y S TR O BB DR AR 5 /D i SRR ) DR R
FR S BRI A 2 ) A B A Fe b A A s . 7
R FME R AT, 4 B T Ak 2 SO e,
ANBISTERGURR S F R A T AR N R, S SRR
RO R /DU ) pE— SRR, H v 2k
. MRS T, W E# A S N/P
I, A A PR i/ | R R BE AT, [ 9 A v 5
WEIRFERE /N, TE LA™ B AT, Al
FESE AN, AR RS . ASCE R T4 R 7
PRAE S A A5 R T APk Ak, AR A2 oy A o 2
JE 4 SR B Y R .

2 SRS
2.1 #RlEE

& JE B [ R E P RE R A PR AL AR AR
A CBL48 4 FR B, LiNig 5CopoMng 305, NCM523)
W B T AR OB e IR R A B\ S S R AR
(LiPFg, > 99.9%) W [ 75 M 2 Z 2B AT R 2
Al FWACERIR 2 1 liE (FEC, 98%) ARz — F S
(DMC, 99%) g F BTkl () fh2z A BR 2 .
KN (PP) FRIEALS K Celgard 2400. it A (144
R E T/KAMEHMET 0.1 ppm AUESIREEF
BRI, T IR T L 4 | A AR B o RN R
AEDURAE 5 i 2%

2.2 EER
DL B AR R itk NCM523 HIEW (Li | NCM
523) B4 ZH 2 CR2032 BUAHEE I, JF7E W

FEL T AR A (RO L IR A R AR
AT RO PR REIR. 48 SRR | AR T2
ot S F A RS in LT T S PR

SEES TR A HL AR A R 1.0 mol- L' Li
PF; % T FEC/DMC #5H (FEC/DMC {A R
FEoR 1:4). 2 fifk ik 28 A7 B0 T I 25 4 T4 1R
WG RE, BERESS W 4w R AR A TR RN B 5
FHAESRAE T B X

HE, b 0 3 H R VB LR 2.8—4.3 V, 7E 0.1 C
(1 C =180 mA-g!) FHfEH 2 BlELL 0.4 C ity
TE IR (76 45 58 A5 S 5% ) 1) 52 56 vp 3 40 F ol 7
0.2 C &M T HEATIER).

2.3 MRIRAE

1E 5.0 kV T A4 o 7 B 35E (SEM, H
A HL Pk 2kt JEOL) ) 74 2 i i DT B 317
HEATFRAE. RAFRTH] DMC 4l 70 %) 45 & £ 7 b 3
HHEAT e, Z M HE TFERNET. £
#| SEM pyfE = ik b, AR E TR R A& T
kAR 5 A SR

3 #XR5i%

T FIAS RIS A A 1 9 DX 32 A BT 4
JRBR IR NP L R SRR S TT
TET . T = 5 R T < s L P Tt B R 2 R A R
R, AR T 2 A DR T A AR
NI ME 4 A7 TR T

3.1 E£RENREE

& T BRAE A HL T R AR A AR, LR T A FL Y
FIIEAMERE. o B0 4 R B nT 25 R T r b i 2P
g, (A4 SR AE % TR, JLHS AR AR5
WRE R 28 e b 9 2 4 ARG, S5k 4
AR R Y Y R R4 19, T, R 2R i
H SR RS i (> 200 wm, 40 mA-h-cm 2). Xf
F A R e, SR AR R S (< 50 pm,
10 mA-h-cm 2) A A EPAS R RE R FIE IR R B
. PRI, SRR 6 R R R X R A PR R A S
SRR AR A T H G R PR R EE L

AR 33, 50, 600 wm 4@ HAE Ay I
B ARG 7R R X F AR 2 (5] 1(a)).
PR A SR — B0 BT, G ERE R

228501-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 69, No. 22 (2020)

228501

t'; |

Cathode Electrolyte
(b) 3.0
33 pm Li
q 50 pm Li
g 600 pm Li
S
4::1 2.5
<
g
~
>
b=t
G 20—y R T Ry
[N
< 80% retention
o Cathode: 2.5 mAh-cm—2
Electrolyte: 20.0 g-Ah—!
1.5 L !
0 50 100 150

