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ABSTRACT: Nondestructive methods that allow researchers
to gather high-resolution quantitative information on a
material’s physical properties from inside a working device
are increasingly in demand from the scientific community.
Synchrotron-based microcomputed X-ray tomography, which
enables the fast, full-field interrogation of materials in
functional, real-world environments, was used to observe the
physical changes of next-generation lithium-ion battery anode
materials and architectures. High capacity, nongraphitic anodes
were chosen for study because they represent the future
direction of the field and one of their recognized limitations is
their large volume expansion and contraction upon cycling,
which is responsible for their generally poor electrochemical

performance. In this work, CugSns coated on a three-dimensional copper foam was used to model a high power electrode while
laminated silicon particles were used to model a high energy electrode. The electrodes were illuminated in situ and ex situ,
respectively, at Sector 2-BM of the Advanced Photon Source. The changes in electrode porosity and surface area were measured
and show large differences based on the electrode architecture. This work is one of the first reports of full-field synchrotron
tomography on high-capacity battery materials under operating conditions.
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1. INTRODUCTION

Rechargeable lithium-ion batteries (LIBs) are portable electrical
energy storage devices which have dominated the consumer
electronics market for the past 20 years." Translating this
success to the transportation market requires doubling the
battery energy density without increasing cost or sacrificing
safety.” A key limitation to developing the next-generation of
energy storage systems is derived from the inherent short-
comings of graphitic carbon used as a negative electrode (or
anode) in today’s LIBs, namely, its low gravimetric (372 mAh/
g) and volumetric (818 mAh/cm®) capacity. Over the past
decade, various classes of materials have been proposed and
studied as alternative anodes, most notably, (i) metals (e.g,
Sn), (ii) metalloids (e.g, Si, Ge), (iii) intermetallic compounds
(e.g, CoSn, CusSng), and (iv) metal oxides (e.g, CoO,
Li,TisOy,). Metals, metalloids, and intermetallic compounds
are of particular interest because they offer significantly higher
theoretical volumetric and gravimetric capacities compared to
graphitic carbon while operating at similar potentials. For
example, Si can accommodate nearly four lithium atoms per
unit, providing a theoretical gravimetric and volumetric
capacities of 4009 mAh/g and 9339 mAh/cm® (Li,,sSi) and
operating between ca. 0.01 and 0.5 V vs Li’/Li".}

-4 ACS Publications  © 2014 American Chemical Society 4524

Despite their advantages, high capacity materials have not
supplanted graphitic carbon as the dominant commercial
materials due to mechanical problems associated with the
significant volume changes (often >300%) which accompany
lithium insertion and removal. These volume shifts cause
particle pulverization (until some critical particle size is reached
based on stress/strain relations) which results in continuous
exposure of fresh surfaces to electrolyte, leading to increased
solid-electrolyte interphase (SEI) passivating layer formation
and the eventual electronic isolation of active materials within
the electrode structure.* This anode volume shift can lead to
electrode level failure due to polymeric binder breakdown and
electrode delamination from the current collector. While
significant research efforts have focused on designing electrodes
that can accommodate these volume shifts without sacrificing
capacity, success has been limited. To date, several approaches,
including new polymer binders,"”” nanostructured materials
and composites,g_11 and microstructured electrode architec-
tures'>™'* have been reported. In addition, new operating
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protocols have been proposed such as capacity-limited cycling
to extend the electrode lifetime by minimizin§ the lithium
inserted per silicon and thus the volume shifts.">™® While all of
these approaches have yielded promising results, cell-level
performance with realistic active-materials loadings still falls
short of established capacity and lifetime targets.

Gaining a better understanding of electrode microstructure
and, more specifically, the electrically- and chemically driven
changes to that structure over electrode lifetime is key to
designing next-generation energy storage systems. To this end,
a number of microscopies and spectroscopies have been
employed to probe physical and chemical changes in battery
materials. Microcomputed X-ray tomography (MicroCT) is an
emerging analytical technique that measures variation in X-ray
attenuation upon rotating samples, to generate three-dimen-
sional maps of samples with high spatial resolution (1—10 pm)
in a nondestructive fashion over large geometric volumes (on
the order of 1 mm?®). Variations in X-ray absorption enable
identification of different phases/elements and their distribu-
tion, throughout the sample. Three-dimensional imaging of
complex electrode architectures provides detailed information
about structural organization, species location, and local
physical properties (e.g., porosity, tortuosity). A better
understanding of the changes in these physical properties can
play a large role in improving modeling and simulation efforts
that draw out relationships between microstructure and
performance."”

The nondestructive nature of MicroCT enables operando
imaging of electrochemically driven morphological changes in
three dimensions provided these temporal processes are slower
than the image collection rate. While laboratory-scale MicroCT
systems have limited collection rates, on the order of 1-2 h,
high speed synchrotron-based MicroCT enables image
collections in as little as 15 s without sacrificing resolution.
Although MicroCT enables visualization of electrode micro-
structure (down to a volumetric pixel, or voxel, size of 1 um®),
analysis of the nanoscale materials (e.g, primary particles)
requires the use of complementary techniques with higher
spatial resolution such as focused-ion beam scanning electron
microsco}zny (FIB-SEM),"®* > transmission electron microscopy
(TEM),*'~?* or nanocomputed X-ray tomography
(NanoCZT).24_26 However, in most cases, these techniques
generally require destructive sample preparation (e.g, ion-
milling sections of a larger electrode) or the use of
nanostructured materials, such as single nanowires.”” In
addition, deviations from typical benchtop behavior of
electrochemical cells from X-ray and electron beam interactions
are an emerging concern which have been highlighted in the
fuel cell community.”®*® A deeper reflection of this issue as it
pertains to our experiments will follow.

