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Lithium-ion battery (LIB) is a broadly adopted technology for energy storage. With
increasing demands to improve the rate capability, cyclability, energy density, safety,
and cost efficiency, it is crucial to establish an in-depth understanding of the detailed
structural evolution and cell-degradation mechanisms during battery operation.
Here, we present a laboratory-based high-resolution and high-throughput X-ray
micro—computed laminography approach, which is capable of in situ visualizing of
an industry-relevant lithium-ion (Li-ion) pouch cell with superior detection fidelity,
resolution, and reliability. This technique enables imaging of the pouch cell at a spa-
tial resolution of 0.5 pm in a laboratory system and permits the identification of sub-
micron features within cathode and anode electrodes. We also demonstrate direct
visualization of the lithium plating in the imaged pouch cell, which is an important
phenomenon relevant to battery fast charging and low-temperature cycling. Our
development presents an avenue toward a thorough understanding of the correlation
among multiscale structures, chemomechanical degradation, and electrochemical
behavior of industry-scale battery pouch cells.

lithium-ion battery | in situ three-dimensional imaging | laboratory computed laminography |
pouch cell | high resolution

Lithium-ion batteries (LIBs) have become one of the most successful technologies for
energy storage. Their broad applications include portable consumer electronics, electric
vehicles, and grid energy storage (1-4). With increasing demands to improve the rate
capability, cyclability, energy density, and safety of LIBs while decreasing the costs, it is
crucial to understand the detailed structural evolution and the cell-degradation mecha-
nisms (1). In addition, LIBs are complex electrochemical systems with hierarchical and
multiscale structures in which a collection of physical and chemical processes take place
(5). To build better batteries, the electrochemical properties of the battery components
should be carefully considered from both thermodynamic (6) and kinetic (7) perspec-
tives. The mechanical stress and thermal behaviors also play important roles during bat-
tery operation.

To better understand the battery properties, in situ and/or in operando characteriza-
tions are indispensable and, yet, rather challenging. Due to the sophisticated interplay
among different cell components, it is highly desirable to simultaneously characterize cath-
ode and anode active materials, carbon-binder-domain, current collector, and other fac-
tors. These cell components exhibit very different chemical and physical properties, posing
significant challenges for the characterization techniques. Another hurdle lies with the cell
architecture. There are many different types of LIB cells used in research setting and in
practice. Examples include milliampere hour—level coin cells commonly used in the labo-
ratory, and milliampere-level pouch, prismatic, and cylindrical cells equipped on electric
vehicles. A traditional approach for LIB quality inspection is to analyze the voltage and
current of the cell. This approach can provide useful insights into many aspects of the bat-
tery performance. However, it is a bulk-averaged measurement and neglects all the details
regarding the cell structural defects and the heterogeneous chemical processes that occur
inside a battery. On the contrary, imaging techniques have been used to investigate the
LIB structure and behaviors in two dimensions (2Ds) and three dimensions (3Ds) (8, 9).
It is important to point out that the battery performance could be affected by the cell
architecture, which could affect the electrochemical impedance, capacity retention, stress,
and heat accumulation, among other factors. For example, to facilitate many of the in situ
and/or in operando imaging observations, specialized cells with transparent or ultrathin
observation windows have been elaborately designed (10). These tailored cells are useful
to the mechanistic studies, and the cell design is often determined by the constraints of
the characterization technique, which could jeopardize the validity of the electrochemical
results (11). Even for well-standardized commercial cells, different performance has been
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reported in different cell configurations (12). For example, the
tab-less 4680 cylindrical cell (i.e., 46 mm in height, 80 mm in
diameter) could deliver more capacity in comparison with the
conventional 21700 and 18650 cells. This is because the 4680
cells contain smaller amount of inactive materials, thanks to
the innovative cell design. Clearly, the ultimate performance
of a battery is a combined effect of electrochemistry, interphase
chemistry, corrosion, mechanics, thermotic, and cell designs.
Therefore, in situ and/or in operando observation of all the cell
components in commercial LIB cells is pivotal to battery research
and development.

