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Background incl. aims

The development of more efficient and safer battery materials stems from the commitment
to green energy initiatives. To fully understand the failure mechanisms of newly developed
battery materials at the micrometer level and below, scanning electron microscopy is a
technique of choice. Focused ion beam (FIB) combined with SEM broadens the
characterization capabilities of electron microscopy by revealing sub-surface microstructure
and phase distributions. The technique permits quantitative analyses from the reconstruction
of volumes from collected 2D SEM datasets. Moreover, the collection of Energy-dispersive X-
ray spectroscopy (EDS) and Electron Backscatter Diffraction (EBSD) maps from the generated
x-rays and EBS patterns can help explain further the chemical and structural stability of the
materials in 3D. Degradation over time during cycling can originate from alterations of the
microstructure of particles, such as the apparition of cracks due to volume expansion,
changes in grain morphology or activity at grain boundaries. This work aims to obtain
quantitative information on the distributions of the different phases of lithium-based
cathodes from field-emission (FE)-SEM datasets of 2D images, including porosity. Porosity is a
critical parameter in battery design, since it directly affects electronic and ionic diffusion
processes [1,2] and therefore battery performance. An interest will be given towards the
changes in the phase distributions as a result of cycling, therefore pristine (uncycled) and
cycled specimens will be compared including EDS and EBSD data.

Methods

Hitachi Ethos NX5000 FIB-SEM microscope located at the Facility for Electron Microscopy
Research at McGill University will be used to prepare volumes using the slice and view
technique of pristine and cycled cathodes. SE and BSE images will be acquired simultaneously
at low voltage (2kV) during the slice and view routine to ensure the characterization of the
fine pore structure from the small probe interaction volume. Ultim Max 100 SDD detector and
Symmetry S2 EBSD (up to 4500 patterns per second collection) from Oxford Instruments will
be used with 20 keV at given slices to collect chemical and crystalline information on the
cathodes. Dragonfly software from Comet [3] is used to segment the 2D image datasets into 3
semantic phases (porosity, active material (particles) and binder (carbon)) using Deep
Learning methods. Watershed algorithms are used to differentiate the labeled voxels in the
phases and separate nearby voxels into individual elements for pore and active material to
obtain statistical data on each phase.

Results

A preliminary dataset was obtained from a pristine lithium based cathode using Ga FIB milling
with 3.5nA current with a slice thickness of 40nm. A total of 441 frames were collected with
in-lens BSE(U) and BSE(L) detectors using simultaneous acquisition and a pixel size of 50nm. A
volume of 19,6umx20,5umx17,5um of the sample was reconstructed after registration of the
slices and cropping. A U-net neural network was trained on a subset of the total stack
manually segmented using thresholding on the mixed BSE U+L images, with 20% of the data
retained for validation. It was found that 51,9% of the volume constitutes of carbon binder,
37,2% Li-based active material and 10,9% porosity. Histograms of the pore and active material
populations were constructed after single particle separation with the watershed algorithm.
Following fractal geometry theory from Mandelbrot[4], the probability distribution
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of particles P is linked to the fractal dimension D with P(r>R)=ARA(-D). Deriving the equation
to get the probability density p(R), the fractal dimensions D of both subsets can be extracted
using the equation D=1/(m-1), knowing the radius R is expressed proportional to the volume
VA(1/D) and m is the slope of the fitted straight line obtained from taking the logarithm of
both sides of the derived equation. The fractal dimension of the pores yields D=0.60 and the
active material is found to have D=0.99.

Conclusion

Preliminary image analysis using a FIB-SEM dataset on a pristine cathode showed the
distributions of active material, carbon binder and pores. A neural network was trained to
segment the cathode’s phases and object analysis was used to study the pristine cathode. It
was determined that the fractal dimension D of the pore medium in the cathode is 0.60,
while the active material particles, containing Li, is set at 0.99. In both cases, the fractal
dimension value is lower than one and therefore indicate that objects composing the phases
are disconnected. Analysis of cycled specimens will enable us to observe the behavior of
percolation pathways over time. The newly installed Ultim Max 100 SDD detector and Oxford
Instrument’s Symmetry S2 EBSD will be used to generate 3D volume reconstructions on
pristine and cycled Li-based cathodes in addition to the image segmentation and quantitative
results obtained from EM datasets. The addition of 3D chemical and crystalline information
will give new insights into the effect of charge-discharge cycles on the distribution of phases
and permit the observation of defects in 3D that can help explain battery failure
mechanisms.
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