While significant efforts have focused on using MicroCT to
characterize porous materials for energy conversion applica-
tions (ie., fuel cells),>*~* fewer efforts have focused on porous
electrochemical energy storage applications. Fukunaga et al.
used MicroCT to characterize electrode swelling and distortion
within sealed cylindrical nickel-metal hydride cells after
cycling.*" Manke et al. employed synchrotron tomography, in
combination with neutron tomography, to probe changes in the
three-dimensional spatial distribution of different chemical
components inside primary alkaline Zn-MnO, batteries during
discharge.*” Haibel et al. expanded on this earlier work by using
in situ microtomographic imaging to study the physical changes
which occur during discharge of a commercial AAAA Zn-MnO,
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battery.*> More recently, Brandon and co-workers have begun
to utilize multiscale tomography analysis for characterizing
various aspects of rechargeable LIBs including an excellent
perspective article.**~*” However, to date, research efforts have
focused on characterizing present day LIB materials (ie.,
graphite anodes and metal oxide cathodes); MicroCT is
perhaps even better suited for investigating the high capacity
metal and metalloid active materials for the next-generation
LIBs because, as compared to graphite, these materials have a
high X-ray absorption and large volume changes during charge
and discharge.

Here, we employ synchrotron-based, full-field MicroCT to
characterize two different nongraphitic anode materials: an
engineered microporous copper—tin composite and a more
traditional silicon-based laminate. We perform ex situ studies on
both materials before and after cycling to visualize three-
dimensional structural changes and determine key physical
properties. In addition, we have developed a proof-of-concept
electrochemical cell for simultaneous microtomographic and
electrochemical measurements to directly correlate changes in
physical structure to shifts in electrochemical performance. We
perform operando studies on the microporous Cu—Sn
composites to better understand lithiation processes and
subsequent structural evolutions throughout the three-dimen-
sional architecture. These ex situ and in situ studies of high-
capacity materials highlight a number of failure mechanisms
which would have been difficult to determine via comple-
mentary methods. Furthermore, we hope these initial studies
will highlight the utility of MicroCT as a tool for electrode
characterization and spur greater use of the technique
throughout the energy storage community.

2. EXPERIMENTAL SECTION

2.1. Electrode Preparation. In this study, two fundamentally
different electrodes were characterized: copper—tin on copper (CugSng
on Cu) foam (high power) electrodes and traditional laminated (high
energy) silicon (Si laminate) electrodes. CugSny on Cu foam
electrodes were made by the electroless plating of tin, using a Caswell
plating solution, onto copper foam sheets (90 ppi, 380 g/m” areal
weight, 1.5 mm thickness, Circuit Foil). Prior to tin plating, the foams
were calendared to 100 pum thickness and washed with dilute
hydrochloric acid and acetone. Copper foam porosity was measured
before and after calendering. Electroless tin plating was performed for
roughly 1 min in two 30 s intervals at 50 °C with no agitation.
Submersion of the foam in the bath immediately coats the copper with
tin, as evidenced by the color change from orange to gray. The
electrodes, both carbon- and binder-free, were rinsed with deionized
water and dried with a heat gun (estimated T < 100 °C) at a
considerable distance. Si laminate electrodes were prepared using 70
wt % Si particles (325 mesh, Aldrich), 20 wt % polyvinylidene
difluoride (PVDF, Aldrich), and 10 wt % Super P Li carbon (Timcal).
N-Methyl-2-pyrrolidone (NMP, Aldrich) was added to control the
slurry viscosity. The slurry was cast with 200 ym thickness onto
copper foil via a doctor blade. To remove the NMP, the resulting
laminate was first dried in an oven at 75 °C and then dried overnight
in a vacuum oven at 65 °C.

2.2. Electrochemical Testing. Electrochemical performance of
the two electrodes was first evaluated in stainless steel coin cells
(Hohsen 2032). Unless specified otherwise, the CugSng on Cu foam
and Si laminate electrodes were punched into 1/2 in. (12.7 mm) discs
and cycled vs 1/2 in. Li metal (FMC Lithium) separated by a single 5/
8 in. (~15.9 mm) Celgard (2325) separator. In all studies, the
electrolyte used was 1.2 M LiPFq in 3:7 wt % ratio ethylene carbonate/
ethyl methyl carbonate (Tomiyama High Purity Chemical Industries
Ltd.). All coin cells were tested on a MACCOR cycler (Series 4000).
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2.3. Scanning Electron Microscopy and X-ray Diffraction.
Cu4Sng on Cu foam electrodes were analyzed via scanning electron
microscopy (SEM, JEOL 6400), energy-dispersive X-ray spectroscopy
(EDS, Oxford INCA), and X-ray diffraction (XRD, Siemens DS000,
Cu Ka radiation).

