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LI metal anode: motivation and challenges

Motivation: High energy batteries, i.e., LI-S, Li-O,, LI-NMC

Li intercalation
compounds

Li metal J. G. Zhang, et al., Chem. Rev., 120 (24), 13312, 2020

Challenges: A Dendrite formation
A Low columbic efficiency (CE)
A SEI| formation
A Dead Li



What prevents CE from reaching 100%?
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A Dead Li is the major cause
A Morphology matters : skinny deposits with high surface area have more dead Li

A ldeal Li deposits:
A Large granular size with low surface area
A Uniform SEI to allow uniform dissolution




Many different morphologies observed U

(hemi-)sphere compact nanorods granular whisker
bf S 0315, BRATNILAR s ) ) ¥

3 N \ '.' S SRl ¥
v { e 3 5
R | :
: :
3 ! % v
i e ! e

Y. Cui et alNano Lett, 2017, 17(2), 1132 J. G. Zhang et aNano Energy2015 15, 135. J. G. Zhang et aNat. Commun20156 R.Monig, J. Power Source2014 261, 112.

Eden-cluster bushes tip-splitting dendrite

M. Z. Bazant, J. Li et al, Nano Ener@§17 32, 271.  R.Monig et al,Electrochim Acta2014 136, 529 P. Bai, M.Z. Bazant et aEnergy Environ. Sck016 13.



Fundamental Questions U

AHow do different morphologies  form?

A How do various factors regulate morphological evolution?
AP, T, J, electrolyte, substrateé

AHow does morphology correlate with CE and safety ?

In-situ experiment can monitor the deposition in real-time
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ex-situ study can better reproduce the actual operation condition



Ex-situ SEM imaging + theoretical analysis
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Scope:
1) how Li nucleates and grows ?

2) how does the morphology affect CE
and safety ?
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Physico -chemical processes in Li deposition

1. transportthrough SEI

Bulk diffusion in the electrolyte shortrange, 10 nm, B,

long-range, 16>m, D,
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2. Interface diffusion
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3. bulk diffusion in Li
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Nucleation: theory
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Nucleation: dependence on current
Q=0.1mAhcm2 g;

J/Ng; constant

Cu Ng~J  Ng,~J*° J/IN., decrease
- ([0} — ) 107
8 * Cuisland Q ~ 1051
0.01 & L 07 o Cu whisker o -~ < 10
£107 A [ 2100 e e
L .6 k=1.52 .- e < ~e—_q
= 10 3 ",." ’-“___.. ™ 10—7 |
105_ '.. k=0.95 oo
0.1 L 107
| o ' - - '
0.01 0.1 1 10 0.01 0.1 1 10
J (MA cm-2) J (MA cm?)
. _ Largeroverpotentiah smallerr, ~. |
Increasing] more nuclei
\Iess diffusiort at givenQA smalleerg
10 A Siresponds toJby proportionally increasingN. Current per
Li island is invariant at given T
v A for Si, nucleation is governed by surface diffusions R,,?2,

J (mAcm?) Ry~ (DtP-, t~3t so N~DB1J
A For Cu, nucleation is not.

J. LiuGao, TWang. Fet al,Energy Environ. S@022



U

A Similar linear N~J correlation observed lfiodeposition on livetting materials
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Nucleation: dependence on temperature
Q=0.1mARcm2, J=0.025 mA/cm2

Arrhenius behavior
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Which controls the growth of Li deposit?

Bulk diffusion in the electrolyte
long-range, 18>m, D

elyte
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1. transportthrough SE
shortrange, nm P,

2. Interface diffusion
shortrange, nmpPDq, .

3. bulk diffusion in Li
shortrange, nmp,;

How Li deposit grows undeuasieq (k<},<J,) andrxn-controlled condition(J, <xJ,)?



LI deposition under quasi -equilibrium
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3-stage growth for both Cu/Si under quasi -eq U
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3-stage growth: current effect U
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Why Cu differs from Si?

Q=0.1mAhcm2 Si Zoom-in

Li deposits
asislands

0.01

guasteq

J (mAcm?)

J. LiuGao, TWang. Fet al,Energy Environ. S@022 16



Why Cu differs from Si? U

Q=0.ImAhWcm2 Si Zoom-in Cu Zoom-in

Island with hair
0.01
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Skinny needldike deposit
Invariant diameter in length
direction

G2 KA&1 SNE

Stress buildup ~ Stressrelease
J (mA cm2) Bazant, Li et al, Nano Ener@017, 32, 271.

