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Electron and X-ray probes are arguably the most popular diagnostic tools for studying
mechanical damage under ex situ and in situ conditions.!-? Particle cracking can initiate from both
within primary grains (intragranular crack) and along grain boundaries (intergranular crack) in
polycrystalline battery particles.* A typical example is the polycrystalline LiNi;.,Mn,Co,0,
(NMC) cathodes.> ¢ The secondary particles consist of nano-sized primary grains either in random
or ordered crystallographic arrangements. Electron probes, such as transmission electron
microscopy (TEM) and scanning electron microscopy (SEM), offer high spatial resolution for
identifying the initiation and propagation of crystal defects as well as tracking the development of
crystal defects into large-scale particle cracks.” Because of their wide availability and relative ease
of operation, TEM and SEM have become the go-to techniques for battery researchers to
investigate the fading mechanism associated with the chemomechanical breakdown. At the atomic
scale, the initiation of microcracks is often associated with the formation of oxygen vacancy and
vacancy clusters.? With the electron tomography method, very fine cracks and voids in nanosized
primary grains can be visualized.” Thus far, most TEM characterizations have been limited to the
microscopic and spectroscopic investigations over a localized region, and it has remained a major
challenge to perform many-particle, many-region measurements with statistical significance.

Recognizing this challenge, one could take the action to develop experimental methods and data
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analytics to improve the throughput and, thus, the statistics of the TEM data for battery material
studies. SEM can increase the measuring length scale to secondary particles and electrodes. Thus,
SEM, in principle, can be used to investigate particle cracking in a statistically significant fashion
by screening many particles in each sample of interest. Furthermore, coupled with the focused ion
beam (FIB) technique, FIB-SEM can also offer three-dimensional (3D) imaging capabilities to
visualize chemomechanical events.!® SEM can image low-Z elements with good imaging contrast,
making it an ideal tool to investigate carbon and polymer materials. This is a unique advantage
over conventional X-ray imaging methods. However, FIB-SEM is a destructive technique, which

inhibits in situ or operando studies using this method.

In comparison, X-ray techniques provide complementary capabilities to overcome some of
the challenges facing the electron probes. In particular, the rapid methodology development in
synchrotron X-ray imaging techniques have created enormous opportunities for characterizing
relatively large-scale chemomechanical events, such as at the secondary particle and electrode
levels.!! Synchrotron X-ray techniques can characterize battery materials and electrodes in a nearly
nondestructive manner. Furthermore, due to the strong penetrating capability of hard X-rays
(energy > 4 keV), synchrotron X-ray techniques offer an unprecedented platform for investigating
battery chemistries under operating conditions for cells ranging from academic coin cells to large-
format commercial cells.'>'# With the phase contrast capability, it has now become possible to
differentiate the active and inactive components in a composite electrode with good fidelity.!?
Compared with the electron probes, synchrotron X-ray imaging is more adaptable to monitor the
development of particle cracking in a statistically significant manner because of its capability to
simultaneously visualize many particles in a geometrically tunable fashion: two dimensions (2D)
and three dimensions (3D). Clearly, such an advantage comes with a reduction in the spatial
resolution, which needs to be carefully considered depending on the targeted features of interest.
The limited availability of synchrotron facilities is another major drawback considering the high
demand from the general battery research, which, in turn, has motivated recent follow-up
developments of battery electrode characterization using nano-tomography with a laboratory x-

ray tube.!¢
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