2.4. Beamline Cell Assemblies and Testing. An electrochemical
cell was constructed to enable simultaneous electrochemical analysis
and microtomographic imaging. The cell housing consisted of X-ray
transparent, electrically insulating polyamide-imide (Torlon, McMas-
ter-Carr) which was precision-machined into a S mm outer diameter
tube with an inner diameter threaded throughout to enable stainless
steel screws (4—40, McMaster-Carr) to secure, seal, and apply pressure
to the cell stack. The cell stack consists of a 5/64 in. (~1.98 mm)
diameter CugSng on Cu foam electrode and a 5/64 in. (~1.98 mm)
diameter Li metal electrode separated by a 3/32 in. (~2.38 mm)
diameter Celgard 2325 separator or glass fiber separator (Whatman
GF/F). All cell components were stored and punched in an argon-
filled glovebox and presoaked in the electrolyte. However, due to the
small size and delicate nature of the electrolyte-soaked components,
the cell was rapidly assembled and sealed outside of the glovebox on
the laboratory benchtop. In addition to the screws, the tube ends were
sealed with Parafilm. Figure la shows a schematic and photograph of
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Figure 1. (a) Beamline stack schematic consisting of a lithium metal
electrode (gray), a porous separator (crosshatched black and white),
and the electrode of interest, represented as CusSng on Cu foam here
(crosshatched orange and white). (b) The cell is mounted onto a
Teflon-based stand which is then magnetically attached to a rotating
stage in the beam path. (c) Copper leads are attached to the cell to
make an electrical connection to the potentiostat without impacting
the cell’s ability to rotating freely. (d) Schematic of synchrotron
microtomography at the 2-BM beamline of Advanced Photon Source
(APS) at Argonne National Laboratory (ANL). For ex situ
measurements, the electrode of interest was housed in the
unconnected cell stack to minimize sample movement during rotation.

the assembled beamline cell. Prior to transportation to the
synchrotron, electrochemical analyses were performed on the cells
using a portable potentiostat (Gamry Reference 600). For all cells,
open circuit potential was monitored for one hour to ensure no short
circuiting had occurred during assembly. For some of the cells, cyclic
voltammetry was also performed to verify reduction and oxidation
characteristics.

At the beamline, the cell is mounted on a threaded Teflon-stand to
secure the entire cell assembly via the screws (Figure 1b). The stand is
then magnetically attached to the rotation stage in the beamline. Thin
unclad copper or brass wires were wrapped around the screws
connecting each electrode and were secured between two hex nuts.
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The wires were then connected to the same Gamry potentiostat
(Figure 1c). The wire lengths were long enough to enable the cell to
rotate in the beamline without obstruction. During X-ray illumination,
electrochemical testing was performed via remotely controlling the
potentiostat within the beamline hutch. Figure 1d shows a general
schematic of the cell in the 2-BM beamline which is described in detail
below.

2.5. Synchrotron-Based Microtomography. The experiments
were conducted at the 2-BM beamline of Advanced Photon Source
(APS) at Argonne National Laboratory. 2-BM is a dedicated
tomography beamline, which utilizes the standard APS bending
magnet (BM) source and delivers a usable X-ray spectrum that exceeds
100 keV. The beamline is equipped with double-multilayer mirrors as
monochromator (DMM) that can be used when the desired X-ray
energy is less than 50 keV. When higher energies are needed, the
monochromator is removed. For these higher X-ray energies (>50
keV), the beaming hardening effect, which exists for most commercial
CT systems, can be largely reduced with appropriate filtration. In all
experiments, we employed an X-ray microscope equipped with a
pco.dimax CMOS camera that has 2016 X 2016 pixels of 11 X 11 um?*
pixel size, a Mitutoyo 10X long-working-distance lens, and a 100 ym
thick LAG:Ce scintillator. Therefore, the equivalent pixel size in the
projection images is 1.1 X 1.1 ym?; the equivalent voxel (volumetric
pixel) size in the three-dimensional renderings is 1.1 X 1.1 X 1.1 um®,
and the field of view (FOV) is ca. 2.2 X 2.2 mm? However, the actual
spatial resolution in the tomographic reconstructions depends not only
on the image pixel size but also on the imaging system point spread
function and image contrast. The tomographic reconstruction spatial
resolution can be estimated on the basis of the edge response function
across a sharp feature boundary.*® According to 10—90% distance, ***°
the spatial resolution can be estimated as ca. 44 pm for both
electrodes. This value represents the upper bound of the actual spatial
resolution since the feature boundary used in the estimation might not
be a perfectly sharp edge.

2.6. Acquisition, Reconstruction, and Segmentation of
MicroCT Data. In all studies, the electrodes were secured on the
stand and rotated stepwise over 180° within the X-ray beam to
generate a series of projection images. For ex situ studies, electrodes
either were adhered onto a stainless steel screw using carbon tape or
were secured in tube cell housing to prevent sample movement during
image collection. For in situ studies, the electrodes were secured in the
operational tube cell. The projection images were then processed to
reconstruct a series of 2D tomographic slices. The volumetric analysis
based on the slice stack for each electrode was done with the Amira
software package (Version 5.3, Visage Imaging).