Cycle number

Fl1 4 A0 00 A IS 3 Xk e 0 B 114 5 T
(c) Li | NCM523 4= HL it 575 3 P& ISR 60 RS 7 (4 3 s e it 2

(a) /AN 7] 420 67 bR J52 HE 5% 11T+ Tt 85 4 O T 1A

»: "

Separator Lithium anode
(¢) 45
4.0
>
~
&
s 3.5
=
o
>
3.0
33 pm Li-3d-60th
600 pm Li-31d-60th
2.5 ! L L
0 1.0 2.0 3.0

Capacity/mAh-cm—2

(b) Li | NCM523 4= i b (1 475 4 g ;

Fig. 1. The effect of the thickness of Li metal anode on the cycling of batteries: (a) The schematics of batteries with Li metal anode

in different thicknesses; (b) the cycling performance of Li | NCM523 batteries; (¢) the corresponding charge and discharge curves of

Li | NCM523 batteries at the 3™ and 60" cycle.
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Fig. 2. The effect of the thickness of Li metal anode on the morphology of Li deposition: The morphology of the deposited Li in Li |
Li symmetrical cells at (a, b) a current density of 1.0 mA-cm 2 and a capacity of 1.0 mA-h-cm2, and (¢, d) a current density of
3.0 mA-cm 2 and a capacity of 3.0 mA-h-cm 2 The thickness of the Li anode is 600 pm in (a, ¢) and 50 pm in (b, d).
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Fig. 3. The effect of the N/P ratio on the cycling of batteries: (a) The schematics of batteries with different N/P ratios; (b) the cyc-

ling performance of Li | NCM523 batteries; (c) the corresponding charge and discharge curves of Li | NCM523 batteries at the 3
and 50 cycle.

228501-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 69, No. 22 (2020)

228501

PR E K255 (4.0 vs. 1.0 mAh/cm?),
AL N/P IR, AR HIRE R 61%, 2 T
7 N/P HHL L0 0.8% BRI FHTREE . 78 F R
R, &Rk 5 BRI BUE . fikit
PR, [ AW S E A, R R AR TR
FITEHEEL. JLAh, BEA A Rt & R EER TR A
PIATPE DR, DT 8 A B A4 SRR, R A fk F
FRfE i K, 25 bR

ZE LR, RO SR N/P AR T, 1S
STEHAIE A2, 4@ ER AR, RS
AN, BT RS, AR R RN LR A N T
AS5CHIL K T Pt PR O RS R . SR, o S SR i e L
P4 TR AR VR BE RGN L (AR AR ] i) 5 20 2%
AR R FEIRAT ROVE. DRI, 7EMEAR G S Ik N /P
FAR 0 R A T AR O AP B o LS (.

3.3 HMEE=E

HL IR P Tt P T R R 1, LA
T IERZ [F A R T, BRI AN, RS 4
Ji L S A R R T g T ) [ S, XTI
BRI SV AT R PR P20, FEfiEhad R,
PEREE SR DURBUB L, SRR 2 i PR RO 22 fe

(a‘) ' '..
L

Li+
]

Cathode Electrolyte
(b) 3.0
5.0 grAh~!

o 12.0 g-Ah-1

g 2.5f 20.0 g-Ah—1!

Q

<

<

B 20F----—--—--- Oy ———— - - ————
= 80% retent

i

k3]