Over the past decade, many advanced imaging techniques have
been developed to probe the internal structure and to directly
monitor the status of the battery. Here, we survey a few notable
examples of the tremendous efforts in this field. Infrared thermog-
raphy (13, 14), acoustic imaging (15, 16), and X-ray imaging
(17, 18) have been used to investigate the industry-scale batteries.
Infrared thermal imaging has been used to study the mechanisms
of heat generation and material evolution during battery operation
and thermal runway. Acoustic imaging is an effective tool to
detect the gas generation and electrolyte wetting in the battery.
Two-dimensional X-ray radiography has been used for inline
inspection and defect analysis in industrial manufacturing (19, 20).
Although it provides an opportunity to perform rapid inspections,
2D X-ray radiography lacks the structural information along the
beam direction. Another powerful technique widely applied in bat-
tery research and development is the X-ray micro—computed
tomography (micro-CT), which can reveal the evolutions of the
electrode morphology (21), battery structure (22), and state of
charge (23) in operating cylindrical cells. However, the laboratory-
based X-ray tomographic technique encounters increasing difficul-
ties when applied to the other cell geometries. This is particularly
the case for high-aspect-ratio pouch cells. When a micro-CT is
used to image a high-aspect-ratio pouch cell, the image contrast is
severely deteriorated due to the high absorption of the X-ray along
the longitudinal direction (S/ Appendix, Fig. S1A) (24), and the
spatial resolution is limited to tens of microns (18, 25) due to the
geometrical restrictions (S Appendix, Fig. S1B). Consequently, high-
throughput, high resolution, laboratory-based, 3D X-ray imaging is
yet to be achieved for lithium-ion (Li-ion) pouch cells.

In this work, a laboratory-based high-resolution and high-
throughput X-ray micro—computed laminography (micro-CL)
is developed for in situ visualization of an industry-relevant Li-
ion pouch cell. Multiple cell components including cathode,
anode, and plated lithium are imaged and analyzed. Our results
clearly demonstrate evidence for a number of degradation pro-
cesses in a real-world pouch cell. Details regarding the deforma-
tion of the battery cathode and anode, the evolving uniformity
of cathode particle density, the transition metal dissolution and
precipitation, and the lichium plating will be discussed. These
unprecedented capabilities, which are not accessible through
conventional micro-CT characterizations, could strengthen our
understanding of the relationship between the microscopic
characterizations and electrochemical ~measurements for
industry-scale Li-ion pouch cells.

Results

High-Resolution Micro-CL Enables Particle-Level Identification.
In a laboratory 3D X-ray imaging system, a short source-to-
object distance (SOD) is desired. This is because it not only
facilitates a high geometry magnification to achieve high spatial
resolution, it also increases X-ray flux on the sample. Small
SOD could improve the experimental throughput because the
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X-ray flux on a region of interest is inversely proportional to
the square of the SOD. In our application, the requirement to
rotate a planar sample through 360° sets a lower limit for the
SOD and, therefore, limits the throughput of laboratory micro-
CT scans. Moreover, it is desirable to maintain a constant effec-
tive sample thickness as a function of rotation angle to avoid
beam hardening. Beam hardening occurs when the projected
thickness of a sample has significant differences for different
projection angles and, therefore, the transmitted X-ray spec-
trum varies, making it difficult to normalize the data and
resulting in artifacts in the 3D reconstruction (26, 27). As a
result, the conventional micro-CT is not well suited for imag-
ing high-aspect-ratio planar objects (e.g., a Li-ion pouch cell).

