7))
G
()
ajd
i
()
—d
(7))
.2
7))
>
L
al
O
.9
o
Q
<

Quantitative probing of the fast particle
motion during the solidification of battery
electrodes 6

Cite as: Appl. Phys. Lett. 116, 081904 (2020); https://doi.org/10.1063/1.5144889
Submitted: 13 January 2020 . Accepted: 12 February 2020 . Published Online: 27 February 2020

Yang Yang, Zhengrui Xu, James D. Steiner, Yijin Liu ®, Feng Lin, and Xianghui Xiao ®

COLLECTIONS

G This paper was selected as Featured

574 F

View Online Export Citation CrossMark

ARTICLES YOU MAY BE INTERESTED IN

Temperature-dependent nonmonotonous evolution of excitonic blue luminescence and
Stokes shift in chlorine-based organometallic halide perovskite film

Applied Physics Letters 116, 072104 (2020); https://doi.org/10.1063/1.5135389

Engineering skyrmions and emergent monopoles in topological spin crystals
Applied Physics Letters 116, 090501 (2020); https://doi.org/10.1063/1.5139488

A maximum extreme-value distribution model for switching conductance of oxide-RRAM in
memory applications
Applied Physics Letters 116, 082901 (2020); https://doi.org/10.1063/1.5141951

Lock-in Amplifiers SR o N\ # Zurich

Find out more today — o @D @ N\ Instruments

i ol v e v .

©.0 0.0 0.00 O
° o ° X °

lomt 7 0V A 0o - mdow ciow ©

Appl. Phys. Lett. 116, 081904 (2020); https://doi.org/10.1063/1.5144889 116, 081904

© 2020 Author(s).


https://images.scitation.org/redirect.spark?MID=176720&plid=1086294&setID=378288&channelID=0&CID=358612&banID=519848097&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=4aad501c6c431d49e41610765c4baad692b9d157&location=
https://doi.org/10.1063/1.5144889
https://aip.scitation.org/topic/collections/featured?SeriesKey=apl
https://doi.org/10.1063/1.5144889
https://aip.scitation.org/author/Yang%2C+Yang
https://aip.scitation.org/author/Xu%2C+Zhengrui
https://aip.scitation.org/author/Steiner%2C+James+D
https://aip.scitation.org/author/Liu%2C+Yijin
https://orcid.org/0000-0002-8417-2488
https://aip.scitation.org/author/Lin%2C+Feng
https://aip.scitation.org/author/Xiao%2C+Xianghui
https://orcid.org/0000-0002-7142-3452
https://aip.scitation.org/topic/collections/featured?SeriesKey=apl
https://doi.org/10.1063/1.5144889
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5144889
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5144889&domain=aip.scitation.org&date_stamp=2020-02-27
https://aip.scitation.org/doi/10.1063/1.5135389
https://aip.scitation.org/doi/10.1063/1.5135389
https://doi.org/10.1063/1.5135389
https://aip.scitation.org/doi/10.1063/1.5139488
https://doi.org/10.1063/1.5139488
https://aip.scitation.org/doi/10.1063/1.5141951
https://aip.scitation.org/doi/10.1063/1.5141951
https://doi.org/10.1063/1.5141951

scitation.org/journal/apl

Applied Physics Letters ARTICLE

Quantitative probing of the fast particle motion
during the solidification of battery electrodes @

Cite as: Appl. Phys. Lett. 116, 081904 (2020); doi: 10.1063/1.5144889
Submitted: 13 January 2020 - Accepted: 12 February 2020 -

Published Online: 27 February 2020

@ th

Export Citatior

®

View Online CrossMark

Yang Yang,' Zhengrui Xu,” James D. Steiner,” Yijin Liu,” () Feng Lin,? and Xianghui Xiao"® ()

AFFILIATIONS

'National Synchrotron Light Source I, Brookhaven National Laboratory, Upton, New York 11973, USA
“Department of Chemistry, Virginia Tech, Blacksburg, Virginia 24061, USA
*Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA

