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The decarbonization of our energy ecosystem, including grid-scale storage and electrification of passenger
vehicles, necessitates the development of higher energy density batteries. Lithium metal batteries are a
promising candidate for the transition to a more battery-laden energy ecosystem;! however, the low natural
abundance of lithium requires that long-term solutions utilize other chemistries.? Calcium and magnesium
exhibit high natural abundance, divalency, low mass, high density, and the ability to reversibly electrodeposit,
making them suitable anodes for rechargeable multivalent metal batteries (RMVMB). Successful RMVMB
development is dependent on improving the energy density and Coulombic efficiency of metal deposition,
which are governed by metal microstructural evolution and the solid electrolyte interphase (SEI) formed in
candidate liquid electrolytes. These two anode attributes need to be conclusively defined for RMVMBs anode
development.

Cryogenic electron microscopy is a valuable tool to investigate SEI structure and chemistry because of its
ability to preserve liquid/solid interfaces, stabilize delicate phases, and reduce beam damage and atmospheric
contamination. Here we utilize cryogenic-FIB lamella preparation and various cryo-TEM techniques to
characterize the structure and chemistry of dense Ca and Mg deposits formed from select electrolytes. Sample
preparation was performed with a commercial Leica cryogenic workflow cooled to at least -150 °C, and cryo-
FIB was performed following published cryogenic and atomic resolution guides. *° After metal anode
deposition anhydrous diglyme(G2) was used to displace the volatile THF-based electrolytes used during
deposition in order to stabilize the SEI for transport. Excess G2 was first wicked from the deposit and then
further trimmed down via a grazing incidence mill with the Ga* ion beam. Careful thinning with small sample
tilts and low energy ion beams allows for reproducible lamella thicknesses below 100 nm. TEM investigation
was performed with an FEI Titan G2 80-200 operated at 200 kV with a Gatan Quantum 963 EELS/imaging
filter system.

The lifted-out sample shown in the SEM micrograph in Figure 1a has a dense and flat Ca deposit with a thin
intact G2 cap. The brightfield TEM micrograph in Figure 1b shows the fully dense Ca deposit on a Au electrode
with a ~10 nm Au/Ca intermetallic phase. This mixed phase is easily altered by the Ga* ion beam and its true
characteristics are only properly captured with cryogenic FIB preparation. The contrast in the Ca in the
brightfield micrograph and the streaking in the bulk Ca SAD pattern in Figure 1c indicate that stacking faults
are prevalent in the Ca deposit. Discontinuous diffraction rings in the diffraction pattern (Figure 1c) taken from
the middle of the deposit indicate that the Ca film is heavily textured. Indexing the diffraction pattern
determines the presence of both the stable Ca FCC phase as well as the less energetically stable Ca HCP phase.
A diffuse CaO reflection is also present and increases with illumination time due to Ca oxidation by reaction
with trace ice contamination.

Electron energy loss spectroscopy was used to determine the chemical content of the Ca metal anode and its
SEI. The Ca SEI region of interest is shown in the STEM brightfield micrograph in Figure 2a along with
chemical component images formed from multivariate statistical analysis of core-loss EELS spectral images.®
Four unique curves were resolved: 1) Ca in the Ca deposit(not shown), 2) C and O in the G2(not shown), 3)
B, C, Ca, O in the SEI and G2 (Figure 2b), and 4) Ca, O in the SEI and G2(Figure 2c). The strong Ca, O curve
in the SEI is expected as prior work’ has shown that a nanoscale oxide is present at the Ca surface. Boron in
the SEI has been found in other borate-containing electrolytes® and is under further investigation. Extensive
detail about the structure and chemistry of the bulk, SEI, and co-depositing hydride phases will be presented.
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Figure 1. Electron transparent lamella with thin electrolyte caps are reproducibly created with the Leica
cryogenic workflow and careful cryo-FIB preparation. (a)The SEM micrograph reveals the dense and planar
nature of the Ca deposit and the (b)BF TEM micrograph illuminates the interfacial structure and strain in the
deposit. (c)Diffraction patterns reveal both the FCC and HCP phase with extensive texturing within the growth
plane.
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Figure 2. The investigated region shown in the (a) STEM BF micrograph contains Ca, its interphase, and the G2 cap.
EELS maps of the coreloss show the (b) local boron and (c) oxygen concentrations respectively.
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