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Replacing graphite anodes with Li metal anodes 
theoretically increases charge storage capacity 10x 3
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Why are rechargeable Li metal anodes difficult to commercialize?4

• Mossy or dendritic morphology

• Solid electrolyte interphase (SEI) = low Coulombic efficiency (CE), high impendence, Li consumption

• Li gets stranded and disconnected = “dead” Li

• Short circuits = fire

• Electrolyte selection improves this problem – focus on high concentrated electrolytes in this talk

• Electron microscopy imaging is critically important to understand Li morphology evolution

Pathak et al. Nature Communications, 2020.

DOI: 10.1038/s41467-019-13774-2

Open Access Creative Commons CC BY 4.0 License 

no permissions needed to reproduce.

Li starts like this Li cycles to form this

Coulombic efficiency =
𝑳𝒊 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 𝒔𝒕𝒓𝒊𝒑𝒑𝒆𝒅

𝑳𝒊 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 𝒑𝒍𝒂𝒕𝒆𝒅
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K.L. Harrison, K.R. Zavadil, N.T. Hahn, X. Meng, J.W. Elam, A. Leenheer, J.G. 

Zhang, and K.L. Jungjohann, 2017, Lithium self-discharge and its prevention: 

direct visualization through in situ electrochemical scanning transmission 

electron microscopy. ACS nano, 11(11), pp.11194-11205.

Motivation = understand Li growth progression in high concentration 

electrolytes that improve Li morphology and CE



In situ electrochemical STEM revealed morphology that did not match coin 
cells, which we determined was due to lack of pressure in the in situ cell

6

•CE very low (18% ± 9%) 

•Varied morphology

•Dead Li formation

Plated Li

patterned 
electrode

•Applied pressure needed for high CE 

and favorable morphology

• Pressure cannot easily be replicated 

through in situ experiments

Pressure

Harrison et al. ACS Nano

10.1021/acsnano.7b05513

No Pressure

Stripped Li

Dead Li

4 M lithium bisfluorosulfonyl imide in 1,2 dimethoxyethane = 4 M LiFSI in DME 
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K.L. Harrison, S. Goriparti, L.C. Merrill, D.M. Long, B. Warren, S.A. 

Roberts, B.R. Perdue, Z. Casias, P. Cuillier, B.L. Boyce, and K.L. 

Jungjohann, 2021, Effects of applied interfacial pressure on Li-metal 

cycling performance and morphology in 4 M LiFSI in DME. ACS Applied 

Materials & Interfaces, 13(27), pp.31668-31679.

Motivation = systematically study impact of pressure on Li metal anode 

cycling, using ex situ cryo FIB/SEM to understand morphology

FIB = focused ion beam

SEM = scanning electron microscopy



Systematically study effects of pressure on Li versus pouch Cu cells 0 -10 MPa
8

Harrison et al., ACS App. Mat. & Int., 10.1021/acsami.1c06488 



Cryogenic Ga+ FIB and cryogenic SEM after one Li deposition on Cu reveals 
much denser deposits at high pressure, but CE suggests shorts at 10 MPa 9

Pressure 

(MPa)

Average CE (%)

First Cycle

0 82.3 ± 6.2

0.01 90.5 ± 4.1

0.1 97.5 ± 0.6

1 93.6 ± 5.3

10 106.2 ± 1.6
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• CE trends with morphology 

• Higher than 100% CE in 1st

cycle at 10 MPa (pressure 

induced soft short circuits?)
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Harrison et al., ACS App. Mat. & Int., 10.1021/acsami.1c06488 

4 M LiFSI in DME

0.5 mA/cm2

2 mAh/cm2



Pressure still improves morphology after 51 st Li deposition but we can’t mill through 
10

Harrison et al., ACS App. Mat. & Int., 10.1021/acsami.1c06488 4 M LiFSI in DME, 0.5 mA/cm2, 2 mAh/cm2

pressure
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K.L. Harrison, L.C. Merrill, D.M. Long, S.J. Randolph, S. Goriparti, J. 

Christian, B. Warren, S.A. Roberts, S.J. Harris, D.L. Perry, and K.L. 

Jungjohann, 2021, Cryogenic electron microscopy reveals that applied 

pressure promotes short circuits in Li batteries. Iscience, 24(12), p.103394.

