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Research Summary: In this research effort we have developed a novel in situ/operando
characterization platform that has the unique ability to probe localized electrochemical processes
at high spatial and temporal resolution. Using the scanning transmission electron microscope
(S/TEM) and electrochemical liquid cells as the

experimental platform, we have the ability to A £ "
conduct quantitative electrochemical measurements S "
while simultaneously characterizing localized ‘

chemical and electrochemical processes with :’E'SSQOCERHW

S/TEM imaging, diffraction, and spectroscopy. We
use this method to study fundamental issues related
to energy storage and conversion systems such as
batteries, fuel cells, and supercapacitors. The
system is essentially a microfluidic electrochemical
cell (ec) that is sealed within the tip of a vacuum-
tight TEM holder. The holder has an integrated

microfluidic  delivery system and electrical
contacts, as shown in the assembly view in Figure
1A. The microfluidic flow cell feature of the
system enables the controlled delivery of liquid
with the aide of a syringe pump and tubing. A
flexible circuit with electrical contacts is embedded

Figure 1. The in situ ec-S/TEM system: (A)
Assembly view of the in situ TEM holder. (B)
spacer microchip with 50x400 um viewing
window and SU-8 spacer layer deposited on
Si3N, membrane, used to define the microfluidic

pathway. (C-D) Electrochemical microchips with

within the tip of the holder and allows for the |micro-fabricated Pt counter and reference

electrochemical cell to be interfaced with a ‘Eﬁcmdes and glassy carbon working electrode
potentiostat that resides outside of the S/TEM for :

electrochemical measurements. The removable microchips (Figure 1B-C) also contain
integrated features that have been directly microfabricated onto each device, such as a spacer
layer and electrical contacts. A close-up view of the microfabricated three-electrode
electrochemical microchip is shown in Figure 1D, which has a Pt counter/reference electrode
and a glassy carbon working electrode. The microchips also contain a central electron transparent
Si3N4 membranes which are used to directly image and analyze the dynamics of electrochemical
processes. With this system, we have shown that it is possible to perform controlled and
quantitative electrochemical measurements [1].




Technical Details: In electrical energy storage systems, interfaces play an active role in
controlling the electrochemical energy conversion process. Of crucial importance to the
performance and life-cycle of lithium ion

batteries is the formation of the solid -O-g\sf -1-121}5/
electrolyte interphase (SEI), which is a passive
interfacial, nm-scale film that forms along the
electrode/electrolyte (solid/liquid) interface as
a result of electrolyte decomposition reactions
during electrochemical cycling. Due to the
dynamically evolving nature of the SEI, it has
proven difficult to design experiments that will
reveal details regarding SEI formation i 08
mechanisms as well as how its structure and
chemistry evolve during electrochemical
cycling. The in situ ec-S/TEM approach has
been used to understand the mechanisms of
solid electrolyte interphase formation in lithium
ion batteries [2-3]. Within a 1.2M LiPFg

EC:DMC electrolyte, cyclic voltammetry was |Figure 2. Time-lapsed BF-TEM images (A-D)
used to monitor electrolyte reduction while |showing dendritic SEI nucleation and growth from a
directly imaging SEI nucleation and growth [|Au working electrode during electrodeposition.
dynamics. Figure 2 shows the mechanisms of
how an electrolyte is reduced from a Au working electrode under electrodeposition conditions.
We have also investigated the dynamics of Li intercalation in Si nanowire electrodes [4] and SEI
formation on graphite anodes [5-6]. Moreover, this method is currently being used to directly
image ion transport at electrochemical interfaces, which is related to electron, charge, and mass
transport mechanisms and kinetics.

Significant Impacts on Science and Technology:

The ability to probe electrochemical processes at high spatial and temporal resolution will have a
profound impact on how we are able to decipher the fundamental mechanisms of transport
phenomena that are related to electrical energy storage and conversion device functionality. The
unique suite of advanced in situ TEM-based characterization platforms described in this
summary will directly benefit a broad scientific user community, where access to unique
instrumentation and scientific staff expertise is available for collaborative use through the Center
for Nanophase Materials Sciences (CNMS) at Oak Ridge National Laboratory. This is a valuable
resource supported by the Department of Energy that can enable innovations that will help solve
future challenges in energy-related materials technology.
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