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Development of Li Metal Battery ‘@
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Grand Challenge - Li Metal Anode ey

Scientific Gaps:

1. What is the true CE ??? Depositing Li, Li20, Li2CO3, LiOH, LiF

2. Not all Li are the same - LI Foil, Vapor Deposited Li (VDLI)and
Electrochemically Deposited Li (EDLI)

3. Substrate/Separator/Electrolyte (system level electrochemical engineering )

E. Peled 1998



Imaging Tools for Li Metal Plating

> € ~1-2um

Challenges for Li metal characterization:

= High reactivity, leading to difficulties in beam damage issues and sample MRI
protection
= Low atomic number, resulting in weak scattering from the well-developed X-ray Microtomography

W =

electron and X-ray techniques
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Cryo-FIB: Enabling Beam Sensitive Materials @

RT Cross-section RT Cross-section  Cryo Cross-section
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J.Z. Lee, T.A. Wynn, Y.S. Meng, et al, ACS Energy Letters , 2019
U.S. Department of Energy, Office of Basic Energy Sciences,

under Award Number DE-SC0002357
(Program Manager: Dr. Jane Zhu)
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Cryogenic focused ion beam (-170 °C) shows notably reduced
morphology change as well as reduced Ga* implantation via EDS.
Permits lift-out of lithium metal anode-based batteries.
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Cryogenic Microscopy - FIB/SEM and TEM/STEM

J.Z. Lee, T.A. Wynn, Y.S. Meng, et al, ACS Energy Letters , 2019

Electrochemically Deposited Li (EDLI)
- 1.2M LiPF6 (3:7) EC:EMC, 0.5 mA/ cm?

Room Temp (22 °C) Cryo (-170° C)




Electrochemically Deposited Li

Electrolytes/Salt : Ether, Carbonate,
Sulfone, Polymer, LIPON, LLZO, LPS
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How much Metallic Li?
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other substrates
- Ultimate test is anode free



Why Cryo TEM? S
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Cryo-TEM: Beam Sensitive Materials at Atomic Scale

Conventional
TEM

X. Wang and Y.S. Meng, Joule, 2018



EELS — Metallic Li and Many Other Forms of Li +

Li-K

Li Metal ribbon

Intensity/ a.u.

— Commercial LI metal
e Deposited LI dendrite

"""

S0 5 60 65 70 75 80
Energy Loss/ eV

F-K

. = Deposited Li dendrite
3 @
“ ]
2‘ >
..6 g Commercial LiF
c D
8 e COmmercial Li metal g
£ —— Doposited LI dendrite

| S — -~

520 530 540 S50 860  ST0 880 e e on | me  o one oae

670 680 6% 00 TI0 TN TM 740

Energy Loss/ eV Energy loss / eV

X. Wang and Y.S. Meng, Accepted 2020
Achieved manuscript : https://arxiv.org/pdf/1910.11513.pdf
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Multl-scale Investigation of Inactive LI

1. Macro quantification of SEI Li* and metallic Li° (A new analytic method, TGC)
2. Microstructure (Cryo-FIB SEM)
3. Nanostructure (Cryo-TEM)

Li¢

TGC

2019 MRS Graduate
Student Award

Cryo-FIB-SEM

ST




Inactive (dead) Lithium Fermation

Inactive Li = SEI Li* + Metallic Li°

. ) LI - Lj*+ e
Lit+e— Lj°

5 Li*
Lit . Li* Li*
, il L Li*
Li*

SEI

Inactive Li

Metallic Li°

Li plating Li stripping

= What are the contents of SEI Li* and metallic Li%?
= What is the underlying cause?

C. Fang, Y.S. Meng et al., “Key Issues Hindering a Practical Lithium-Metal Battery”, Trends in
Chemistry, 1, 152-158, 2019




Differentiating Inactive Li

SEI

N

Sl Lo Metallic Li°
' Metallic Li°

e &

SEl component Solubility in 100 mL H,0
LiF 0.134 g (0.67 mg in 0.5 mL H,0)
LIOH 128¢ m
Li,C,0, 8¢g . -
1,0, 1298 2Li + 2H,0 = 2LIOH + H,1
Li,0 Li,O + H,0 = LiOH
CH,Li CHyLi + H,0 = LIOH + CH, ™
ROLI ROLi + H,0 = LIOH + ROH i
(CH,0CO, i), (CH,0CO,Li), + H,0 = Li,CO; + (CH,0H), + CO,
LIOCO,R 2LiOCO,R + H,0 = Li,CO, + 2ROH + CO, ™

