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Why Electron Microscopy?
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Lu et al. Appl. Phys. Lett. 102, 17311 (2013)

Jiang et al. Nature 559, 343 (2018)

Obtain this information for operando phenomena in energy systems? NREL
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Zhou et al. Phys. Rev. Lett. 109, 206803 (2012)

Strain/Grain Mapping
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Ophus et al. Microsc. Microanal. 25, 563 (2019)
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Operando Electron Microscopy
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Atomic Scale Operando Electron Microscopy

CeO, Catalyst : Atomic Displacements Silicon Nanowire: Lithiation
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Liu et al. Nature Nanotech. 7, 749 (2012)

Atomic-scale operando imaging is simpler with electron beam resistant materials/interfaces

NREL
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Limitations with Atomic Scale Operando EM

Beam Effects NS
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Lithium Metal Radiolysis of Liquids Li Electrodeposition Structure
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Leenheer et al., ACS Nano 9, 4379 (2015) NREL | 6



Aluminium current collector
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Operando Information Unlocks Pathways fa
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Operando Information Unlocks Pathways @y

Lithium Metal Batteries
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Zhang et al. J. Electrochem. Soc.
166, A3639 (2019)

Harrison et al. ACS Appl. Mater. Interfaces 13, 31668 (2021) NREL | 9




Operando EM Supported by Cryo EM Q
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Harrison et al., iScience 24, 103394 (2021)
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Jungjohann et al., ACS Energy Lett. 6, 2138 (2021) NREL | 10
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Hayden et al., npj Materials Degradation 3, 17 (2019)

Data were collected from three electron microscopes at
SNL and a fourth at INL




Operando Electron Microscopy at NSRCs

Operando UEM

K TEM 18.7 meV
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Liquid-He MAC-STEM

Center for Integrated Nanotechnologies Center for Nanophase Materials Sciences

Sandia National Laboratories Oak Ridge National Laboratory
Los Alamos National Laboratory
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Optimized Operando Electron Microscope

Aberration Scanning Nanosecond
Corrected TEM Probe Pulsed Imaging

FEG FEG Photoemission disk
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1* Condenser lens 1# Condenser lens 1# Condenser lens

2™ Condenser lens 2™ Condenser lens 2% Condenser lens
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Hattar and Jungjohann, J. Mater. Sci. 56, 5309 (2021) NREL | 13



Concluding Remarks

Future Needs
* Workforce development: Need
time for training to gain the
expertise in operando, analytical,
and cryogenic EM
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e State-of-the-art capabilities on
single instruments available within
DOE’s NSRCs
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