For the CusSng on Cu foam electrode experiments, we used the
broad X-ray spectrum from 2-BM source with 15 mm Si and 10 mm
glass as filters (Figure 1d, including beam filter box). The cutoff energy
is ca. 50 keV which is enough to penetrate 2 mm foam. The detector-
to-sample distance was 20 mm, so absorption contrast dominates in
the projection images. A total of 1500 projection images were captured
at a rate of S0 images per second (2 ms exposure time, 6°/s rotational
speed). The 3D structure of the foam is reconstructed from the
projection images using the gridrec algorithm, a modified filtered-back-
projection algorithm.>*> The result was output into Amira for volume
segmentation from which quantitative analyses of the electrode
microstructure, as well as the structural changes during charge/
discharge cycling, were extracted. To reduce noise, a two-dimension
median filter of size 3 X 3 was applied to the reconstructed slice
images. For accurate analysis, a representative analytical volume (1703
pixels X 892 pixels X 100 pixels) is selected on the basis of two criteria:
(i) the analytical volume is the majority of the total electrode volume
(2016 pixels X 2016 pixels X 100 pixels), and (ii) the analytical volume
does not include or is not distorted by either the screw—electrode
interface or the electrode—separator interface. The same global
threshold was then used to segment the electrode from the
surrounding electrolyte in all scans, to maintain segmentation
consistency in all scans. For volume specific surface area or surface
area to volume ratio (SA/V), the surface area and volume were
obtained from Amira directly as two properties of the segmented
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electrode. In SA/V, the contribution to the area from the bounding
surface of the volume is subtracted so it is only the natural electrode
surface included in the calculation. In order to probe whether
lithiation/delithiation extent during cycling has variations along the
electrode depth direction, we also calculated the SA/V values for the
upper half and lower half volumes of the same electrode by repeating
the above analysis to these two subvolumes.

For Si laminate electrode experiments, SO keV monochromatic X-
ray with 1.5% bandwidth from the DMM was used (Figure 1d,
excluding beam filter box). A total of 1800 projection images were
captured at a rate of 3 images per second (100 ms exposure time, 0.3°/
s rotational speed). To help differentiate between the Si particles and
carbonaceous species, the detector-to-sample distance is set at 100 mm
to take advantage of the partial coherence of the X-ray beam and
enable propagation phase-contrast imaging. Prior to image recon-
struction, a Paganin phase retrieval algorithm is applied to the
projection data to enhance the contrast among all material phases and
facilitate the use of a single global threshold for segmentation of each
material phase.®> Due to their delicate nature, the Si laminates were
easily deformed during beamline sample preparation which challenged
uniform analytical volume selection as we did not want to capture
exterior empty space above the electrode or copper foil current
collector below the electrode. Consequently, slightly different
representative analytical volumes were selected for each electrode.

For image analyses for both electrode types, uncertainty may arise
from multiple sources including minor heterogeneities between
different samples of the same material, changes in the selected
analytical volume which may lead to the inclusion of different amounts
of void space, and noise inherent to the image collection which can
induce some uncertainty in segmentation. Depending on the property
of interest, each of these sources of error may play a different role. For
example, in the case of bulk porosity estimation, variations in selected
analytical volume are the most likely source of error. We account for
and attempt to minimize these errors by maintaining consistency in
sample preparation, data collection, and image processing parameters.
Moreover, whenever possible, computed values are compared to
experimentally obtained values.

3. RESULTS AND DISCUSSION

3.1. CugSn; on Cu Foam Electrodes. 3.1.1. Structural
Investigations. Microporous metal foams hold several key
advantages as substrates for rechargeable battery electrodes.
First, the foam can act as a porous current collector which
traverses the electrode thickness and enhances through-plane
electronic conductivity while enabling the electrode to function
in a dual-sided manner (if desired). Second, the foam can act as
a conductive substrate for the direct deposition (e.g,
electrodeposition, electroless deposition) of high capacity
intermetallic, metallic, or metalloid active materials which
eliminates the need for conductive additives and binders. This
may offer opportunities for simplified high throughput
electrode syntheses at the large scale. Third, the porous nature
of the foam provides sufficient void volume not only to
accommodate the volumetric expansion of these high capacity
materials but also to provide adequate space for the SEI to
remain intact at the bottom of the charge. Fourth, the porous
nature of the foam also facilitates electrolyte percolation and
ionic conductivity throughout the entire electrode structure
which may enhance rate capabilities (power) and enable thicker
more energy dense electrodes. The key is to optimize the
balance of active materials, void volume, and thickness to
maximize performance and durability for a particular
application.