@
Energy Storage and Conversion
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Capacity Usage Analysis

Inactive Li formed in 8 types of electrolytes, and 3 different stripping rates (0.5, 2.5 and 5 mA/cm?)
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O éoc" © reversible Li
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Coulombic efficiency (%) Capacity usage (%)
= First cycle Coulombic efficiencies range from 20% to 97% (plated at 0.5 = Unreacted metallic Li measured by TGC
mA/cm?, 1 mAh/cm?) = An average of 3 — 5 samples at each condition

C. Fang, J. Li, Y.S. Meng et al., “Quantifying Inactive Lithium in Lithium Metal Batteries”,
Nature 572, 511-515 (2019)




Total Capacity Loss (mAh)

Total capacity loss

Inactive Li Quantification

Metallic Li°
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Metallic Li° dominates the capacity loss
SEI Li* amount keeps almost identical under all testing conditions
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SEl is not the main reason for low Coulombic efficiency in Li metal batteries

Nature 572, 511-515 (2019)
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XPS Analysis of Inactive L]

HCE: high concentration ether-based electrolyte
SEI components differences are minimal. (4M LiFSI + 2M LiTFSI in Dl\/IE)

CCE: commercial carbonate electrolyte
(1M LiPFg in EC/EMC, 3:7)

C. Fang, J. Li, Y.S. Meng et al., “Quantifying Inactive Lithium in Lithium Metal Batteries”,
Nature 572, 511-515 (2019)




Microestructure of Inactive Li by Cryo-FlB-SEN

Stripping

0.5 mA/cm?, 0.5 mAh/cm?2

C. Fang, J. Li, Y.S. Meng et al., “Quantifying Inactive Lithium in Lithium Metal Batteries”,
Nature 572, 511-515 (2019)




Nanesftructure of Inactive Li by Cryo-TEM

HCE

CCE

C. Fang, J. Li, Y.S. Meng et al., “Quantifying Inactive Lithium in Lithium Metal Batteries”,
Nature 572, 511-515 (2019)




Structural Connection

X Thin/ Ununiform in diameter
X Large tortuosity

: SR
x Bad structural connection

SEI HCE
v' Large granular size Li*
(thick in diameter)

v Less tortuosity Li .
v Good structural connection Cu

L L

C. Fang, J. Li, Y.S. Meng et al., “Quantifying Inactive Lithium in Lithium Metal Batteries”,
Nature 572, 511-515 (2019)

CCE




Straftegies to Mitlgate Inactive Li Formation

The underlying cause of low Coulombic efficiency in Li Metal Batteries is

Large amount of Li metal is trapped in SEI with tortuous microstructure

Pressure

— —
V iy [
Maintain a good structural electronic connection

» Columnar Li deposits (advanced electrolytes, artificial SEI)
» 3D current collector
» Proper pressure

C. Fang, J. Li, Y.S. Meng et al., “Quantifying Inactive Lithium in Lithium Metal Batteries”,
Nature 572, 511-515 (2019)




BATTERY I/ A/
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LI metal

Scientific Gaps:
1. What is the true CE ??? Depositing Li, Li20, Li2CO3, LiOH, LiF
1mAh/cm2 = 5um /cm2, so if you get 6 um? Porosity in EDLI



Liquetied Gas Electrolytes Systems

Unique Physical and Chemical Properties
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3D Reconstruction: Plated Li in Non- Carbonate Electrolyte
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Li-Metal Structure in Liquitieed Gas

Electrolytes

Y. Yang...Y.S. Meng, et al, Submitted, 2020
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Cryo Imaging - New Paradigm for Materials Characterization

Prepare sample Mount onto grid Load onto holder Transfer into TEM Cryogenic TEM
e e e e e e o
. [ Battery
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Cryo-FIB/TEM enables preparation of cross-sections and lift-outs while preserving morphology and
crystallinity, demonstrated in blended NCA/LPS cross-sections and Li-metal anode lift-outs. X. Wang and Y.S. Meng, Joule, 2018



Effect of Current Density and Electrolyte Additives

0.5mA/cm2 for 5 minutes

Amorphous Li bulk and partial crystalline SEI

Xuefeng Wang et. al. Nano Letters 2017




Amerphous/Glassy LI ?
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X. Wang and Y.S. Meng, Accepted 2020
Achieved manuscript : https://arxiv.org/pdf/1910.11513.pdf
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