To address this challenge, a laboratory-based, high-resolution
and high-throughput micro-CL microscope was developed for
imaging an industry-relevant Li-ion pouch cell. Unlike micro-
CT, in which the rotation axis is perpendicular to the X-ray
beam (S/ Appendix, Fig. S1B), in our micro-CL, the X-ray
beam has a slant angle of ¢ with respect to the rotation axis
(Fig. 1A4) and a highly efficient flat panel detector (FPD) can be
used for 3D imaging of a planar sample at submicron resolu-
tion. Through this approach, both challenges discussed above
are addressed: 1) the effective sample thickness is approximately
constant regardless of the viewing angle, significantly suppress-
ing the radiation hardening and photon-starvation artifacts;
and 2) the pouch cell can be placed very close to the laboratory
X-ray source (SOD ~0.5 mm), facilitating a high geometric
magnification and a high flux efficiency. We demonstrate, using
a resolution target, that the instrumental resolution of our sys-
tem reaches down to ~0.5 pm (87 Appendix, Figs. S2 and S3)
and a significant improvement in throughput (S/ Appendix,
Fig. S4). More details about the resolution characterizations for
our micro-CL imaging system can be found in Materials and
Methods. Systematic comparison between our micro-CL results
and the conventional micro-CT results can be found in the S7
Appendix and SI Appendix, Figs. S5 and S6.

We demonstrate the capability of our micro-CL setup
through in situ imaging of an industry-relevant Li-ion pouch
cell from the cell level down to the particle level (more experi-
ment details are provided in Materials and Methods). It is of
practical importance to image multiple cell components simul-
taneously, which is very challenging due to the significant dif-
ference in the physical properties of the LIB components. The
representative virtual slices of the LiNigg3Co0.12Mng 050,
(NMC) cathode and the graphite anode are shown in Fig. 1 B
and C, respectively. Although the cathode and the anode
exhibit a large difference in their respective mass density and
averaged atomic number, both electrodes can be visualized in a
single measurement. We plot the intensity histograms of the
NMC cathode and graphite anode in Fig. 1D. The graphite
anode shows a narrow intensity distribution; in contrast, the
NMC cathode shows a wider spread. This is because the com-
posite NMC cathode is made of active NMC materials and
inactive carbon and binder domains, which are fitted and dis-
played in Fig. 1D. The spatial resolution of our approach is suf-
ficient to resolve important microscopic morphological features
(e.g., cracks and voids in individual electrode particles; see
insets in Fig. 1 Band C).

The fidelity of our imaging results is evidenced by the suc-
cessful segmentation of the two electrode images (right-most
panels in Fig. 1 Band (), which facilitates the quantification of
the particle-size distribution in both electrodes (Fig. 1E).
According to our result, the NMC cathode particles exhibit a
broader distribution of the equivalent diameter in comparison
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tions of a Li-ion pouch cell. (B and () Representative slices of the NMC cathode and graphite anode are presented. The insets show the cracks in an NMC
particle (B) and a void in a graphite particle (C). The right-most images in B and C show the segmented images of two electrodes. (D) The intensity histograms
of the NMC cathode and graphite anode are shown. (E) The equivalent diameters of the particles in these two electrodes are quantitatively analyzed. a.u.,
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to that of the graphite anode particles, consistent with the scan-
ning electron microscope (SEM) images (S Appendix, Fig. S7).
It is interesting to note that the graphite particles present a
fairly symmetry distribution in their size (Fig. 1E, yellow
arrow). On the contrary, the NMC particle-size distribution is
asymmetric, featuring the coexistence of a small number of
large NMC particles (Fig. 1E, white arrow) and many small
NMC particles (Fig. 1E, cyan arrow).