3 Author to whom correspondence should be addressed: xiao@bnl.gov

ABSTRACT

Synchrotron x-ray tomography represents one of the most powerful imaging techniques that can visualize the three-dimensional microstructural
complexity with a high spatial resolution. To date, however, the temporal resolution of this technique has been handicapped by the intrinsic limi-
tations in the data acquisition speed and the lack of a suitable data processing method. The present study aims to fundamentally resolve this chal-
lenge by implementing a data analysis method that is based on differentiating discrete tomography reconstruction from a continuous scan
reconstruction. With this methodological development, we capture and quantify the particle motion during the solidification of battery electrodes
and reveal the statistics of the dynamically evolving motion in the drying process, which has been challenging to resolve. We discover that the par-
ticle motion exhibits a strong dependence on its geometric location within a drying electrode. Our results also imply that the final electrode qual-
ity can be controlled by balancing the solvent evaporation rate and the particle mobility in the region close to the drying surface.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5144889

Drying is a common, vital process in manufacturing products of
various nature, including but not limited to food,"” pharmaceutical
products,”* materials,” and devices.” In the drying process, compli-
cated physical and chemical reactions co-exist and intertwine across a
wide range of time and length scales. Such a sophisticated interplay
collectively governs the drying dynamics, which is fundamental to the
formation of the final product. Therefore, complex systems with multi-
functional properties and hierarchical structures can be fabricated
using well-controlled drying processes.””

During drying of the slurries in the battery electrode formation,
phase separation and architectural inhomogeneity take place sponta-
neously. This can lead to “dead” spots, where the active particles are
hardly utilized during battery charging and discharging. As a conse-
quence, many studies have reported the significant charge heterogene-
ity in battery electrodes.” "' If different components can be precisely
manipulated and assembled into desired three-dimensional (3D)
architectures, one may be able to control the distributions of active
particles to allow for the ultimate charge homogeneity and the optimal
utilization of all the active particles. As the first step toward this goal,
one would need to precisely visualize and quantify how active particles
move and assemble during the electrode drying process, which has
remained one of the major challenges in the battery community.

X-ray microtomography is a nondestructive 3D structure detec-
tion technique. In a typical x-ray tomography experiment, a sample is
rotated around an axis, and the sample’s x-ray shadow images are pro-
jected on an x-ray camera and recorded at different rotation angles.
The 3D morphological structure of the sample can be reconstructed
from the projection images. Fast x-ray microtomography (FXT) based
on the synchrotron source has been widely applied to study dynamic
phenomena.'” '* However, it is challenging to apply FXT to study the
manufacturing process of battery electrodes. On the one hand, active
particles move volatilely and randomly during the drying process, and
so a high temporal resolution is required in the measurements to catch
these fast and unpredictable motions. Conventionally, this requires a
higher probe x-ray flux and faster rotation speed to achieve a higher
temporal resolution. On the other hand, the wet slurry sample system
is sensitive to the potential heating effects from the high x-ray flux and
the disturbance due to the centrifugal force from the fast rotation.
There are a few approaches to improve the FXT temporal resolu-
tion."”** Although a recent work”" demonstrated that it is possible to
improve the temporal resolution by differentiating discrete tomogra-
phy scans from a continuous scan that covers a long period, efficient,
effective, and precise quantitation of the microstructural evolution
remains a daunting challenge.
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In this work, we tackle the frontier challenge of visualizing and
quantifying the particle motions during the solidification of battery
electrodes using synchrotron-based operando FXT measurements and
a special data analysis strategy. The proposed data analysis allows for
utilizing the conventional FXT data to extract the dynamic informa-
tion that is beyond the detection limit of the conventional FXT.

A continuous tomography scan scheme, in which a sample is
rotated continuously over many revolutions and the sample’s projec-
tion images are acquired simultaneously, is assumed in this work.
Similar to the recent work,”' the sample’s transient tomographic struc-
tures at any given time points can be reconstructed by a tunable data
chunking scheme. Differing from the data chunking scheme in the
conventional approach, in which a continuous scan dataset is chunked
into groups covering every 180° and has no overlap in the angle range,
the tunable data chunking scheme chunks the dataset in a way in
which the consecutive groups can partially overlap in the angle range.
Therefore, we can compare the tomography structures separated by a
tunable time gap other than a constant time gap equal to the time T
spanning the 180° angle range. This approach differentiates the
tomography temporal resolution from T to an arbitrary time gap in a
unit of the inverse of the image acquisition rate. Herein, we define it as
differential tomography.

