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Cycling Rate-Induced Spatially-Resolved Heterogeneities
in Commercial Cylindrical Li-lon Batteries

Antonis Vamvakeros,* Dorota Matras, Thomas E. Ashton, Alan A. Coelho,
Hongyang Dong, Dustin Bauer, Yaroslay Odarchenko, Stephen W. T. Price,
Keith T. Butler, Olof Gutowski, Ann-Christin Dippel, Martin von Zimmerman,
Jawwad A. Darr, Simon D. M. Jacques,* and Andrew M. Beale*

Synchrotron high-energy X-ray diffraction computed tomography has been
employed to investigate, for the first time, commercial cylindrical Li-ion
batteries electrochemically cycled over the two cycling rates of C/2 and
C/20. This technique yields maps of the crystalline components and
chemical species as a cross-section of the cell with high spatiotemporal
resolution (550 x 550 images with 20 X 20 X 3 um? voxel size in ca. 1 h).
The recently developed Direct Least-Squares Reconstruction algorithm is
used to overcome the well-known parallax problem and led to accurate
lattice parameter maps for the device cathode. Chemical heterogeneities
are revealed at both electrodes and are attributed to uneven Li and current
distributions in the cells. It is shown that this technique has the potential
to become an invaluable diagnostic tool for real-world commercial batteries
and for their characterization under operating conditions, leading to unique
insights into “real” battery degradation mechanisms as they occur.

primarily driven by high gravimetric and
volumetric energy densities compared to
other existing secondary (rechargeable)
battery systems such as Ni-metal hydride,
Ni-Cd, and Pb-acid batteries. There has
been a tremendous growth in LiB research
since the first commercial cell produced
by the Sony Corporation in the early 90’s
which incorporated a LiCoO, layered oxide
cathode. Although much of the focus has
been on maximizing the power and energy
density of cells while minimizing produc-
tion cost, extending battery life cycle (both
operational and calendar) and improving
safety (e.g., through sophisticated thermal
and current/voltage battery management
systems) are equally important for the

1. Introduction

Li-ion batteries (LiBs) have dominated the energy storage
market finding applications in portable electronic devices,
electrical vehicles and grid storage. Their success has been

future of LiBs.'"®! The current commer-

cially available cathode materials in LiBs
are largely based on intercalation-type materials, including
1) layered-type [LiCoO,, LiNij33Mng33C00330, (NMC), and
LiNipgCoq15Al 050, (NCA)], 2) spinel-type (LiMn,O,), and
3) olivine-type (LiFePO,4) while anode materials typically consist
of graphite or Li,TisO;, compounds.l®! The main trend within

A. Vamvakeros, Y. Odarchenko, S. W. T. Price, S. D. M. Jacques, A. M. Beale
Finden Limited

Merchant House, 5 East St Helens Street, Abingdon OX14 5EG, UK
E-mail: antony@finden.co.uk; simon@finden.co.uk

D. Matras

The Faraday Institution

Quad One

Harwell Science and Innovation Campus

Didcot OX11 ORA, UK

D. Matras

Diamond Light Source

Harwell Science and Innovation Campus

Didcot, Oxfordshire OX11 ODE, UK

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smtd.202100512.

© 2021 The Authors. Small Methods published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

DOI: 10.1002/smtd.202100512

Small Methods 2021, 2100512 2100512 (10f10)

T. E. Ashton, H. Dong, D. Bauer, ). A. Darr, A. M. Beale
Department of Chemistry

University College London

20 Gordon Street, London WC1H 0A], UK
E-mail: andrew.beale@ucl.ac.uk

A. A. Coelho

Coelho Software

72 Cedar Street, Wynnum, Brisbane, Queensland 4178, Australia
K. T. Butler

SciML

Scientific Computer Division

Rutherford Appleton Laboratory

Harwell OX11 0QX, UK

O. Gutowski, A. C. Dippel, M. v. Zimmerman
Deutsches Elektronen-Synchrotron DESY
Notkestrae 85, 22607 Hamburg, Germany
A. M. Beale

Research Complex at Harwell

Rutherford Appleton Laboratory

Harwell Science and Innovation Campus
Didcot, Oxon OX11 OFA, UK

© 2021 The Authors. Small Methods published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmtd.202100512&domain=pdf&date_stamp=2021-08-16

ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

commercial cathode materials focuses on substituting expen-
sive and toxic Co with Ni, leading to NMC and NCA materials
containing > 80% of Ni, while the anode materials are moving
towards graphite-silicon composites.

