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ABSTRACT: The existing set of characterization tools does not permit a full
description of the three-dimensional (3D) structure and operating mechanisms
of amorphous, low-scattering alloying active materials in metal-ion batteries. In
this article, we describe and demonstrate a new methodology for analysis of this
class of materials based on total scattering computed tomography. Using silicon
(Si)-based anodes as a testing platform, we can not only visualize the chemical
changes taking place in the electrodes during lithiation but also create a 3D
mapping of the electrode components including amorphous active and inactive
materials. The mapping was used to select a region of interest in the electrode
from which the best possible operando pair distribution function (PDF) of the
active material could be obtained. Finally, we deployed differential analysis to
highlight the small but systematic changes in the PDF during lithiation,

revealing subtle structural transformations at the atomic scale.

B INTRODUCTION

The continuing improvement of modern metal-ion batteries
strongly depends on the development of active materials with
increased charge capacity. Graphite has been used as the main
active component in Li-ion battery (LIB) anodes since their
commercialization in 1991." A theoretical maximum Li-ion
storage capacity of 372 mAh g, from one Li- ion per six
carbon atoms, is a limiting factor for improvements in battery
performance.” Materials with an alloying mechanism can store
substantially more Li* per formula unit. Silicon (Si), the most
promising example, can host up to 4.4 Li ions per Si atom,
leading to a theoretical capacity of 4200 mAh g™'. A similar
scenario is observed for Na-ion batteries (NIBs), where hard
carbon is currently the anode material of choice, but alloying
materials (such as P, Sn, Sb, and others) offer greater
capacities.” Although these anode materials have an astonish-
ing potential to improve the energy density of metal-ion
batteries, their cycling stability remains a major barrier to
commercial implementation.

To improve the performance of alloying materials in metal-
ion batteries, it is crucial to fully understand the operation and
degradation mechanisms that lead to structural and morpho-
logical changes and, as a result, to a rapid loss of capacity
during cycling. The nature of the changes that occur during
cycling of alloying anodes (volume changes, cracking, and void
formation) means that it is advantageous to consider changes
in both the atomic and microscopic structure of the anode.
Many attempts have been made over the years to establish a
reliable methodology for such characterization at various
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scales,” but the set of techniques that can be used is limited
by several factors: (i) amorphization almost always occurs
during initial cycling; (ii) the most promising materials have
low molecular weight, giving excellent gravimetric capacity but
low X-ray scattering power and ruling out most X-ray
spectroscopic methods’; and (jii) amorphization of the starting
material is a common method for extending the cycle life of
alloying anode materials. Most of the characterization to date
has been performed ex situ (or post-mortem), i.e., after the
electrochemical cell has been disassembled and the materials
removed for analysis. This allows both relaxation of the
chemistry and contamination through exposure to an external
environment different from that inside the cell.”

Operando studies, where the structure of the materials and
electrochemistry of the battery cell are probed simultaneously
under working conditions, provide the most realistic
information on the chemical processes taking place in the
cell.”™® However, specially designed cells are required for
operando measurements, and it is not always possible to
perfectly reproduce the electrochemical performance of
conventional cells.
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Figure 1. (a) XRD (I(Q)) pattern for the first scan showing the pattern of an electrode prepared from amorphous Si in the Q-range from 0 to 36
A~ vs the intensity of the signal. (b) Area-averaged PDF (G(r)) of the Si-based electrode showing the lack of long-range order. The inset shows

the peak assignments.

X-ray diffraction (XRD) methods, which are typically used
to characterize inorganic solids used in LIB and NIB anodes,
are largely blind to the amorphous parts of a sample. A related
and more suitable method for studying amorphous materials is
total scattering, usually analyzed as the pair distribution
function (PDF)."® This method uses the signal underneath the
Bragg peaks to obtain information about the local structure,
enabling the characterization of amorphous materials if
background contributions are properly subtracted. PDF
analysis has become a key tool for understanding LIB and
NIB anode materials that undergo amorphization during
cycling. Furthermore, operando PDF is an excellent method for
studying active battery materials that are amorphous from the
start.'"'* However, for weakly scattering, amorphous materials
such as Si and P contributions from other components in
typical operando cells (mostly designed for XRD or spectros-
copy) are usually much stronger than the signal from the active
electrode. As a result, challenges related to the subtraction of
background and scattering from cell components other than
the active electrode (Li or Na counter electrodes, Al/Cu-foil,
cell windows, efc.) have limited the number of successful
studies to date. Typically, these are also single-point measure-
ments.