In this work, we developed a data analysis method that can pro-
vide quantitative structure evolution information even with imperfect
tomographic reconstructions with sample motion-induced artifacts.
This occurs when the tomography scan rate is slower than the sample
structure change rate during the scan period. As discussed in detail in
the supplementary material, the centroids of these motion-induced
artifacts in a dynamic tomography reconstruction are good approxi-
mations to the locations of the corresponding features in the transient
structure at the middle time point during the tomography scan.
Comparing the imperfect dynamic tomography reconstructions at dif-
ferent time points provides dynamic structure evolution information,
e.g., local flow velocity distribution in a drying film at a given time
point. Such comparison can be done using the digital volumetric cor-
relation (DVC) technique that is widely used in tomography applica-
tions.”** DVC analysis provides 3D displacement maps. Therefore,
dividing the displacement maps by the time gap associated with two
structures gives the 3D velocity maps.

We performed a numerical simulation to verify the validity of
this approach. In the simulation, there were three types of motions,
which are a motion along a straight line at a constant velocity, a
motion along a helical trajectory at constant rotational and axial veloc-
ities, and a motion along a parabolic trajectory at a constant velocity in
one direction and an accelerating motion in the perpendicular direc-
tion. Figure 1(a) sketches these three types of motions. Each particle’s
motion type and motion parameters were randomly initialized. The
transient structures at given times were then calculated based on this
model. In generating the dynamic tomography dataset, a rotation
velocity was assumed. The rotation angle was then correlated with the
scan time. The projection images of the simulated tomographic data
were generated by projecting the transient structure at the correspond-
ing time along the corresponding angle. To perform the DVC analysis,
two dynamic tomography scan datasets and two transient static struc-
ture datasets are needed. In the simulation, we assume that each
dynamic tomography scan takes 0.5s. The two dynamic tomography
datasets are simulated during the 0-0.5s time period and 0.45-0.95s
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FIG. 1. Simulation results. (a) The sketches of three types of particle motions. (b)
and (c) The corresponding 2D slice images in the static structures at times of
0.25s and 0.70s, respectively. The global coordinate is defined in (b). (d) z-
component displacement u,,s:.ic map at the position corresponding to the slices (b)
and (c); (e) and (f) the corresponding 2D slice images in the tomography structures
reconstructed from tomography scans during periods of 0-0.5s and 0.45-0.95s,
respectively; () Us,qynamic Map at the position corresponding to the slices (e) and
(f). (h) histogram of Au,, and (i) 2D histogram with u stasc @and Uy, gynamic. Scalebars
in (b) and (e) are 20 pixels.

time period. The corresponding static structures are therefore at 0.25 s
and 0.70s. Tomography reconstructions were done using Gridrec
algorithm™*® in the tomography reconstruction toolkit Tomopy.”’
The DVC analysis with two sets of structures provides the local dis-
placements. Therefore, the local motion velocity distribution in three
dimensions is obtained by dividing the displacement map by the time
gap between the two datasets. As a definition, the velocity calculated
from displacements between the transient structures at two time
points is defined as the velocity at the later time point. For instance,
the velocity calculated with the structures at 0.25s and 0.70 s is defined
as the velocity at the time point of 0.70 s.

In this work, we used the software Tomowarp2”* for DVC analy-
sis. Figures 1(b) and 1(c) show two slice images from the static
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structures at time points of 0.25s and 0.70s, respectively. Figure 1(d)
shows the corresponding slice image of the z-component displacement
from the DVC result with the static structures at time points of 0.25s
and 0.70 s. Accordingly, Figs. 1(e) and 1(f) show the slice images from
the dynamic tomographic structures during the scan period of 0-0.5s
and 0.45-0.95s. Although the motion artifacts are clearly visible in
dynamic tomography reconstructions, the displacement map in Fig.
1(g), based on these “imperfect” reconstructed structures, agrees well
with the perfect static structures. Figure 1(h) presents the histogram of
the difference between Figs. 1(d) and 1(g) and Fig. 1(i) the pixel-to-
pixel correlation between these two displacement maps. The sharp
peak around zero in Fig. 1(h) and the narrow band along 45° in Fig.
1(i) suggest a good agreement between the displacement maps calcu-
lated with the dynamic tomography structures and the ground truth
static structures.