Liwhiskertends to form onCuat high current

J. LiuGao, TWang. Fet al,Energy Environ. S@022



How prone is Cu to form whiskers? U

Whisker:
Li deposit with 1,,/d,,05 Jy0=0.79£0.1 mA/cm?2 J,s>> 10mA/cm?2
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What will happen to the formed whisker?
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Diffusion of LI through SEI
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Whisker: formation and growth U

; Whisker form to Whisker thickens
Non-uniform Li* release the stress A

L - T - R

4 B i
A Nonuniform deposition A Stressrelease by cracking SEI & Whisker grows in radial direction
A Stress accumulation A Li shoots out by coble creep  (controlled by througFSEI diffusion)

Pores on separator (~100 nm)

_ NP
Why nortuniform deposition” Mv/\’ \1 | —

A Nonuniform SEI Loose gap o Thin gap
A Potential dependent decomposition of electrolyte (more fiux) 1 (e i ‘ h
A Surface defects/impurity on substrate ~—— / \ L
: Preferential deposition site
A Non-uniform local flux \
A Spatially heterogeneous separator/substrate interface Liisland (e n) Cu surface roughness

(10-100 nm)

Why Cu is more prone to whisker than Si?

21
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Morphology of Li deposit at different T U

Q=0.1mARcm2, 3=0.025 mA/cm2 (quasq condition).

The edges becom&mootherat high T
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Summary of Li deposition mechanism U

Seperator
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Q W VO Sh b & £ £ A dh 4 A h&‘ ik ‘A‘
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1,<x], Cu more prone to whisker formation

J. LiuGao, TWang. Fet al,Energy Environ. S@022 23
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The challenge of improving CE

Year | Composition Substrate | CE Current Capacity
density (mAh/cm?2)
(mA/cm?2)

2015 | 4M LiFSi-DME | Cu 99.1% 0.2 1

2018 10M LiFSI- | Cu 99.2% 0.2 1
DMC

2018 1.2M Cu 99.3% 0.5 5
LiFSI/'DMC-
BTFE

2018 1 M LiPF6 in Cu 99.2% 0.1 1
FEC/FEMC/HFE

2019 IM LiPF6 | Ammonia 0.8
carbonate treated

carbon
film

2019 | LiFSI-1.2DME- | Cu 99.3% 0.5 1
3TTE

2019 1 M LiFSI/DME- | Cu 97.74% | 0.5 5
TFEO

2020 IM Cu 99.3% 0.5 1
LiFSI/'FDMB

2020 | LiPF6/EC-DEC- | Cu 98.4% 1 1
LINO3-
Sn(OT1)2

2021 IM LiFSI- | Cu 99% 0.5 1
DMTMSA

u

A Electrolyte desigrhas increased CE up to
99.3%l U 1 WWA/KY

A 80%capacityat 1000th cycle CE>99.98%

A Fundamental knowledgeequired to guide
the design of electrolyte and substrate

Zhang, et alNat. Commun2015 6, 6362

G. J. Li, et al.Nat. Energy2021 6.
G. Zhang, W. Xu, et aloule2019 3, 1662.
C

K. Xu, C. Wang, et alNat. Nanotechnal2018 1:
C. Wang, et alChem2018 4, 174

J. G. Zhang, et ahdv. Mater2018 30, 1.

J. Liu, et alNat. Nanotechnal2019 14, 594

J.
J.
J. G. Zhang, et aNat. Energy2019 4, 796.
Y. Cui, Z. Bao, et alNat. Energy202Q 5, 526.
Y. Lu, et al.Adv. Mater.202Q 32, 1.
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0 nm

Roughness 2200 nm
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wWhy 3D to 2D growth?

P~0.1 MPa | P
3D Li source Li source 2D
growth CemeETT ) g5 arTF  growth
N ©
L _.‘ dep05|t «— Possibly due to constrainedz — —
substrate direction transport substrate
T A The deposition occurs urIder guasguilibrium condition

(k<J<],), so the effect of Li transport in the electrolyte and
reaction heterogeneity are negligible

R ‘yeparator (+100 nm) A due to the surface roughness of the substrate and the separ
Mv vll\l lv there is some gmall voids between the sepgrator and the

Loose gap Thin gap substrate despite of the pressure. These voids should be wr

(more flu) ‘ (less flux) ‘ \ "i nucleation occurs due to smaller nucleation barrier (no stain

/ Prefereatial deposition site energy from _the separator) _ : _

A Once the Liisland grows to certain height, the stain from the

Liisland (e m) Cu surface roughness separator makes the-direction growth thermodynamically
(10-100 nm) difficult. Growing into the nangores of the separator is also

thermodynamically unfavorable due to the large surface ene



Si Cu
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3-stage growth: pressure and current effect U
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Reversibility of LI deposition/stripping

®

JF0.1 mA cm2 0.1 mAh cm-2 0.5 mAh cm2 3 mAh cm
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Dead Li
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How different morphologies form?
Reactiorcontrolled growth J,=0.2<Xk<}],=40 mA/cm2

Without Low.J
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T. Gaget al.in prep
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