We have developed total scattering computed tomography
(TSCT) as a method for operando battery studies, capable of
mapping the sample in 3D and selectively obtaining high-
quality data on the active electrodes without the need for
subtraction of background or signals from other battery
components. TSCT is a development of X-ray diffraction
computed tomography (XRDCT), which has been used
extensively for operando studies of catalysts, fuel cells, and
batteries in five dimensions (time, 3D space, and crystal
structure information).">~>* TSCT uses the same experimental
methodology as XRDCT but with high X-ray energy to give
data with a suitable Q-range for conversion to the atomic
PDFE.**** The structural data can then be analyzed in either
real (PDFCT) or reciprocal (XRDCT) space. The data
collection required for this is more time-consuming than for
XRDCT, and the PDF data from the first TSCT study could
only be analyzed by averaging the entire anode area."
Operando PDFCT mapping of batteries (revealing changes in
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a bismuth metallate anode both at the atomic and microscopic
scales) has only recently been demonstrated using data
collected on a fourth-generation synchrotron beamline at the
European synchrotron (ESRF).***¢

In this work, we further develop and demonstrate operando
total scattering computed tomography (TSCT). Even though
TSCT has enormous potential for obtaining detailed structural
information from complex battery materials, it is not
commonly used due to the high-quality data collection and
extensive data processing required. Si provides an excellent
challenge for TSCT development: it is a weak X-ray scatterer,
and due to extreme volume changes during lithiation/
delithiation (up to 400%), amorphization of the material
occurs very quickly even for highly crystalline samples.
Although operando studies have been carried out on Si in
LIBs using various methods,”*”~*? the most detailed atomic
level structural study of the changes in the amorphous material
during cycling to date comes from ex situ PDF data.”*~*

We used the TSCT method to study small changes in the
structure of a Si-based anode in the early stages of lithiation.
The observation of a complete lithiation cycle was not possible
due to the unreliable cell performance at low voltages, possibly
caused by electrolyte leakage during sample transport. The
initial amorphous structure of the anode allowed us to evaluate
the PDFCT mapping methodology prior to operando measure-
ment by identifying the signals of the anode components and
mapping their distributions using XRD and PDF. We then
obtained high-quality operando PDFs by averaging over an area
where the maps showed high levels of Si active material. Even
in the area-averaged PDFs, only small changes could be
observed, and we applied the difference PDF (dPDF)
approach to highlight and quantify the systematic structural
changes during the limited lithiation possible for this cell.

B METHODS

We collected operando TSCT data on anodes with amorphous
100 nm Si nanoparticles (for SEM micrographs showing size
and diffraction data showing amorphous character, see Figures
S1 and S2) prepared by silane pyrolysis’’ as the active
component. Si-based LIB anodes usually contain a significant
amount of graphite as a conductive additive. As the crystalline
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Figure 2. Comparison of PDFCT slices showing nano-Si and carbon black distributions at 0.5 V. The left scans are closest to the separator, and the
right scans are closest to the glassy carbon current collector. The high carbon black intensity in the lower half of the right slice may be due to the
slight misalignment of the cell, causing the beam to pass through the current collector.

structure of graphite would dominate the total scattering data,
we instead used carbon black (amorphous) as a conductive
additive in our electrodes. Carbon black has a very limited
capacity for Li in the voltage range used.”® The slurry
composition was optimized to give an electrochemical
performance similar to that of conventional Si-graphite
electrodes. Full details of slurry and electrode preparation
and selection, along with coin cell galvanostatic cycling results
for the composition used in the operando experiments, are
shown in the Supporting Information (Figures S3 and S4). We
did not evaluate the long-term cycling of the anode
composition as the operando experiment was focused on
studying the initial cycles. The TSCT cell was based on our
earlier designs, and the arrangement of battery components
inside it is shown and described in detail in the Supporting
Information (Figure S5).”> TSCT data were collected at
beamline ID15A of the ESRE. The data collection,
reconstruction, and PDF conversion methods are described
in the Supporting Information.

B RESULTS

The first TSCT scan was carried out prior to the start of
lithiation to provide a baseline and check the quality of the

data. Slices were collected at three different heights in the
electrode (closest to the separator, middle, and closest to the
current collector). Figure 1 shows the area-averaged XRD
(I(Q)) and corresponding PDF (G(r)) patterns obtained from
the middle TSCT slice at the start of the experiment. The
amorphous nature of Si is evident in the I(Q) plot (no sharp
Bragg peaks) and in the PDF plot (no visible peaks above r ~ 6
A).