Cathode Structural Evolution Upon Cycling. Fig. 24 shows a
3D subvolume of the imaged NMC cathode electrode. The
coexistence of NMC particles with different sizes is evident and
is often adopted for promoting the packing density of the elec-
trode. The same volume was in situ scanned multiple times as
the cell was electrochemically charged. Here, we compare two
regions of interest at discharged and charged states (Fig. 2 B, C,
E, and F). These two regions of interest feature the electro-
chemically induced intraparticle heterogeneity (Fig. 2 B and C)
and interparticle heterogeneity (Fig. 2 E and F), respectively. In
Fig. 2C, compared with its discharged state (Fig. 2B), two
bright spots (highlighted in Fig. 2C with a yellow arrow and a
green arrow) are formed in an NMC particle upon charging. In
Fig. 2F, the relative intensity inverts between two neighboring
NMC particles (highlighted with a purple arrow and a blue
arrow). The line profiles in Fig. 2 D and G also clearly support
our assessment of the images. Although the intraparticle and
interparticle cathode heterogeneities have been broadly reported
(21, 28), our development here highlights the capability of
simultaneously in situ imaging many particles, which could
allow us to capture the rare events that are sparsely distributed
throughout the cathode in a large pouch cell.

In addition to the particle-level analysis, we further per-
formed a deformation analysis on a subvolume of the imaged
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NMC cathode (Fig. 2H) by applying the standard 3D
Lucas—Kanade method (29, 30). To evaluate the particle-
size—dependent deformation of the cathode electrode, we sepa-
rated the cathode particles into two groups: large (Fig. 2/) and
small (Fig. 2/) particles. The deformation trajectory is quanti-
fied, and its angles and amplitudes are subsequently extracted
from the 3D vectors for each voxel. We compared the in-plane
and out-of-plane components by decomposing the deformation
vectors based on their moving directions, as demonstrated in
Fig. 2K While both large and small particles show a similar rel-
ative shift at the in-plane direction (horizontal direction in Fig.
1A), the large particles undergo a large relative shift at the out-
of-plane direction. The particle-size-dependent deformation
behavior is an interesting observation and shall be considered
when manufacturing the composite electrode. The mismatched
deformation could lead to decohesion of the particle from the
carbon and binder domains, which would increase the imped-
ance and degrade the rate performance. The selection of active
cathode particles with uniform size distribution could be bene-
ficial in this perspective.

Graphite Anode Particle Deformation Upon Cycling. It is the
general consensus that X-ray imaging of graphite anode is more
challenging because of its low atomic number and thus low
X-ray attenuation. This is particularly the case when imaging
the LIB in a full cell configuration, due to the coexistence of
multiple cell components. Our micro-CL design enables a small
SOD and increases the X-ray flux, which facilitate the in situ
imaging of graphite anode.

In Fig. 3, we display several microscopic defects that are
formed upon charging. These defects include voids, cracks, and
debonding (Fig. 3 A—C) of the graphite particles in comparison
to their respective discharged status (S7 Appendix, Fig. S8 A-C).
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We further segmented three randomly selected graphite par-
ticles and quantified the deformation at the particle level. Fig. 3
D-F shows that the deformation of these particles is very non-
uniform, featuring considerable heterogeneities in both the
deformation amplitudes and orientations (arrows in Fig. 3
D-F). The averaged amplitude of the deformation vectors over
these particles is similar. The probability distributions of the
deformation amplitude exhibit a peak at ~1.0 pm (Fig. 3G),
which is close to 10% of the particle size. As reported, the
charging-induced change in graphite’s interlayer distance is
~10%, in qualitative agreement with our results (31-33). Fur-
thermore, it is interesting to note that the deformation ampli-
tude in the in-plane direction is larger than in the out-of-plane
direction (Fig. 3H). A possible reason for this phenomenon is
that two layers of carbon fiber—reinforced polymers (CFRPs)
were used to fix the pouch cell during the electrochemical
cycling. The two layers of CFRPs offer a mechanical force to
suppress the expansion in the out-of-plane direction. The stack
pressure plays an important role in liquid and solid batteries.
Traditionally, it is expected that the pressure mainly modulates
interface (34). Our findings highlight that the pressure may
also influence the deformation behavior of active anode par-
ticles, which is a long-overlooked phenomenon that could
affect the electrochemistry of the LIB.