The continuing development in LiB technology includes
in situ/operando studies” which provide invaluable insight
into reactions occurring within the electrode(s) and at the
electrode/electrolyte interface. This information is crucial in the
understanding of charge storage and degradation mechanisms.
The application of X-ray imaging techniques has proven to be a
powerful tool for battery material characterization; information
regarding chemical composition, electronic structure, and elec-
trode materials morphology can be obtained with high temporal
and spatial resolution, especially at synchrotron facilities.'*3°]
On the other hand, laboratory sources have been primarily
applied for X-ray absorption-contrast imaging (aka. micro-
CT),36-38] reaching high-resolution images (i.e., sub um) but
requiring substantially longer acquisition times (from several
to tens of hours). It is important to note that due to the size,
thickness and highly absorbing material used for battery casings
of commercial cylindrical LiB cells (i.e., steel) only high energy
X-rays = 100 keV can be used as a probe. As a result, high-energy
X-ray scattering-based and absorption-contrast-based techniques
are among the very limited options for non-invasive studies of
commercial cells. Additionally, neutrons, having significantly
higher penetration depth than X-rays, can also be used to study
LiBs.?%*] Recent developments in neutron diffraction imaging
techniques, such as neutron diffraction computed tomography
(ND-CT) and direct/real space neutron diffraction imaging,“8->"
have shown that neutron diffraction can be considered as a pow-
erful characterization tool for ex situ measurements.

X-ray diffraction computed tomography (XRD-CT) combines
X-ray powder diffraction with a tomographic data collection
approach using a monochromatic pencil beam. In contrast to
conventional micro-CT, XRD-CT yields a sample cross-section
image where each pixel contains rich physico-chemical infor-
mation, embedded within a local diffraction pattern. It has been
demonstrated that spatially-resolved quantitative information
regarding the concentration of crystalline phases, their lattice
parameters and size of crystallites, can be extracted through full
profile analysis approaches, such as the Rietveld method.P->4
Similar to XRD-CT, a total scattering pattern can be collected
while performing a tomographic scan, a technique known
as pair distribution function computed tomography (PDF-
CT) which provides information regarding short-range order
components.”> However, until now X-ray scattering-based
tomography techniques have not been applied to commercial
cylindrical LiBs due to challenges in data analysis. The first
problem arises from the thick steel layer used in the battery
casing which is both a highly absorbing and a highly scattering
material. Although tomographic measurements can be used to
spatially separate the various sample components in the recon-
structed dataset, the high intensity of the steel signal dominates
the scattering pattern, leading to artifacts in the reconstructed
images/diffraction patterns. The second and more challenging
problem is the parallax artifact arising when a relatively large
sample is investigated (typically with diameter larger than a
few mm). For such cases, X-rays scattered/diffracted at the
same scattering angle 2theta along the sample thickness arrive
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at multiple/different detector elements. The parallax artifact
leads to loss of physico-chemical information (i.e., accuracy in
crystallite sizes and lattice parameters) when extracted through
conventional data analysis approaches (i.e., reconstruction
of XRD-CT images and subsequent analysis of the local dif-
fraction signals). Some of the authors have recently developed
a new XRD-CT reconstruction algorithm, termed Direct Least-
Squares Reconstruction (DLSR) algorithm, which overcomes
the parallax artifact®® and can be applied to reconstruct images
from real-world devices, such as commercial LiB cells.

In this work we employ, for the first time, the XRD-CT tech-
nique to investigate spatial heterogeneities in terms of distri-
bution of crystalline phases and their lattice parameters inside
commercial Li-ion AAA batteries (with nominal capacity of
600 mAh) as a function of electrochemical cell cycling using
the current rates of C/2 and C/20 respectively. The distribution
of crystalline phases and lattice parameters obtained from these
measurements has revealed inhomogeneous charging and dis-
charging behavior in terms of Li distribution at both the anode
and cathode.