g

T 151

O Anode: 33 pm Li

Cathode: 2.5 mA-h-cm—2
1.0 . . .
0 20 40 60 80

Cycle number

B4 f R 5 Rt A 2R B B
NCM523 HL3th 5 3 BBl AN 2R 40 B8 X 1o 14 7o ik i b ¢

(a) AN [7) FL 7R 3% 1 T 0 FL Tt O IR

TR R A, B 0 4 Jm AR S re R il
JUHT I T TGS, AN FE R . O T HERR Bk
R B AR T AE R SR, F s i A A A
KA B HL R (>30.0 g-Ah). B HL f# I R B 7E 1R
ST RAY  LUANS ZR, AT B LR
WAAEETHL R N LARR 1 (<3.0 g-Ah!, &l 4(a)).
AR SCBEE 3 /M6 BE SR AR 5 L VR et T L T A1
M. F T T A AR R o A JCRUAR R (R L
FRAL RN T, 130 PN s [l R R R A1E, A7
e Z W ToRk A 8], T DA e 0K P A V0P 14
5.0 g-Aht MR IE T EF. 2o SC9 % 9, Hiith
HIEFPERE (37, 60, 65 ) 5 HFR & (5.0, 12.0,
20.0 g-Ah™) RIEASC (B 4(b)). X FRHH FL Al 1=
HEES A M PR IR RE. A 40 B,
R (5.0 g-Ah ) Z5F T A9 LT P (i A R
AR T AN KR FL AR (20.0 g-AhY) HL I AR R,
R EFE R, P AEZE 76 mV (K] 4(c)). X EKMITER
R LA P IS OU N, BEE DG HEA T, it A I
BH 738 n4se . e AH [ 10 H 3 2% B8 A A 25t 2 14
T, i R A S BRSSPI R B0 b Y R
BT L2 B, PR b e e s s, et 2
RO

r _—1

Separator Lithium anode
(c) 45
4.0
>
Py
& 3.5
[
=
S
3.0
5.0 g-Ah=1-3rd40th
25 20.0 g-Ah—1-3rd_40th
0 1.0 2.0 3.0

Capacity/mA-h-cm~2

; (b) Li | NCM523 4= Hi il i 96 8 P 8 5 (c) Li |

Fig. 4. The effect of the amount of electrolyte on the cycling of batteries: (a) The schematics of batteries with different amounts of

electrolyte; (b) the cycling performance of Li | NCMb523 batteries; (c¢) the corresponding charge and discharge curves of Li |

NCM523 batteries at the 3 and 40™ cycle.
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Fig. 5. The effect of the rate on the cycling of batteries: (a) The schematics of batteries with different rates; (b) the cycling perform-
ance of Li | NCM523 batteries; (c) the corresponding charge and discharge curves of Li | NCM523 batteries at the 34 and 70" cycle.
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SPECIAL TOPIC—Fundamental physics problems in all solid state batteries

Failure mechanism of lithium metal anode
under practical conditions”
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2) (Department of Chemical Engineering, Tsinghua University, Beijing 100084, China)
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Abstract

Lithium (Li) metal is regarded as one of the most promising anodes in the next-generation high-energy-
density rechargeable batteries due to its ultrahigh theoretical specific capacity and low reduction potential.
Nevertheless, the unstable solid electrolyte interphase on the surface of Li metal anode and the nonuniform Li
deposition seriously hinder its practical applications. Currently, mild conditions are employed in the researches
of Li metal anode, which is of great significance for fundamentally understanding the physicochemical features
of the anode interface and the mechanisms of Li deposition. However, practical conditions including ultrathin Li
metal anode (< 50 pm), low negative/positive electrode areal capacity ratio (< 3.0), and lean electrolyte (< 3.0 g-Ah 1)
are the premise to realize high energy density of Li metal batteries (> 350 W-h-kg!). Herein, the gaps of Li
metal anode under mild and practical conditions in terms of the cycling stability and surface morphology are
compared and the reasons for the gaps are analyzed carefully. The total quantity of active Li metal decreases
and the utilization depth of Li per cycle has been greatly improved under practical conditions. Therefore, the
huge volume fluctuation and uneven Li deposition result in ceaseless destruction and regeneration of solid
electrolyte interphase, and thus consuming the lean electrolyte and generating a large quantity of dead Li
rapidly. Consequently, the polarization voltage of Li metal anode increases rapidly and the cycling stability of
Li metal batteries deteriorates evidently under practical conditions. Moreover, the electrochemical reaction of Li
metal anode is accelerated while fast charge/discharge process is employed, which further aggravates the
stability of Li metal anode. This work reveals the challenges of Li metal anode under practical conditions and
present the perspectives for the further researches in practical Li metal anode, which conduces to the solid

development of high-energy-density Li metal batteries.

Keywords: Li metal anode, solid electrolyte interphase, rechargeable batteries, practical conditions
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