Direct Observation of Multiple Degradation Processes in
an Li-ion Pouch Cell. Degradation in LIBs is the consequence
of a complicated interplay among a number of chemical and
physical processes. Direct observation of multiple degradation
processes in their inherent structural and chemical states during
battery operation is of vital importance. It could provide an
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in-depth and intuitive understanding of their effects on the
electrochemical performance and LIB lifetime (35). In many
reports in the literature, authors aimed to perform failure analy-
sis by connecting the macroscopic-scale LIB behavior with the
microscale characteristics. Direct observation at high resolution,
however, usually limits the sample size, due to experimental
constraints, which makes it difficult for industry-scale large Li-
ion pouches.

By virtue of 3D nondestructive detection using the micro-CL
microscope, we demonstrate in situ visualization of an industry-
relevant large Li-ion pouch cell. We have systematically presented
experimental evidence for the chemomechanical degradations in
the cathode of our pouch (e.g., particle cracking; Fig. 4A4), intra-
particle and interparticle heterogeneity (Fig. 4 B and (), and
cathode electrode deformation. The graphite anode particles are
imaged simultaneously and their deformation (Fig. 4D), void for-
mation, cracking, and debonding are visualized and quantified in
situ. The structural deformation and particle pulverization are
critical issues in high-capacity electrodes. Visualizing this process
could provide valuable insights to inform the particle synthesis
and electrode manufacturing,

In addition, after a thorough data review, we captured the
formation of several metal particles in the graphite anode upon
battery cycling (Fig. 4E and SI Appendix, Fig. S9B). This is
attributed to the transition metal dissolution (from the cath-
ode), migration (through the electrolyte), and precipitation (on
to the anode). To verify their composition, we conducted
micro—X-ray fluorescence (micro-XRF) mapping (SI Appendix,
Figs. S10 and S11), SEM, and energy dispersive X-ray spectros-
copy (EDS) characterization (S Appendix, Figs. S12 and S13).
More details about micro-XRF, SEM, and EDS can be found
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in the ST Appendix. The fluorescence signals from nickel, cobalt,
and manganese are all observed in micro-XRF and/or EDS,
respectively. The dissolution—migration—precipitation process is
directly related to the capacity fade of the battery and direct in
situ observation of this process could be useful to the design of
the mitigating approach (36).

Moreover, we report the direct visualization of lithium plating
on our anode surface (Fig. 4F and SI Appendix, Fig. S9C), and
the lithium plating leads to the consumption of the lithium
inventory and thus causes accelerated capacity fade and forma-
tion of new solid electrolyte interphase (37). To further confirm
the lithium plating, we disassembled the pouch cell in an argon-
filled glovebox. SI Appendix, Fig. S14 presents a picture of the
anode after teardown of the cell, in which the lithium plating
regions clearly show a silver and gold coloration. Our micro-CL
method could facilitate the investigation of the Li plating behav-
iors during fast charging or overcharge abuse. To this end,
through a single measurement using this micro-CL approach, we
have demonstrated direct experimental evidence relevant to mul-
tiple degradation processes (schematically illustrated in Fig. 4G)
that occur in an industry-relevant large Li-ion pouch.

Discussion

In this work, we present noninvasive in situ assessment of an
industry-relevant Li-ion pouch cell. Specifically, we developed a
high-resolution and high-throughput, laboratory-based micro-CL
system, which is capable of imaging the pouch cell at a 3D voxel
resolution of 0.5 pm and identifying submicron features in differ-
ent cell components. This method provides an opportunity to
visualize various chemomechanical degradation processes in the
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pouch cell, including the deformation of the battery cathode and
anode, the evolving uniformity of cathode particle density, the
transition metal dissolution and precipitation, and the lithium
plating. The sophisticated multicomponent interplay within a
functioning industry-relevant battery cell is of fundamental impor-
tance to LIB research and development. The methodology we
developed presents an avenue toward a thorough understanding of
the correlation among multiscale structures, chemomechanical
degradation, and electrochemical behavior of industry-scale Li-ion
pouch cells.

