1824 Microsc. Microanal. 26 (Suppl 2), 2020
doi:10.1017/S1431927620019509 © Microscopy Society of America 2020

Cryogenic-electron Microscopy for Battery Materials
Yuzhang Li%, Robert Sinclair? and Yi Cui?

1Univers,ity of California, Los Angeles, Mountain View, California, United States, 2Stanford University,
Stanford, California, United States

Cryo-electron microscopy (cryo-EM) received the 2017 Nobel Prize in Chemistry for its ability to
elucidate the nanostructure of biomolecules in their native state, revolutionizing the field of structural
biology. Here, we pioneer an approach to utilize this powerful technique to enable new discoveries for
batteries and show that cryo-EM can potentially have a similar impact in materials research [1]. Whereas
conventional transmission electron microscopy (TEM) studies are unable to preserve the native state of
chemically-reactive and beam-sensitive battery materials (e.g. Li metal) after operation, such materials
remain pristine at cryogenic conditions. It is then possible to atomically resolve individual Li metal atoms
and their interface with the solid electrolyte interphase (SEI). We observe that dendrites in carbonate-
based electrolytes grow along the < 111 > (preferred), < 110 >, or < 211 > directions as faceted, single-
crystalline nanowires. These growth directions can change at kinks with no observable crystallographic
defect. Furthermore, we reveal distinct SEI nanostructures formed in different electrolytes that explain
why certain additives lead to better performance [2]. Following this initial work, we used cryo-EM to
further study the SEI, a critical battery interface that forms on all battery electrodes whose exact
mechanistic function is poorly understood at the atomic scale. It has been widely believed that the SEI
chemistry is the major factor in regulating performance. In our present work using cryo-electron
microscopy (cryo-EM), we show for the first time that it is instead the SEI nanostructure that ultimately
dictates battery performance [3]. This surprising yet consistent finding provides an entirely new direction
to explore for engineering the SEI nanostructure in battery materials. To engineer the appropriate SEI
nanostructures, a detailed understanding of how the nanostructure initially forms and evolves is necessary.
In this study [4], we track the voltage-dependent, stepwise evolution of the nanostructure and impedance
of the SEI on CuO nanowires using cryo-EM and electrochemical impedance spectroscopy (EIS). In
carbonate electrolyte, the SEI forms at 1.0 V vs Li/Li+ as a 3 nm thick amorphous SEI and grows to 4 nm
at 0.5 V; as the potential approaches 0.0 V vs Li/Li+, the SEI on the CuO nanowires forms an 8 nm thick
inverted multilayered nanostructure in ethylene carbonate/diethyl carbonate (EC/DEC) electrolyte with
10 vol % fluoroethylene carbonate (FEC) and a mosaic nanostructure in EC/DEC electrolyte. Upon Li
deposition, the total SEI thickness grows to 16 nm, and significant growth of the inner amorphous layer
takes place in the inverted multilayered nanostructure, indicating that electrolyte permeates the SEI. Using
a refined EIS methodology, we isolate the SEI impedance on Cu and find that the SEI nanostructure
directly correlates to macroscopic Li-ion transport through the SEI. The inverted layered nanostructure
decreases the interfacial impedance upon formation, whereas the mosaic nanostructure continually
increases the interfacial impedance during growth. These structural and electrochemical findings illustrate
a more complete portrait of SEI formation and guide further improvements in engineered SEI. With cryo-
EM, we open up exciting new opportunities for scientific discovery, which will be critical for providing
fundamental insight to battery materials design [5].
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