The method was applied to study the drying process associated
with lithium-ion battery cathode fabrications. The experiment was
done at the beamline 2-BM of the Advanced Photon Source at the
Argonne National Laboratory. The slurry was prepared by mixing
450 mg of NMC622 and 25 mg of acetylene carbon black with the pol-
yvinylidene fluoride solution. The average size of NMC622 particles
was 10 um. A droplet of the slurry was dipped into a bowl-shape con-
tainer of 3 x 3mm?” cross section and 400 um depth that was made of
Kapton tape. More details of the sample preparation can be found in
the supplementary material. A heating lamp was placed on top of the
bowl and turned on before the tomographic scan started. To reduce
radiation heating effects onto the sample system, the tomography
experiment was done with 40 keV monochromatic x-ray. The sample
was continuously rotated for 390 s at a velocity of 6°/s, and 7800 pro-
jection images were acquired. The single image exposure time was
50 ms. The slow rotation velocity minimized the potential disturbance
due to the centrifugal force to the sample system. Tomography recon-
structions were done using Gridrec algorithm in Tomopy. The recon-
structed structures are very similar to the simulated data shown in Fig.
1(d), and so the reconstructed cathode particles with motion artifacts
served as features in the DVC analysis. The reconstructed 3D images
were binned by factor 8 on each dimension to make DVC analysis
with Tomowarp2 feasible. The voxel size after binning was 10.4 um
on each dimension. After DVC analysis, the displacement maps
were masked by a 3D mask that only covers sample regions at each
time point. The mask was obtained using the Trainable Weka
Segmentation tool”” available in Fiji software.”’

The local particle motion velocity maps were calculated at three
time points (30 s, 180 s, and 375s after acquisition started, respec-
tively). Figure 2(a) presents the 3D rendered z-component velocity v,
(along the film depth direction) map at three time points. The results
clearly show the heterogeneous local motions in the film. The cross
section cuts in these 3D plots clearly show that the v, map had a
domain structure along the film depth direction. Figure 2(b) presents
three velocity components averaged in four layers at different film
depths at three time points. The first layer is close to the bottom of the
container, and the fourth layer is close to the film-air interface at each
time point. Another two layers were evenly located between the first
and fourth layers. The x- and y-components, v, and v,, did not change
very much during the entire drying process. After 180, the averaged
v, and v, median values were close to zero because the average particle
distance became smaller along with the drying process. Consequently,
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FIG. 2. Film drying local velocity z-component v, map. (a) 3D distribution, and (b)
three v components’ median values in four layers at three time points. The box at
each point indicates 95% confidence interval around the median value estimation.
The whisker at each point marks the (10%, 90%) range of velocity value distribution
in each layer.
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the freedom of particles’ motions in the x-y plane became smaller.
Nonetheless, v, showed interesting behavior along with the drying
process. At the early stage of the drying process (305s), the particles in
the majority of film volume flew upward along with the solvent evapo-
ration from the film-air interface. At the same time, the solvent close
to the container wall flowed downward along the wall toward the bot-
tom of the container to compensate for the loss of the solvent from the
top surface. Therefore, the particles close to the container wall moved
downward with the solvent flow. This is because the droplet of the
slurry was larger than the container size in the beginning. Along with
the solvent evaporation, some solvent outside the container flew into
the container along the container wall. Overall, the top half of the film
slightly moved upward along with the evaporation. The particles’
motions in the top half of the film at this stage were more volatile than
the later stages. This is evidenced by the larger uncertainties of the
median values in the top two layers shown in Fig. 2(b). It should be
noticed that the film-air interface at this stage was barely out of the
camera’s field of view, and so we could not see the interface. However,
it is clearly seen that the trend of v, change along the depth direction is
different from the later stages.

At the later stage (180's), the majority of particles in the volume
below the interface mainly moved downward, while those in the bot-
tom region moved upward. This is because, along with the solvent
evaporation, the film-air interface moved down toward the container
bottom; meanwhile, the solvent close to the container bottom flew
upward to compensate the solvent loss from the surface. The down-
ward flow along the container wall disappeared at this stage because
the slurry droplet outside of the container dried out. The v, distribu-
tions in each layer at this stage are smaller compared to the earlier and
later stages, which are evidenced by the smaller v, uncertainties in
each layer. This is probably because the flow along the container wall
disappeared, and the capillary effects among the particles were not sig-
nificant yet. Specifically, the v, distribution in the second layer had
zero median value and smaller uncertainty compared to the first and
third layers. This indicates that there was a less mobile zone between
the upward solvent flow and the downward moving film-air interface.