In general, while the Cu foam used here has a lower surface
area and higher weight per unit area than desirable for high
performance batteries, the porous electrodes created have value
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for scientific investigations of electroless deposition uniformity
and active layer formation, stability, and electrochemical activity
(Figure 2a). The as-received foam was calendered from a 1.5

a)

Figure 2. (a) Digital photographs, from left to right, of the Cu foam,
the foam after Sn electroless deposition, and the foam after extended
electrochemical cycling in a Li half-cell. The SEM images show (b) the
as-received Cu foam, (c) the calendered Cu foam, and (d) the Cu
foam after conformal Sn deposition. The electrode area averaged 13 at
% Sn with the balance being Cu (as measured by EDS).

mm thickness to a 100 ym thickness to densify the structure
(Figure 2b,c). The compression decreased the foam porosity
from ca. 97% to ca. 60% and flattened the diamond-shaped
wiring into sheets with slightly increased thickness on the
edges. The Sn was then plated onto the Cu foam via an
electroless deposition bath to form a somewhat conformal layer
a few micrometers thick (Figure 2d). The process immediately
turned the foam from orange to gray. XRD spectra of
electrodes were strongly dominated by Cu signal with a small
peak ca. 30°. 20 indicates the hexagonal bronze, electrochemi-
cally active CugSns, and no Sn peaks. The Sn peaks were
detected with longer electroless deposition times; however,
these samples were not used in this particular study. EDS
analysis of the electrodes detected Cu and Sn along with small
carbon and oxygen impurities.
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Figure 3. (a) An X-ray projection image of the electrodelseparatorlelectrode assembly within the beamline cell. (b) An example of a grayscale 2D
unsegmented radiographic cross-section of the CusSng on Cu foam electrode. (c) An example of a 2D binary segmented (white, material; black,
void) radiographic cross-section of the same CugSng on Cu foam electrode obtained via thresholding analysis. (d) After segmentation, filament
tracing is used to connect materials throughout the radiograph stack and generated a 3D model of CusSns on Cu foam. The pixel size in the
radiographic images is 1.1 X 1.1 um? and the voxel size in the 3D renderings is 1.1 X 1.1 X 1.1 ym>.

Microtomographic imaging enables nondestructive three-
dimensional characterization of the electrode providing
information about internal structure, species distribution, and
physical properties (e.g., porosity). Figure 3 shows a flowchart
of image acquisition and processing. Figure 3a shows a
projection image of electrodelseparatorlelectrode assembly
within the beamline cell stack in the APS. While the Cu4Sng
on Cu foam electrode is clearly visible, at the experimental X-
ray energy (ca. 50 keV), the porous plastic separator and Li-
electrode have very low absorption due to their low atomic
number and thus appear nearly invisible. As the cell stack
rotates in the beamline, a series of projection images are
captured and reconstructed into 2D radiographic images.
Figure 3b shows a grayscale 2D radiographic cross-section of
the CusSns on Cu foam electrode which reveals an intricate
internal structure with fine features. As the radiograph
represents a 1.1 pm thick slice of the electrode layer, these
features can be attributed to morphological variations on the
surface of the larger compressed Cu branches (widths >50
um). All of these pore structures may not be equally accessible
as compression of the Cu nodes may trap some pockets. To
generate a quantitative 3D rendering, the grayscale radiographs
must be segmented into 2D binary images (Figure 3c) which
identify and separate voxels predominantly filled with materials
(white) from those that are predominantly void (black). Direct
differentiation of the active Cu¢Sng layer from the Cu foam
substrate is not possible because of the weak contrast between
the Cu and Sn at the experimental X-ray energy and because
the Sn film thickness is on the same order of the imaging
resolution. Segmentation is performed via a combined
approach of thresholding and filament tracing methods.*®
After segmentation, in the third and final step, a 3D
reconstructed volume of these binary images is used for
subsequent quantitative analysis (Figure 3d). For example, the
porosity ¢ is defined as: & = 1 — (material,,,)/(material,, +
void,,,), where material,, is the number of material voxels
filled with CugSns, and Cu (both are assumed to be
impermeable) and void,,, is the number of void voxels.
Analysis of microtomographic images reveals a foam porosity of
57 + 4% (N = 18) which is near-identical to that measured on
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the benchtop. This indicates that the 3D segmentation
accurately captures bulk material properties and the selected
analytical volume is sufficiently large to represent these
properties. Moreover, the pore structure is interconnected
with no isolated/broken pieces which suggests good ionic and
electronic conductivity throughout.

3.1.2. Electrochemical Investigation. To confirm the
electrochemical activity, the CusSng on Cu foam electrodes
was cycled in coin cells vs Li metal. Figure 4 shows

2

-
o

Cell Potentlal (V)
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Figure 4. Representative charge—discharge cycle profiles at 20 pA
between 0.01 and 1.5 V of a coin cell containing a 2 mm CugSns on Cu
foam electrode and a 9 mm Li metal electrode separated by a single
2325 Celgard.