We assigned the peaks in the PDF based on the crystal
structure of Si and previous PDF studies.’*” The first peak at
~1.45 A corresponds to C—C bonds from the conductive
additive (carbon black), which makes up 20% of the electrode
by mass. The next peak at ~2.40 A represents the Si—Si bond
with a possible small contribution from the cross-ring distances
in carbon black. This is slightly longer than the expected length
of 2.35 A, reported in the literature.*” The small discrepancy
could be a result of the amorphous nature of the Si
nanoparticles used for electrode preparation. Residual hydro-
gen, often present in Si particles obtained through silane
pyrolysis, may also affect the average Si—Si bond distance.*' In
general, however, the PDF appears similar to the ex situ PDFs
of Si/C anode composites reported previously by Key et al.
and Ulvestad et al.>>** The peak at a physically meaningless
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Figure 3. (a) Evolution of the dPDF for the middle slice of the Si-based electrode measured at 150 mA g~' as a function of the applied
electrochemical potential. dPDFs for selected potentials are plotted in one-dimension at the top to highlight the changes over time. The contour
pattern below is the series of operando dPDFs, (b) normalized dPDF peak intensities vs potential, and (c) position of the dPDF signal from
extension of the first Si—Si bond vs potential. Note that the x axes (potential) in panels (b) and (c) are nonlinear and shared.

distance of 1 A is caused by the truncation of the Fourier
transform, which converts the scattering data to a PDF, due to
the limited Q-range in the TSCT data.

The peaks corresponding to Si—Si bond distances from the
second and third coordination shells can be found at 3.80 and
4.20 A, respectively. The peaks appearing at higher r-values are
comparable to the noise and therefore cannot be properly
assigned, which is expected for an amorphous sample.

The first two peaks in the area-averaged PDF (~1.4S and
~2.40 A; see Figure S6) are strong enough to be obvious in the
PDFs of individual voxels (Figure S7) and, therefore, can be
used to map the distribution of the conductive additive
(carbon black) and active material (Si) in the electrode. Figure
2 shows reconstructed PDFCT slice maps at the start of
lithiation at three different heights (the left panel represents
the vertical position closest to the separator, the middle panel
is approximately the middle of the active electrode, and the
right panel represents the closest to the current collector),
giving the distributions of Si and carbon black in 3D, with
resolutions of 130 ym in x and y (slice dimensions) and 25 ym
in z (slice height).

Generally, Si seems to be more concentrated in the center of
the electrode slices and closer to the top (cell separator). This
may be somewhat affected by the cell alignment in the plane of
the beam (see below). The ringlike patterns seen in the
distributions of both Si and carbon black in the PDFCT may
be caused by uneven slurry distribution during the electrode
casting processes or the pressure inside the cell. The
distribution of amorphous carbon also suggests an imperfect
alignment of the cell in the plane of the X-ray beam. The very
high levels of carbon in the lower half of the maps for the
middle and bottom slices are probably caused by the X-ray
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beam passing through the part of the glassy carbon piston
current collector underneath the active electrode, which has a
structure similar to carbon black. The lack of overlap between
the Si and C distributions in Figure 2 suggests that the
contribution of carbon black to the PDF intensity at G(r) = 2.4
A is limited.

The analysis described above reveals the distribution of the
active and inactive components in the electrode. This
information is potentially useful for optimization of the
electrode processing as redistribution of the materials can
occur during drying. "

The maps shown in Figure 2 are used to select the region of
interest containing a high concentration of active material.
Area-averaged PDFs from a circle of a 16-voxel radius,
centered 1 voxel below and 3 voxels right of the center, in
the middle slices for the whole series of tomograms, were used
to analyze the changes in the Si material during the operando
experiment. Unfortunately, we were unable to fully lithiate the
anode during the operando experiment, and we only have data
over the range 0.50—0.20 V vs Li/Li*. The low level of
lithiation resulting from this means that the changes in the
PDF with the state of charge are very small (see Figure S8);
however, using the dPDF approach recently described by
Stratford et al,, small but systematic changes are observed.*'
To obtain the dPDF, we simply subtract the first PDF in the
lithiation series from the subsequent ones to highlight the
differences. Figure 3a shows a 2D film plot of the dPDF during
the operando experiment (see also Figure S9). To further
clarify the trends, we fitted the squared intensity and position
of the dPDF peaks throughout the operando data series using
TOPAS v6 (the fitting procedure is described in the
Supporting Information, Figures S10 and S11).* The results
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for the intensities of the signals at ~2.5 A (extension of the Si—
Si direct bond), 2.8 A (Si—Li direct bond),***® and 3.8 A
(second shell Si—Si distance) are shown in Figure 3b, while the
variation in the position of the signal corresponding to the
extension of the first Si—Si bond peak is shown in Figure 3c.
Variations in the dPDF below 2 A are not related to Si—Si or
Si—Li bonds, and variations around the 1.44 A C—C bond
length (as well as a peak at 1.8 A) appear to have only a weak
correlation with the electrochemistry, although there is a
possibility that some completely new peaks may appear in this
region due to the rapid buildup of a solid electrolyte interface/
interphase on the silicon electrode surface. It is likely that most
of the dPDF peaks below 2 A are dominated by truncation
noise due to the limited Q-range of the TSCT data.