In the present study, we demonstrated the development by
imaging a single-layer pouch cell. We acknowledge that, for
battery industry, it is technically important to investigate multi-
layer pouch cells. Although our method can potendally be
applicable to thick samples, it worth noting that there are two
limiting factors that need to be considered and addressed.

First, the micro-CL method has a limited depth of focus and
the sample regions outside of the depth of focus could suffer
from reduced effective resolution. This limitation could poten-
tially be addressed by a focus-stacking approach, which has
been demonstrated in optical microscopy and full-field X-ray
microscopy. The adoption of the focus-stacking approach for
laminography has not be demonstrated and is a topic of great
interest for future research efforts.

Second, the absorption contrast (1) negatively correlates with the
X-ray energy (1 o 1/E?, where E is X-ray energy) and positively cor-
relates with the material density and atomic number (4 & pZ®,
where p is the material density and Z is the atomic number) (38).
The X-ray energy, material density, and atomic number dependen-
ces mean that materials with low atomic number exhibit low X-ray
attenuation. In order to investigate a thick sample, high-energy

https://doi.org/10.1073/pnas.2203199119 5 0of 8


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203199119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203199119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203199119/-/DCSupplemental

TM dissolution
Electrode delamination

- >

‘ntrﬁpamcle“
hef&ogéﬁé}t '
- »
~ & »

J10)08||09 jus.INd |V

‘ —~
- ‘(j.

‘-’&ﬁo.ﬁn\
)

e l‘

terparticle '
ogggeity
« .
- -

o Particle cracking

Fig. 4.

G

Particle deformation/detachment
TM precipitation

Redox heterogeneity | Li platlng/dend‘rl;‘ Partlcle cracking
Anode expansion
Charge heterogeneity

Electrode cracking

pre'Ciﬁitatiqn

F

In situ visualization of multiple degradation processes in an industry-relevant pouch cell. (A-C) The chemomechanical degradation occurred in an

NMC cathode, including particle cracking (A), intraparticle heterogeneity (B), and interparticle heterogeneity (C). (D-F) The degradation occurred in the graph-
ite anode, including particle deformation (D), TM precipitation (£), and Li plating (F). (G) Schematics of multiple degradation mechanisms observed in an

industry-relevant, large Li-ion pouch cell. TM, transition metal.

X-rays are needed to ensure the penetration. However, the use of
high-energy X-rays also leads to poor imaging contrast on the low-Z
materials. One possible solution is to integrate the micro-CL
system with Talbot interferometry to offer different contrast modali-
ties, which could enhance the sensitivity of this method in imaging
low-Z cell components (39). This is a rather sophisticated approach
and is clearly beyond the scope of the present article.

The implementation of micro-CL reduces the artifacts of the
radiation hardening and photon starvation, which is severe in
micro-CT when a high-AR planar object is imaged. However,
micro-CL still suffers from a missing cone of data in the recip-
rocal space, which leads to an anisotropic resolution. Advan-
ced iterative algorithms have been developed to address this,
and novel machine-learning developments could potentially be
leveraged (40).

Further improvement of the experimental throughput is
highly desirable for LIB research, in particular for studies rele-
vant to LIB fast charging. Currently, our 3D reconstruction
process utilizes a modified, filtered, back-projection algorithm,
which needs a high angular-sampling rate. State-of-art iterative
algorithms can be implemented to facilitate the reconstruction
with fewer projections, which would, in turn, improve the
experimental throughput (24, 41). These iterative algorithms,
however, are often computationally expensive, and novel
memory-management methods could be a viable approach in
this regard. From the hardware perspective, it could be benefi-
cial to integrate the state-of-the-art photon-counting detectors
for reducing the image noise.

Beyond the measurement of the Li-ion pouch, the implanta-
tion of laboratory-scale micro-CL is applicable rather broadly
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for medical, scientific, or engineering problems, where the sam-
ples are planar. In particular, this technique is useful to image
the integrated circuits in electronics devices for failure analysis,
design validation, and quality control.