representative cycling voltage profiles of the first few cycles of
a 2 mm diameter CusSng on Cu foam, the size of the electrodes
to be used in the beamline cell, vs 9 mm diameter Li counter
electrode, separated by a single 2325 Celgard. Lithiation
(discharge) and delithiation (charge) were galvanostatically
controlled at 20 yA between 1.5 and 0.01 V. The lithiation
plateau at 400 mV (vs Li’/Li*) is indicative of the CugSng
phase.’**> Significant hysteresis in the lithiation and
delithiation processes is evident, as is typical. In these coin
cell configurations, the foam electrodes displayed stable cycle
behavior for 20—30 cycles before decay. Figure 2a (see above)
shows a digital image of a post-mortem black CugSn; on Cu
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Figure S. (a) First S discharge (lithiation)/charge (delithiation) cycles for the beamline cell A with electrodelseparatorlelectrode stack consisting of a
Cu4Sng on Cu foam electrode, a single 2325 Celgard separator, and a Li-metal electrode. Cell was cycled between 0.01 and 2 V, and the discharge
and charge currents were 10 and 1 yA, respectively. (b) Changes of surface area-to-volume (SA/V) ratio of the total electrode, the upper half (from
the mid-electrode to the electrolyte interface) and the lower half (from mid-electrode to the current collector interface) as a function of cycle
number and discharge/charge state. Each volume specific surface area is normalized to its initial value. (c) Qualitative representative MicroCT
renderings of a distinctive electrode feature initially, after the third discharge, and after the third charge. The blue arrows are intended to draw the eye

to areas of marked topological change.

foam (on the right). Additional SEM images of the post-
mortem foam can be found in the Supporting Information
(Figure S1).

The nondestructive nature of MicroCT imaging enables
operando electrode analysis provided that the morphological
changes occur on a time scale slower than the image collection
rate. While this is a challenge for laboratory-scale MicroCT
systems, which have collection rates on the order of 1-2 h,
high speed synchrotron-based MicroCT systems can collect
full-field images in as little as 15 s without sacrificing resolution.
As mentioned before, while direct differentiation of the active
CugSny layer is not possible, during lithiation and delithiation,
subtle shifts in the CugSn; layer morphology can still be
observed and quantified via appreciable changes in surface area-
to-volume (SA/V) ratio. To this end, two beamline cells, Cells
A and B, were cycled at the APS and changes to their SA/V
ratio characterized. Prior to transportation to the beamline,
cyclic voltammetry and charge/discharge studies were
performed to determine cell characteristics (Supporting
Information Figure S2). In general, the behavior of the
beamline cells demonstrated higher resistivities and lower
reproducibility than the standard coin cells which is currently
attributed to variable stack pressure. Figure Sa illustrates the
electrochemical response to galvanostatic cycling of Cell A. To
witness (draw out) a reaction plateau on charging (delithiation)
cycles, the discharge current density was lowered by roughly an
order of magnitude (i.e., 10—20 uA discharge, 1—5 pA charge)
for the in situ cell. Overall, the cell discharge plateaus grew
progressively shorter over the first 5 cycles whereas the cell
charge plateaus grew progressively longer. Substantial SEI
formation in the first lithiation leads to poor first cycle
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Coulombic efficiency. Interestingly, the onset potential charge
curves also lower from ca. 1.5 to 0.75 V over the first five cycles.
This unusual cycle behavior is likely due to a significant SEI
formation in combination with limited electrolyte volume. In
addition, CT radiation-induced electrolyte reduction may play a
role in increasing SEI formation. Indeed, Shkrob et al. have
recently shown that radiolysis of electrolytes can cause SEI
formation in the absence of electrochemical cycling.*® Although
a functional electrical connection is maintained throughout the
operando tomography, significant resistance exists between the
positive and negative electrode terminals of the beamline cell
which is attributed to electrolyte leakage, to radiation-induced
changes in the electrolyte, and to unregulated cell pressure. For
comparison, similar charge—discharge experiments were run on
a second beamline cell, Cell B, which replaced the Celgard
polypropylene-based film with a quartz microfiber (Whatman)
separator (Supporting Information Figure S3). The fiber was
found to hold more electrolyte solution and to contour to the
electrodes, giving a better electrochemical response than the
Celgard separators (more similar to coin cell responses).
Despite this unusual behavior of this proof-of-concept cell,
lithiation events still occur in the expected voltage regime
indicating that the CusSn; in Cu foam electrode is functional
and thus operando morphological analyses are of value.