Motivation = systematically study impact of pressure on Li anode cycling at high 

current where dendrites form, using ex situ cryo FIB/SEM to understand morphology



Li deposits at high current thinner and less dependent on pressure than low current 
12 Harrison et al., iScience, 10.1016/j.isci.2021.103394 

• 1st Li deposition at high current → little change from 0 to 1 MPa

• Low current, → Li can nucleate/grow at favorable sites because overpotentials small

• Mechanical overpotential to displace pressurized interface larger than other overpotentials

• High current → overpotentials large so Li nucleates/grows everywhere

• Mechanical overpotential small relative to other overpotentials so doesn’t affect growth

0 MPa 0.01 MPa 0.1 MPa 1 MPa

Pressure 

(MPa)

Thickness 4 

mA/cm2 (μm)

Thickness 0.5 

mA/cm2 (μm)

0 varied 91

0.01 22 33

0.1 21 30

1 19 22

pressure

4 M LiFSI in DME, 2 mAh/cm2
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K.L. Jungjohann, R.N. Gannon, S. Goriparti, S.J. Randolph, L.C. 

Merrill, D.C. Johnson, K.R. Zavadil, S.J. Harris, and K.L. Harrison, 2021, 

Cryogenic laser ablation reveals short-circuit mechanism in lithium 

metal batteries. ACS Energy Letters, 6(6), pp.2138-2144.

Motivation = mill through entire electrode stack and image cross section to 

understand interfaces without destroying interfaces and evidence of dendrites

PFIB = plasma focused ion beam



Used cryo laser PFIB to image interfaces without destroying them during cell disassembly
14

• ThermoFisher closely collaborated

• Cryo laser PFIB SEM (Helios 5) 

• Freeze coin cell on cryo stage 

• Mill through in tact coin cell

• 15000x faster than Ga+ FIB

• Athermal milling to preserve Li

Jungjohann et al., ACS Energy Letters, 

10.1021/acsenergylett.1c00509

THANK YOU ThermoFisher!



15

2x Celgard 2325 separator

pristine Li counter electrode

Li working electrode after 101 depositions, 100 strippings

Cu current collector working electrode

Cu current collector counter electrode

SEI, electrolyte, cycled Li

• Pristine Li remains at counter electrode and Celgard is in tact, but Li stripping is uneven 

• Li deposits in small domains on working electrode with SEI and electrolyte interspersed

2.8 M LiFSI in DME

0.47 mAh/cm2

1.88 mAh/cm2

Laser PFIB/SEM shows well behaved Li cycling at low current after 101 cycles

Jungjohann et al., ACS Energy Letters, 

10.1021/acsenergylett.1c00509

5 mm 5 mm

Li

impurity

SEI, electrolyte, Li

Li
laser induced 

pattern 

unique to Li



Laser PFIB/SEM shows separator completely destroyed after 101 cycles
16

2x Celgard

2325

pristine Li

Cu

1 deposition

Cu

1 stripping
11 depositions

51 depositions

101 depositions

Jungjohann et al., ACS Energy Letters, 

10.1021/acsenergylett.1c00509

•Growth of Li/SEI into the separator and eventually complete shredding of the separator 

•Li growing into separator explains difficulty disassembling pouch cells at Li-separator interfaces

2.8 M LiFSI in DME

1.88 mAh/cm2

1.88 mAh/cm2
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K.L. Harrison, L.C. Merrill, D.M. Long, S.J. Randolph, S. Goriparti, J. 

Christian, B. Warren, S.A. Roberts, S.J. Harris, D.L. Perry, and K.L. 

Jungjohann, 2021, Cryogenic electron microscopy reveals that applied 

pressure promotes short circuits in Li batteries. Iscience, 24(12), p.103394.

Back to item 4 because now 

we demonstrated we can 

image interfaces without 

destroying them!!!



Laser PFIB/SEM of stack after 51st deposition shows Li growing in separator
18

• Separator layers delaminate 

and fill with Li and SEI

• Increasing evidence of Li 

metal in separator as 

increase pressure

•Pressure exacerbates short 

circuits at high current 

rather than squashing 

dendrites

Harrison et al., iScience, 

10.1016/j.isci.2021.103394 

Li

Li

Li

4 M LiFSI in DME

4 mAh/cm2

2 mAh/cm2
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Understanding the Practical 

Capacity of the Lithium Metal 

Anode through Laser Plasma 

Focused Ion Beam Cross-

Sectional Imaging

L.C. Merrill, R.N. Gannon, K.L. Jungjohann, 

S.J. Randolph, S. Goriparti, K.R. Zavadil, D. 