2. Results

The spatial distribution of all components identified in the
pristine cell, obtained through full profile analysis of self-
absorption corrected XRD-CT data using the Rietveld method,
is presented in Figure 1. The main components of the battery
cell (i.e., steel casing, Cu current collector, Al current collector,
and polymer separator), as well as the cathode and anode
materials, were identified in the diffraction data (Figure 2 and
Figures S1-S3, Tables S1-S5, Supporting Information). The
active cathode material comprised two LiNijysMng;Coq,0,
(NMC532) layered phases with different unit cell sizes
(Figure S3 and Tables S1 and S2, Supporting Information).
These phases are mentioned throughout the text as the primary
and secondary NMC532 phases respectively. For the primary
phase Rietveld refinement indicated = 34 wt.%; the secondary
NMC532 phase appears to be minor at a concentration of
<1 wt.% (Table S4, Supporting Information). The primary
NMC532 phase (P) was uniformly distributed throughout the

Separator

NMC532 (P) NMC532 (S)

Lic,

Figure 1. Spatial distribution of all components identified in the pristine
AAA battery cell. Note the bracketed letters (P) and (S) indicate the pri-
mary and secondary NMC532 components.
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Figure 2. Phase identification of the pristine AAA battery cell using the
mean diffraction pattern from the XRD-CT dataset. Blue line: the summed
diffraction pattern, Red ticks: Fe (steel casing), Green ticks: Cu current
collector, Magenta ticks: Aluminum current collector, Grey ticks: primary
NMC532 (P), Orange ticks: secondary NMC532 (S), Darker Green ticks:
LiCg, Brown ticks: LiCy,, Asterisks: polymer separator.

cathode, whilst the secondary phase (S) was localized with
weight-percents in excess of 20% (Figures S4-S7, Supporting
Information). Detection of this secondary phase was possible
due to the spatially-resolved nature of the diffraction data
and could have been missed in a conventional single-point
measurement, as can be seen from the mean XRD-CT diffrac-
tion patterns (Figure 2 and Figures S8-S10, Supporting Infor-
mation). The anode comprised two Li-C phases, LiCq and LiCy,
(Figures S1, S8, and S11, Supporting Information). The LiCy,
phase was uniformly distributed across and along the anode
electrode whereas the LiCq phase was present primarily closer
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to the battery casing than in the middle of the cell. The pres-
ence of both LiCq4 and LiCy, in the pristine phase is due to the
cell being partially charged by the manufacturer. It should be
emphasized that in conventional micro-CT, all Li-C phases,
the Al current collector, and the polymer separator appear
almost/totally transparent due to their low density (Figures S5
and S12-S14, Supporting Information). Similarly, micro-CT is
not able to differentiate between the various crystalline phases
at the cathode (different chemical species with similar density).

Four Li-ion AAA battery cells from the same manufacturer
were electrochemically cycled and then investigated with XRD-
CT. Initially, all four AAA batteries were slowly charged using
a constant current constant voltage (CCCV) regime to 4.2 V at
a slow current rate (C/20); this brings all cells to the same elec-
trochemical state (Figure 3a—d). As the cells were pre-charged,
a small residual charge capacity =80-90 mAh was observed.
Subsequently, all four cells were discharged to 2.75 V using two
cycling rates, C/20 (Figure 3e) and C/2 (Figure 3f), and then
two cells were charged to 4.2 V with C/20 or C/2 cycling rates
(corresponding to 40 and 400 mA, respectively). As a result,
the obtained cells were: 1) discharged to 2.75 V with C/2 rate,
2) discharged to 2.75 V with C/20 rate, 3) discharged to 2.75 V
— charged to 4.2 V with C/2 rate, and 4) discharged to 2.75 V
— charged to 4.2 V with C/20 rate. The various cycling rates
resulted in significantly different discharge capacities of the
pre-cycled cells (45 mAh vs 320-350 mAh for the cells cycled at
C/2 and C/20, respectively).

Figure 4 shows phase distribution maps of the crystalline
phases present in the anode and cathode layers from the two
discharged battery cells. The anode is seen to contain pri-
marily graphite and a partially lithiated graphite phase iden-
tified as LiCs, with the latter being in close proximity to the
Al current collector, steel casing, and polymer separator in the
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Figure 3. Charge-discharge curves of the four AAA battery cells prepared for XRD-CT measurements. a—d) Initial CCCV charge step for all four cells

at C/20. e) Subsequent C/20 charge and discharge steps for the two C/20

cells. f) Subsequent C/2 charge and discharge steps for the two C/2 cells.