Figure 5b shows the changes in normalized SA/V ratio as a
function of cycle number for CugSng on Cu foam electrode
within the beamline cell. As mentioned above, to minimize the
impact of beam-induced electrolyte reduction, the cell was only
illuminated when CT scans were performed (~30 s each). The
extended delithiation (charge) plateaus observed in the fourth
and fifth cycle (see Figure Sa) correspond to cycles where the
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MicroCT scans were omitted suggesting that X-ray illumination
plays some role in cell behavior. Although not as extensively
characterized, similar trends were observed for Cell B. This
relationship merits extra consideration for practitioners of high
energy electron and X-ray studies and will be explored in
greater detail in a future publication. SA/V ratios were
characterized for the total electrode, the upper-half of the
electrode (from mid-electrode to the electrolyte interface), and
the lower-half of the electrode (from mid-electrode to the
current collector interface) to determine if the impact of cycling
varied as a function of depth into the electrode. Earlier studies
by Trahey et al. on porous Cu,Sb electrodes had shown a
variation in SEI formation and electrode resistivity as a function
of electrode depth.* More specifically, higher resistance was
observed at higher altitude electrode surfaces (areas closer to
the counter electrode) suggesting increased SEI formation and
overall poorer performance. If such an effect is presented in the
porous CugSns on Cu electrodes, this would be reflected in
differences in the SA/V ratio on the lower-half of the electrode
compared to the top half due to the combination of Sn
pulverization and SEI growth. Trahey et al. also showed
evidence of morphological changes based on altitude, with
caking of the surface (lowering of surface area) evident in
highly resistive areas.* However, surface areas are expected to
increase when the starting electrode surfaces, such as the ones
used herein, are smooth. The SA/V ratios were each
normalized to their initial values to determine changes from
the start of cycling. Over the first couple of charge and
discharge cycles, only a slight increase in the SA/V formation
on the upper half of the electrode was observed. This increase
occurred on the first cycle suggesting initial SEI formation. As
noted by Shearing et al., as CT scans are limited to micrometer
resolution (ca. 4.4 ym), nanoscale evolutions in the SA/V ratio
may be occurring over the first few cycles which are not
captured in these measurements.** Upon the third cycle,
marked increases in all the SA/V ratios were observed due to
continued expansion and contraction of the active material.
While the upper half the electrode appears to have a slightly
higher SA/V ratio than the lower half, a sharp increase in
volumetric specific surface area on the third cycle is observed
throughout the entire electrode suggesting that electrolyte, and
more specifically Li ions, can percolate through the entire
electrode structure. This may enable the use of thicker
electrodes based on foam current collectors as thicker
traditional laminates lack the porosity, and thus electrolyte, in
the bulk to support high currents. Note that, though the SA/V
ratio did change by 10—15% over the course of electrochemical
cycling, because the active layer is significantly thinner than the
electrode pore diameters, negligible changes were observed in
total electrode porosity and tortuosity. Figure Sc qualitatively
demonstrates the topological changes over electrochemical
cycling on a representative feature within the CugSns on Cu
foam electrode. Additional qualitative MicroCT images can be
found in the Supporting Information (Figure S4). Over the
course of several discharge/charge cycles, clear morphological
evolutions are observed which, coupled with the electro-
chemical data, indicate lithiation/delithiation events, which are
being observed in this new way for the first time.

3.2. Silicon Laminate Electrodes. The current trends in
Si anode research point toward nanophase active materials due
to the favorable ionic conduction and high strain tolerance.
However, owing to the limiting instrument resolution and a
desire to detect electrode destruction, a Si laminate was made
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from 325 mesh Si (particle size <44 pm) which, being in the
micrometer size range, is known to cycle poorly.57 We chose
the laminate percentages of 70 wt % Si, 20 wt % binder, and 10
wt % carbon to mimic reasonable research laminate
distributions. Figure 6ab shows top-down and cross-section
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Figure 6. (a) Top-down and (b) cross-sectional SEMs of Si laminate
electrode which consist of Si particles, carbon, and PVDF binder. (c)
Representative charge—discharge cycle profiles at 0.5 and 0.1 mA
between 0.01 and 2 V of a coin cell containing a 12.7 mm Si laminate
electrode and a 12.7 mm Li metal electrode separated by a single 2325
Celgard.

SEM micrographs of the pristine laminates with the large Si
particles clearly evident. SEM and caliper measurements gave
an initial electrode thickness of ca. 80 ym. Figure 6¢c shows
typical coin cell cycling voltage profiles for the composite
laminate electrodes at two different current densities (80 and
390 uA/cm?). The electrodes demonstrated characteristically
high lithiation capacities for the first cycle, poor first cycle
Coulombic efficiency, and very short lifetimes when cycled at
higher currents. The cells cycled in this current/area range all
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exhibited high initial gravimetric capacity and rapidly
diminishing capacity. Additional SEM images of the Si
laminates, before and after cycling, can be found in the
Supporting Information (Figure SS).

Tomographic scans were performed on the pristine and ex
situ cycled Si laminates. The harvested laminates were washed
with dimethyl carbonate and air-dried before adding to the
tomography cell fixture. In some instances, the tomography
sample needed to be punched from the harvested laminate. In
these cases, the laminate was observed to hold very weakly onto
the Cu substrate throughout the process. Consequently, the
laminates were handled with great care and no attempts were
made to flatten the structures as not to artificially alter the
results. When calculating these material properties, a
representative analytical volume is selected for each sample
based on two criteria: (i) the analytical volume is the majority
of the total electrode volume and (ii) the analytical volume
does not include or is not distorted by either the Cu foil—
laminate interface or the electrode—air (or separator) interface.
For the pristine sample, the analytical volume is 340 pixels X
178 pixels X 24 pixels of the total volume of about 1000 pixels
X 1000 pixels X 24 pixels, and for the ex situ cycled Si laminate
sample, the analytical volume is 346 pixels X 318 pixels X 65
pixels of the total volume of about 1000 pixels X 2000 pixels X
110 pixels.

Mlustrated in Figure 7a, unlike the CusSns on Cu foam, the
various components of the Si laminate electrode can be
qualitatively differentiated at the experimental X-ray energy (50
keV). To better differentiate the Si particles, the carbonaceous
materials, and the void spaces within the laminate, the sample-
to-detector distance was set at 100 mm to leverage the partial
coherence of the X-ray beam and enable propagation phase-
contrast imaging. As shown in Figure 7b, phase-contrast
imaging enabled the subtle difference in X-ray absorption of
each component to be quantitatively differentiated. After phase
retrieval, a clear delineation of the particle edge can be made
enabling accurate particle quantification and thus segmenta-
tions (Figure 7c). Similar phase-contrast processes can be used
to differentiate carbonaceous materials from void space. Note
that, as before, these analyses are limited by resolution (4.4
um); thus, features and structural changes occurring below this
limit cannot be captured.