The first clear change, increasing intensity in all of the
significant dPDF peaks, starts around 0.48 V vs Li/Li", which
corresponds well with the first plateau in the lithiation curve
(Figure S4). The next apparent development, a steep increase
in intensity of the Si—Li peak at ~2.8 A, occurs at 0.28 V vs Li/
Li*, corresponds to the second lithiation plateau. At the same
time, the 2D dPDF plot (Figure 3a) shows a clear loss of
intensity at 2.25 A with a corresponding increase at around 2.5
A (Figure 3c). This represents the elongation of the Si—Si
bonds due to lithiation.

The final electrochemical plateau around 0.21 V vs Li/Li"
sees the peak at 3.8 A (second shell Si—Si interactions) start to
decrease. At the same time, the Si—Si peak, now centered
around 2.4 A, continues to shift toward higher r as Si—Si bonds
stretch and the long-range structure begins to disintegrate.

B DISCUSSION

The changes observed in the operando dPDF confirm the
previous PDF results from Key et al. where crystalline Si was
studied at different stages of cycling by ex situ PDF
measurements. Since our data is based on amorphous Si, the
results described by Key et al. for the second discharge™ (at
which point the Si is fully amorphous) are the most relevant
comparison for our experiment. The PDF peaks in which we
observed significant variation above were assigned according to
this work.

The changes observed by Key et al. between PDF data
points at 0.26 and 0.20 V vs Li/Li* in the second lithiation
show the same pattern in peak position that we observe
between 0.50 and 0.20 V vs Li/Li": a slight shift of the 2.35 A
peak to higher r (lithiation extending the Si—Si bond). At
lower voltage, the 2.8 A Si—Li peak also increases in intensity,
and the 3.8 A second shell Si—Si peak disappears. This may
correspond to the loss of long-range order in the particles with
clusters of more than four to five silicon atoms breaking down.
These changes are hard to detect in the two ex situ data points
that cover a voltage range comparable to our operando
experiment.” Our operando data set shows that these changes,
although small, are part of a continuous transition that
corresponds to the electrochemical changes. Figure 3b,c shows
that the operando dPDF results also allow us to determine the
potentials at which the structural changes occur with a good
level of precision.

Some of the changes we observe in the dPDF data could
conceivably be related to the lithiation of the carbon black
additive; however, we believe that this is not a likely
explanation for several reasons: (i) carbon black represents
only 20% of the anode composition by weight, (i) it has
limited lithiation capacity in this voltage range, (iii) the
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appearance of the 2.8 A peak assigned to Si—Li (by Key et
al.”*) and this study does not correspond to any C—Li or C—C
bonding interaction, which we would expect to appear during
lithiation, and (iv) full lithiation of carbon black has a very
small effect on its PDF peaks.”’

Bl CONCLUSIONS

We have demonstrated TSCT as a method for mapping the 3D
distribution of weakly scattering, amorphous active (Si), and
inactive (carbon black) materials in a LIB anode. The
generated 3D maps allowed us to select an area of the anode
with the highest Si concentration and use it to monitor the
atomic-level structural changes during lithiation. dPDF analysis
of area-averaged PDFs selected from this region revealed
extremely subtle changes at the early stages of lithiation, i.e.,
formation of Si—Li bonding, elongation of the Si—Si bonds,
and possible loss of longer range Si—Si interactions. The
operando dPDF data obtained by averaging areas in the
PDECT tomograms enabled us to determine when these
chemical changes occured with much better precision than the
existing ex situ studies: initial structural changes begin at 0.48 V
vs Li/Li*, while the major lithiation process starts at 0.28 V vs
Li/Li*. These results illustrate the ability of this technique to
accurately determine what chemical reactions are happening at
which point during cycling, even for very subtle changes in the
structure of weak and amorphous X-ray scatters like Si.
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