Labels in (e) and (f) show the final state for each cell prior to XRD-CT analyses.
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Figure 4. Phase distribution maps of the crystalline phases present in the anode (top panel) and in the cathode (bottom panel) of two charged-
discharged cells with different cycling rates (C/2 and C/20). Scale bar in the bottom left corresponds to T mm (all electrode maps) and in the bottom

right to 0.2 mm (magnified electrode map).

core of the jelly roll (these regions are mentioned throughout
the text as Fe-Al-Sep). No significant differences are observed
between the two pre-cycled cells regarding the distribution and
relative quantity of the anode materials (Table S5, Supporting
Information). These results provide direct evidence that the
de-lithiation process is not homogeneous in the anode (i.e., it is
delayed in the Fe-Al-Sep regions) and that this phenomenon is
independent of the cycling rate (Figure S15, Supporting Infor-
mation). The cathode in both cells is composed of the primary
NMC532 phase and a small amount of the secondary NMC532
(ca. 1 wt.% as shown in Table S5, Supporting Information), the
latter being present in certain areas of the electrode at high con-
centrations (i.e., material hotspots). These observations imply
that the secondary NMC532 phase could be attributed to a
manufacturing/production process (i.e., a result of impurities
during manufacturing or a result of the first-cycle irreversible
capacity loss) which leads to cells with varying initial concentra-
tions of this component.

Small Methods 2021, 2100512 2100512 (4 of 10)

The phase distribution maps of the crystalline phases
present in the anode and cathode layers, obtained from the
analysis of the two XRD-CT datasets from the two discharged-
charged battery cells, are presented in Figure 5. The most
striking difference between these two cells, cycled with
different rates (C/2 and C/20 respectively), is the quantity and
distribution of the LiCq4 phase. Specifically, the cell cycled at a
C/2 rate primarily consists of LiC;, with a significantly lower
amount of LiCg. In terms of weight fractions, this difference
corresponds to 3.4 wt.% LiCq and 21.1 wt.% LiCy, in the C/2
cell versus 10.5 wt.% LiCq and 13.4 wt.% LiCy, in the C/2 cell
as shown in Table S4, Supporting Information. Importantly,
LiC¢ is primarily present at the surface of the anode layers
(red-blue image in the top right of Figure 5); this indicates that
under the imposed conditions, the lithiation process is not
homogeneous across the thickness of the anode (Figure S15,
Supporting Information). As for the cell cycled at the lower
rate of C/20, both LiC4 and LiC,, phases were identified, with

© 2021 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 5. Phase distribution maps of the crystalline phases present in the anode (top panel) and in the cathode (bottom panel) of two charged cells
with different cycling rates (C/2 and C/20). Scale bar in the bottom left corresponds to 1 mm (all electrode maps) and in the bottom right to 0.2 mm

(magnified electrode map).

the latter being present mainly in electrode regions which are
in close proximity to the Al current collectors, steel casing,
and polymer separator in the core of the jelly roll (Fe-Al-Sep).
Taking into account the results of the two discharged cells pre-
sented in Figure 4, it is clearly seen that the lithiation process
is delayed in these areas compared to other regions and that
this delay takes place both during discharging and charging of
the battery.

For the cathode materials, both cells consisted of the pri-
mary NMC532 phase uniformly distributed across the electrode
layers and a small amount of the secondary NMC532 phase
located at regions of high concentration. The cell cycled at
the C/20 rate contained significantly less of the secondary phase
when compared to the cell cycled at the C/2 rate (i.e., 4.3 wt.%
in the C/2 cell vs <1 wt.% in the C/20 cell as shown in Table S4,
Supporting Information). Importantly, this phase has almost
identical lattice parameters in both the discharged and

Small Methods 2021, 2100512 2100512 (5 of 10)

discharged-charged cells; this demonstrates its inability to par-
ticipate in the (de)lithiation process and can be considered as
an inactive material. However, as mentioned previously, locally
the concentration of this inactive material can rise to more
than 20 wt.% which can have a significant negative impact on
the (de)lithiation process during cycling (e.g., preventing easy
access of Li-ions to the active material in the cathode) and the
resulting capacity.