Materials and Methods

Resolution Characterizations of the Laboratory-Based Micro-CL. Prior to
imaging the real-world specimens, we carefully characterized the new micro-CL
setup in several key aspects that are crucial to image the pouch cells. The spatial
resolution determines the smallest features which can be resolved in the sample.
We performed the spatial resolution characterizations with a resolution target,
which features an array of precisely controlled, microstructure, tungsten-metal
inserts that are embedded in a diamond substrate. Because of the large size of
the resolution target (42), two measurements were carried out to image the dif-
ferent scale of line pairs. In the first micro-CL measurement, the SOD was
3.9 mm. The object-to-detector distance (SDD) was 640.5 mm. Paired with
49.5 pm of the pixel size of the FPD, the magpnification of 164.2 in the first con-
figuration provided the voxel size of 0.3 pm. In the second micro-CL measure-
ment, a shorter SOD was set as 2.5 mm. The SDD was set as 639.5 mm. The
larger magnification of 255.8 in the second configuration provided the voxel
size of 0.2 um. The X-ray voltage of the X-ray source was set as 40kV and the
power was 3.0 W. The exposure time was 2.4 s/projection, and 721 X-ray trans-
mission images were acquired for rotation over 360° for both measurements.
The collected projection data sets were fed into a modified Feldcamp-Davis-Kress
algorithm to reconstruct the 3D volume (24). SI Appendix, Fig. S2 shows the
reconstructed virtual slice of the first measurement, in which a 1.0-um line and
0.75-pm line are clearly resolved with a high contrast. S/ Appendix, Fig. S3 dem-
onstrates the reconstructed virtual slice of the second measurement, in which a
0.5-um line was probed with moderate contrast. Based on the resolution charac-
terizations, the reconstructed virtual slices and line profiles clearly demonstrate
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the spatial resolution of the new laboratory-based micro-CL system can reach
0.5 pm. It be should pointed out that some different kinds of architectures have
been developed to carry out the CL technique with a laboratory-scale microfocus
source. However, the spatial resolution of the prior-of-art laboratory CL is limited
to a few to tens of micrometers (24, 41, 43, 44). We acknowledge that the advent
of a synchrotron source pushes the spatial resolution of CL to submicrometers
(26, 27), even tens of nanometers are achieved with ptychography scan (40). Nev-
ertheless, the limited access of the synchrotron makes CL technique not broadly
available for industry.

Micro-CL Measurement Optimization for Pouch Cell. In our setup, the
slant angle, ¢, can be adjusted by rotating the FPD to fit the geometry configu-
ration. Choosing the slant angle requires a balance between minimizing the
missing Fourier space cone and providing sufficient transmission through the
sample. To maximize the image quality of the electrode particles, two slant
angles have been employed for comparison. The first measurement was carried
out with a slant angle of 15°. The exposure time was 6 s/projection; the expo-
sure interval of the angle was 0.1° for the rotation over 360°. The voxel size of
the reconstructed 3D image was 0.7 pm. The second measurement was per-
formed by setting the slant angle to 30°. The exposure time was 2 s/projection;
the exposure interval of the angle was 0.075° for the rotation over 360°. The
voxel size of the reconstructed 3D image was 0.5 pm. Compared with the situa-
tion of a slant angle of 15°, X-ray photons go through a short travel range in the
sample for the slant angle of 30°, resulting in a higher flux on detector and
short exposure time. To pursue a high signal-to-noise ratio, the operating voltage
of the source in two measurements was set as 50 kV, which maximized the con-
trast by optimizing the X-ray transmission (45). SI Appendix, Figs. S15 and S16
present the virtual slices of the NMC cathode and graphite anode, respectively.
Even though, in both measurements, NMC and graphite can be detected, the
contrasts are a bit different. The power spectral density was carried to evaluate
these two different measurements, as shown in S/ Appendix, Figs. S15E and
S16E. The results suggest that the measurements with a slant angle of 30° out-
performs in imaging both anode and cathode particles.