Figure 8 shows the segmented microtomographs of the
pristine and cycled Si laminate electrodes in the left and right
column, respectively, with the distribution of Si particles
(purple), carbonaceous materials (green), and voids (red)
mapping throughout the 3D composite. From the same
laminate, the microtomographs represent two different
punches, one pristine and the other cycled in a coin cell until
failure and then harvested (see Figure 6c). Post-mortem
analyses shows that electrochemical cycling causes the
pulverization of the large Si particles (Figure 8a) to smaller
distributed particles (Figure 8e), the increase of carbonaceous
materials, most likely SEI growth after the pulverized particles
and possibly electronically isolated lithiated silicon (Figure 8b—
f), and the growth of void space within the electrode (Figure
8c—g). It is important to note that the cycled electrode is
significantly thicker than the pristine electrode. This can be
attributed to the low packing density of pulverized, SEI-coated
Si particles which leads to a thicker, SEI-rich electrode.

Figure 9 shows the cross-sectional orthoslice of the pristine
and cycled electrodes. Not only do these qualitative images
clearly show the expected changes in the Si particles size, but
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Figure 7. A comparison between (a) a qualitative phase-contrast
tomography reconstructed slice and (b) a quantitative phase-contrast
tomography reconstruction of that exact same slice. (c) The green and
red line scans highlight the transition across the particle—void interface
in (a) and (b), respectively.

also a 267% change in thickness (z-direction) from the pristine
electrode (60 um) to the post-mortem electrode (160 ym).
Notice the large difference in the SEM/caliper estimated
thickness (~80 um) and the true value measured with
tomography. The initial and post-mortem microtomographs
can also be analyzed in terms of porosity, SA/V, and tortuosity
albeit limited by the system resolution. Indeed, the importance
of nanoscale features on electrode-level porosity, tortuosi?r, and
surface area has been demonstrated by several authors.**®
Assuming that both the Si and carbonaceous material are
nonporous, the pristine electrode porosity is 58% (void
volume) and this value decreases after cycling with post-
mortem electrode porosity estimated at 46% (N = 2). This
decrease in porosity, despite the increase in electrode volume, is
likely due to poor particle packing and SEI formation which
swells the electrode and electrically isolates the smaller Si
particles. This hypothesis is supported by the increase in
carbonaceous material volume ratio within the electrode from
14% to 44% (N = 2) for the pristine and cycled electrodes,
respectively. The SA/V ratio of the Si particles increases from
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Figure 8. Segmented microtomographs of the pristine (a—d) and
cycled (e—h) Si laminate electrodes. The left column shows the
distribution of (a) the Si particles (purple), (b) carbonaceous materials
(green), and (c) voids (red) within the pristine electrode as well as (d)
all the components merged together. The right column shows the
distribution of (e) the Si particles, (f) carbonaceous materials, and (g)
voids within the cycled electrode as well as (h) all the components
merged together.
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Figure 9. Orthoslices of (a) pristine and (b) cycled Si laminate
electrodes generated from MicroCT imaging. A qualitative thickness
comparison of the pristine and cycled Si laminate electrodes where the
pristine electrode is ca. 60 ym, whereas the cycled electrode is ca. 160

pm.

0.42 to 0.71 which is in line with decreasing particle size. When
the Si laminate data is compared to the CusSng on Cu foam
data, perhaps the most significant finding from this study is the
difference in z-axis expansion. Whereas the laminate showed a
267% change in this direction, the foam, as expected, showed
no change. This comparison signifies the importance of
distributed current collection in thick electrode formats for
high capacity anode materials.
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4. CONCLUSION

Herein, we have shown the development of synchrotron
microtomography at the 2-BM beamline of the Advanced
Photon Source. In situ and ex situ investigations of the change
in volume specific surface area for CusSng on Cu foam
electrodes and Si laminate electrodes were performed,
respectively. At this time, this report represents the first in
situ full field microtomography performed on a high capacity Li-
ion battery anode. The normalized SA/V ratio of Cu,Sn; active
material on Cu foam increased with cycling by 10—15% with no
changes in the thickness of the electrode. The Si laminate data
shows a different result. The components of the Si laminate
were qualitatively and quantitatively distinguished, and the
changes in the volume fraction of different materials were
calculated. An increase in carbonaceous material was discovered
throughout the entire thickness of the electrode, along with a
drastic increase in the overall laminate thickness. The
determination of physical parameters afforded by this technique
(SA/V, porosity) should prove useful to the modeling and
simulations community. The differences in electrode architec-
ture and their resulting expansion, or lack thereof, is notable for
electrode design considerations. Future studies will focus on
improving the beamline cell design (e.g,, better regulated stack
pressure) and enhancing the capabilities of the 2-BM setup
(e.g., higher spatial resolution).
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