Johnson, K.L. Harrison

in preparation

SEM

Cryo Stage

Pristine Coin Cell

Motivation = understand and quantify volumetric 

capacity of Li metal anodes as a function of cycling 



• Li has theoretically 10x 

higher gravimetric 

capacity than graphite 

• Li does not deposit at 

theoretical density

• Li has lower practical 

volumetric capacity 

than graphite

Li anode volumetric capacity similar or lower than graphite after first 
deposition and much lower than graphite after 101st deposition20
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separator

Li counter electrode

Cu

DOL = 1,3-dioxolane

TFSI = bis(trifluoromethane)sulfonimide
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K.L. Harrison, K.R. Zavadil, N.T. Hahn, X. Meng, J.W. Elam, A. Leenheer, J.G. 

Zhang, and K.L. Jungjohann, 2017, Lithium self-discharge and its prevention: 

direct visualization through in situ electrochemical scanning transmission 

electron microscopy. ACS nano, 11(11), pp.11194-11205.

Motivation = understand Li metal anode self discharge by directly 

visualizing what happens to the deposits when at rest



Li0.3AlS coating on current collector protects against Li self discharge 
22

1 mm

1 mm

2 h rest at OCV

Li

Li

Li absent

Li absent

Ni electrode

1 mm

After 10 cycles

1 mm

After 10 cycles

4 h rest at OCV

Li0.3AlS

Li

Li

4 M LiFSI in DME

0.5 mA/cm2

0.5 mAh/cm2

Harrison et al. ACS Nano, 10.1021/acsnano.7b05513
NO Li0.3AlS

Li0.3AlS

NO Li0.3AlS
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L.C. Merrill, S.G. Rosenberg, K.L. Jungjohann, and K.L. Harrison, 

2021. Uncovering the Relationship between Aging and Cycling on 

Lithium Metal Battery Self-Discharge. ACS Applied Energy 

Materials, 4(8), pp.7589-7598.

Motivation = understand mechanisms of 

Li metal anode self discharge 



Cryo FIB/SEM reveals less dead Li when rest applied after every deposition
24

• CE similar if cycle without rest or with 24 h rest every cycle

• Cycling Li with rest only every 5th cycle results in self-discharge

• Self-discharge is reversible (not irreversible galvanic corrosion)!

• Li is poorly adhered to current collector without rest

• Passive SEI deposits during rest and prevents dead Li 
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Average CE without Rest: 97.6 %

4 M LiFSI in DME

0.5 mA/cm2 to 0.5 mAh/cm2

Merrill et al., ACS Applied Energy 

Materials, 10.1021/acsaem.1c00874

After 6th deposition – no rest after any cycle

After 6th deposition - 24h rest after every cycle



Conclusions and perspective on FIB and EM techniques to study Li anodes25

• Focused ion beam and electron microscopy techniques are extremely important to understanding Li cycling and aging

• In situ electrochemical STEM enables real time visualization of Li deposits nucleating, growing, and corroding 

• Very time consuming and lots of preparation and failed experiments

• Cells are difficult to design to exactly mimic battery designs and pressure is particularly difficult to replicate

• May be better suited to Li-ion materials less dependent on pressure or alternative cell designs

• Pressure plays an important role in morphology, Coulombic efficiency, and short circuits

• Ex situ cryo Ga+ FIB and SEM enables high resolution imaging and sample washing enables easy viewing of Li grains

• Morphological changes with pressure or during self discharge tests are very clearly visualized

• Ex situ techniques require cell disassembly so evidence of dendrites at interfaces can be destroyed

• Ga+ FIB is very slow and only enables imaging small areas in cross section so there can be sampling problems and 

difficulty milling through thick samples 

• Cryo laser PFIB/SEM enables fast athermal milling and imaging of large areas without disassembly (preserving interfaces)

• This technique allows imaging of dendrites growing into separators in Li metal anodes to shed light on short circuits

• Fast milling rates enable understanding of thickness changes with cycling to understand volumetric energy density

• Cannot wash the electrodes so it is more difficult to distinguish frozen electrolyte from SEI and Li 

• Slice and view imaging possible to recreate 3D volume 

THANK YOU FOR INVITING ME, FOR YOUR ATTENTION, AND 

THANK YOU TO MY SPONSORS AND COLLABORATORS!

Katharine Harrison, katharr@sandia.gov