To balance the measurement efficiency and performance, the trade-off
between the spatial resolution, acquisition time, and the pouch cell volume
should be considered. In this study, we chose a slant angle of 30° for all the
pouch cell measurements with voxel size of 0.5 pm. The exposure time was
2 s/projection; the exposure interval of the angle was 0.075° for the rotation
over 360°. The voltage was set as 50 kV.

High Detector Efficiency in Micro-CL. Typically, the state-of-art laboratory
X-ray micro-CT system can achieve a resolution of ~1.0 pm by employing a
microfocus X-ray source combined with a scintillator-coupled objective lens and
a charge-coupled-device detector with submicron resolution (46, 47). A scintilla-
tor (e.g., cesium iodide [Csl] thallium) are coupled on the objective lens to trans-
form the X-rays to visible light, which is collected by an objective lens and
imaged onto the charge-coupled device. The thickness of the scintillator govems
the fractional absorption of X-rays; consequently, it determines the efficiency of
the entire X-ray detector. Despite that, in principle, the thicker scintillator facili-
tates higher efficiency, in practice, the objective lens has a fixed depth of field in
which the entire scintillator must reside to avoid blurring, limiting the thickness
of the scintillator (i.e., Csl; e.g., ~30 pm for a 20X objective lens, ~10 pm for
40X objective lens). It should be noted that the thin scintillators are inefficient at
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converting high-energy X-rays to visible light, due to insufficient absorption. The
implementation of the proposed micro-CL employs a highly efficient FPD, which
adopts a thicker Csl with a thickness of 450 pm. The fractional absorption of dif-
ferent thicknesses of Cs| scintillator are plotted as a function of X-ray energy in S/
Appendix, Fig. S4A. While the fractional absorption of the Csl scintillator in an
FPD is 0.84, the fractional absorption of the Csl scintillator in a 20X objective
lens-coupled indirect detector is 0.12 when 30 keV X-rays are used. The 7.0X
higher efficiency gain of an FPD leads to superior imaging throughput in a
micro-CL system. S/ Appendix, Fig. S4B shows the efficiency gains of an FPD over
indirect X-ray detectors coupled with the 20X and 40X objective lenses as a func-
tion of X-ray energy. The X-ray FPD holds a higher efficiency over the X-ray
energy range of 5 to 120 keV, and even higher at high X-ray energies. Therefore,
the throughput of the proposed micro-CL improves a lot by using highly efficient
FPD for pursuing a submicron resolution.

Cell Preparation. A pouch-type cell was assembled with a single-layer-
electrode stack structure. The cell was composed of a 70-um NMC cathode on an
Al current collector, a 50-um artificial graphite anode on a Cu current collector,
and a polyethylene separator. The cell was dried at 85 °C under vacuum for 12 h
before filling an electrolyte composed of 1.2 M LiPF4, ethylene carbonate:di-
methyl carbonate:diethyl carbonate = 1:1:1 (by weight), and 1.5 wt% vinylene
carbonate additive in an argon-filled glovebox (Mikrona; 0,/H,0 < 0.1 ppm).
The electrochemical measurements were performed using a battery cycler
(Shenzhen Neware, BTS9000-5V; or Biologic SP300). The more-specific parame-
ters of the cell can be found in S/ Appendix, Table S1. The cell was first cycled
with a current of 5 mA at 2.7 to 4.25 V twice. After that, the cell was abused
with a current of 25 mA at 2.7 to 4.9 V three times and then stopped at the
specific voltage before further characterizations. SI' Appendix, Fig. S17A
shows the capacity calibration of the pouch cell with a current of 5 mA at
2.7 to 4.25 V. SI Appendix, Fig. S17B shows the overcharge electrochemical
profiles of the pouch cell with a current of 25 mA. After being charged to
4.9V, the cell is continuously charged with a constant voltage until reaching
the limit current of 10 mA. The pouch cell is placed between two CFRPs to
compress the cell.

Data Availability. All study data are included in the article and/or supporting
information.
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