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Grand Challenge - Li Metal Anode 

Scientific Gaps: 
1. What is the true CE ??? Depositing Li, Li2O, 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 



Kushima et al., Nano Energy, 2017, 32, 271

Bai et al., Energy Environ. Sci., 2016, 9, 3221

Challenges for Li metal characterization: 
§ High reactivity, leading to difficulties in beam damage issues and sample 

protection
§ Low atomic number, resulting in weak scattering from the well-developed 

electron and X-ray techniques

Imaging Tools for Li Metal Plating

Li et al., Science, 2017, 358, 506

Skin-depth Effect



Cryo-FIB: Enabling Beam Sensitive Materials 

Cryogenic focused ion beam (-170 ºC) shows notably reduced 
morphology change as well as reduced Ga+ implantation via EDS. 
Permits lift-out of lithium metal anode-based batteries.

RT Cross-section
RT Clean

RT Cross-section
Cryo Clean

Cryo Cross-section
Cryo Clean

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)



Cryogenic Microscopy - FIB/SEM and TEM/STEM

Electrochemically Deposited Li (EDLi)
▪ 1.2M LiPF6 (3:7) EC:EMC, 0.5 mA/ cm2

5 μm

Cryo (-170 ° C)Room Temp (22 °C)

Void space

Substrate

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



Electrochemically Deposited Li 

SEI

Cycling

Li Metal

Dendrites

Li Metal

“Dead” Li

Li+

???

Electrolytes/Salt : Ether, Carbonate, 
Sulfone, Polymer, LiPON, LLZO, LPS
- To pair with NMC 

Stack pressure
- 1psi, 10 psi, 100 psi or more? 

Ensemble average of 
LiF/Li2O/Li2CO3/LiOH/and others
How much Metallic Li?

Substrate : Li on Li , Li on Cu, Li on 
other substrates
- Ultimate test is anode free 
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Why Cryo TEM? 

• Low dosage Imaging

• Cryo Sample Prep

• Superfast Detector (2000frames/sec)



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

Cryogenic TEM Sample Prep for Materials Sample vs. Biology Sample 

Cryo-TEM: Beam Sensitive Materials at Atomic Scale

Conventional 
TEM 

Cryo - TEM 



EELS – Metallic Li and Many Other Forms of Li +

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

https://arxiv.org/pdf/1910.11513.pdf


1. Macro quantification of SEI Li+ and metallic Li0 (A new analytic method, TGC)
2. Microstructure (Cryo-FIB SEM)
3. Nanostructure (Cryo-TEM)u

2019 MRS Graduate 
Student Award 



Li plating

Li+ + e-→ Li0

Inactive Li

SEI

Metallic Li0

Li stripping

Li+ + e-→Li0

§ What are the contents of SEI Li+ and metallic Li0?
§ 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

Inactive Li = SEI Li+ + Metallic Li0



SEI

Metallic Li0
SEI Li+

2Li + 2H2O = 2LiOH + H2↑

Metallic Li0



A combination of H2O Titration and Gas Chromatography

1. H2 measurement accuracy
(Certified GASCO H2)

2. Li metal measurement accuracy 
(Commercial Li metal with known weight)

1. C. Fang, Y.S. Mneg et al., TGC Method and System for Metal Quantification, invention disclosure filed, 2018
2. C. Fang, J. Li, Y.S. Meng et al., “Quantifying Inactive Lithium in Lithium Metal Batteries”, Nature 572, 511–515 (2019)



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

§ First cycle Coulombic efficiencies range from 20% to 97% (plated at 0.5 
mA/cm2, 1 mAh/cm2)

§ Unreacted metallic Li measured by TGC
§ An average of 3 – 5 samples at each condition

Inactive Li formed in 8 types of electrolytes, and 3 different stripping rates (0.5, 2.5 and 5 mA/cm2)



• Metallic Li0 dominates the capacity loss
• SEI Li+ amount keeps almost identical under all testing conditions

Total capacity loss Metallic Li0 SEI Li+= +

SEI is not the main reason for low Coulombic efficiency in Li metal batteries

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



HCE CCE

SEI components differences are minimal.

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

HCE: high concentration ether-based electrolyte 
(4M LiFSI + 2M LiTFSI in DME)
CCE: commercial carbonate electrolyte 
(1M LiPF6 in EC/EMC, 3:7)



HCE

CCE

Stripping

0.5 mA/cm2, 0.5 mAh/cm2

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



HCE

CCE

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



ü Large granular size

(thick in diameter)

ü Less tortuosity

ü Good structural connection

x Thin/ Ununiform in diameter
x Large tortuosity
x Bad structural connection

HCE

CCE

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



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

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

Pressure

Maintain a good structural electronic connection
Ø Columnar Li deposits (advanced electrolytes, artificial SEI)
Ø 3D current collector
Ø Proper pressure

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



Gen II New Salt New Electrolyte

Electrolyte! Electrolyte! Electrolyte!

Scientific Gaps: 
1. What is the true CE ??? Depositing Li, Li2O, Li2CO3, LiOH, LiF
1mAh/cm2 = 5um / cm2, so if you get 6 um? Porosity in EDLi

J. Alvarado , …Y.S. Meng, et al, Energy & Environ Sciences, 2019



23Y. Yang et al., C. S. Rustomji, Y. S. Meng, Joule 3, 1-15, 2019

Unique Physical and Chemical Properties

Ultra Low-Temperature Operation
Enable High Performance Li-Metal Anode

Unique solvation structure and Li+ transport

C. S. Rustomji, Y. Yang et al., Y. S. Meng, Science, 2017



3D Reconstruction: Plated Li in Non-Carbonate Electrolyte

5µm

Volume 
Analyzed:
10*5*5 µm3

Void fraction = 0.95%

Y. Yang…Y.S. Meng, et al, Joule, 2019

Liquified Gas Electrolyte!
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0.5 mA/cm2,
3 mAh/cm2

Y. Yang…Y.S. Meng, et al, Submitted, 2020 



Cryo Imaging - New Paradigm for Materials Characterization

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

Cryogenic TEM

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.



Effect of Current Density and Electrolyte Additives 

0.5mA/cm2 for 5 minutes  

Xuefeng Wang et. al. Nano Letters 2017 



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

https://arxiv.org/pdf/1910.11513.pdf
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