At the late stage (375s), the particles were more closely packed in
the reduced volume after most solvent evaporated. The top half film
volume shrank downward, while the solvent in the bottom half flew
upward to compensate for the loss of the solvent. The motion of the
particles close to the film-air interface was more turbulent at this stage
than that at 180's. The particles moved collectively in the top and bot-
tom film regions, and there was a sharp boundary between these two
regions. Similar to the 180-s stage, the v, distribution in the second
layer had zero median value and smaller uncertainty compared to the
first and third layers. It is also interesting to see that the top layers in
both 180-s and 375-s stages had similar v, median values. This is not
surprising since the film-air interface v, is linearly related to the solvent
evaporation rate from the surface, which was a constant in the experi-
ment at all stages.

The lower mobility of the layer just below the film-air interface
may be directly related to the particles’ packing in the final film. To
reduce the pores and to have particles more closely packed, it is critical
to have a sufficient time and room for the particles to move and land
onto the drying front of the film. A too fast evaporation rate may trap
particles and leave unfilled pores. Therefore, it is necessary to balance
the solvent evaporation rate and the particle mobility in the region
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close to the film drying front. The film heating condition and the
droplet compositions are critical factors in the drying process.

Differential tomography quantitative analysis provides the
flexibility to have variable time gaps in the analysis. This is critical in
studying a dynamic system like a drying film that has highly inhomo-
geneous structure evolutions. In the above analysis, the motion map at
each time point combined the results with two different time gaps
from the given time point. For instance, the v, distributions in Fig. 2
were calculated with reconstructed tomography datasets during three-
time windows. In the 375-second case, the three windows were
345-375s (), 354-384s (t,), and 360-390 s (t3), respectively. In some
regions, the particles moved very fast, and so these regions recon-
structed with the t; dataset look very different from that reconstructed
with the #; dataset. Tomowarp2 failed in tracking motions in these
regions. Instead, the structures reconstructed with £, and t; datasets
were used in calculating the motions in these regions. The final result
was then merged together with suitable scaling factors that compen-
sate for the time gap difference.

Although, in principle, a motion map can be calculated from one
pair of structures with a shorter time gap, the practical accuracy of the
DVC method limits the smallest time gap that should be used in the
calculation. The DVC analysis accuracy is data quality dependent. It is
reasonable to use the mean values of the DVC result in an empty space
to estimate the DVC analysis accuracy. In the film drying case, we
determined 1.0 um/min as the DVC analysis accuracy threshold
according to the background analysis.

DVC relies on feature patterns to track motions. Compared to
the conventional FXT data analysis approaches, which provide “static”
3D structure’s snapshots of a dynamic system at different time points,
the proposed approach provides the first-order differential maps of a
dynamic system with respect to the time. The minimum subvolume in
which there are well-recognized feature patterns sufficient enough for
the comparison between two 3D structures determines the spatial res-
olution of DVC results. However, a too small subvolume would reduce
the precision of DVC results. In general, the precision and spatial reso-
lution of DVC results depend on the input data quality, the specific
DVC algorithm in use, and the algorithm parameters.””***" Similarly,
the achievable temporal resolution of the proposed method depends
on if the structure of the sample system has a large enough change for
the DVC algorithm to track. The difference has to be larger than the
uncertainty associated with the DVC algorithm in use. In general, this
limit depends on the sample systems themselves, the data quality, the
DVC algorithm, and ultimately the single projection image acquisition
time.

We present an analysis approach to quantitatively extract the
dynamic information regarding the 3D microstructural evolution
from continuous tomography measurements. We highlight here the
utilization of the artifacts in the tomography reconstructions as finger-
prints of structure features to track local structure changes. This strat-
egy enables the detection of fast dynamic processes, which is beyond
the detection limit of the conventional FXT method. This is conceptu-
ally similar to the optical speckle imaging approach widely used in
strain measurements in mechanical tests, except that the “speckles” in
this approach are sample’s internal structure features together with the
motion artifacts in tomographic reconstructions. Using this method,
we measured the active particles’ motions during the drying of the
composite battery electrode. The result suggests that the particle
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packing in the film depends on the balance between the solvent evapo-
ration rate and the particle’s mobility in the final drying stage. The
direct observation of the drying process would help to build
experiment-inspired multi-physics models that will deepen our under-
standing of these complex phenomena. This method is also applicable
to a broad range of dynamic process studies, in which quantitative
transient microstructural change information is desired.

See the supplementary material for additional details on the dif-
ferential tomography data chunking scheme, a heuristic argument on
the validity of differential tomography quantitative data analysis,
numerical simulation, experimental data analysis, and sample
preparation.
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