Next, the DLSR algorithm was applied to overcome the par-
allax problem (Figures S16 and S17, Supporting Information)
and extract accurate physio-chemical information of the crys-
talline phases present in the five battery cells (i.e., including
the pristine cell).’% This algorithm is computationally expen-
sive and the data were therefore downscaled by a factor of four
(4x). The spatial distributions of the a and ¢ lattice parameters
of the hexagonal NMC532 phase are presented in Figure 6. The
mean values and their standard deviation are summarized in

© 2021 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 6. Lattice parameter a (top panel) and c maps (bottom panel) for the primary hexagonal NMC532 phase obtained with the DLSR algorithm.

Colorbar units correspond to A.

Tables S6 and S7, Supporting Information. The lattice para-
meter maps for the pristine and the two discharged-charged
cells follow uniform distributions with the values being the
same for the pristine cell (lattice parameter a equal to 2.822 A
and ¢ to 14.507 A) and the cell cycled with the higher rate of
C/2 (lattice parameter a equal to 2.822 A and ¢ to 14.508 A).
On the other hand, the lattice parameter ¢ in the cell cycled at
C/20 was lower than the lattice parameter ¢ in both the pris-
tine cell and the cell charged at the C/2 rate (i.e., 14.472 A vs
14.507 A respectively). This variation can be explained by the

Small Methods 2021, 2100512 2100512 (6 of 10)

degree of delithiation in the hexagonal phase which is signifi-
cantly higher in the case of the cell cycled at the C/20 rate.

For the two discharged cells, there are significant heteroge-
neities in the distribution of NMC532 lattice parameters. Spe-
cifically, these heterogeneities are located in areas close to the
Al current collector, the steel casing, and the separator at the
core of the jelly roll (Fe-Al-Sep). The absolute values for the lat-
tice parameters for the two cells are slightly different (Tables S6
and S7, Supporting Information); higher a lattice parameters
and lower c lattice parameters were observed for the cell cycled

© 2021 The Authors. Small Methods published by Wiley-VCH GmbH
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at C/20 (2.859 and 14.316 A, respectively) while lower lattice
parameters a and higher lattice parameters ¢ were observed for
the cell cycled at C/2 (2.856 and 14.329 A, respectively). These
discrepancies can be explained by the difference in the amount
of Li being re-incorporated into the hexagonal structure with a
higher amount being present in the cell cycled at the C/20 rate.

3. Discussion

XRD-CT measurements combined with full profile analysis
using the Rietveld method revealed numerous heterogeneities
in cross-sections of cylindrical commercial LiB cells. Specifically,
heterogeneities were observed at the anode in terms of the spa-
tial distribution of the lithiated graphite phases (LiCq and LiCy,
in the charged cells, LiC; and Cg in the discharged cells) in both
the charged and discharged state and at the cathode in terms of
lattice parameters of the layered oxide phase at the discharge
state. The inhomogeneity of the aforementioned chemical spe-
cies and physical properties were predominantly observed in the
regions close to the Al current collector, the stainless steel casing,
and the separator at the core of the jelly roll (Fe-Al-Sep areas).
The observed inhomogeneities in these areas are considered to
be a result of the cell design (Figure S18, Supporting Informa-
tion): 1) in the middle of jelly roll the first two layers consist only
of separator and anode-Cu, while only later the cathode-Al layer
is introduced, 2) in the Al tab region where NMC532 is absent.
At the charged state, these inhomogeneities are primarily
identified by the presence of two lithiated graphite phases, LiCq
and LiCy,, for the cell cycled at the C/20 rate. The presence of
the less lithiated graphite phase LiCy,, was primarily identified
at the Fe-Al-Sep regions, where the absence of cathode material
coating from neighboring cathode layer(s) negatively impacts
the lithiation processes in the anode. Similarly, non-uniform
lithium distribution can be a consequence of uneven electro-
lyte wetting and/or non-uniform current distribution across the
cell. As shown in the work of Senyshyn et al.,"»*"] these inho-
mogeneities across a LiB cylindrical cell can also be observed
by mapping the Li content in the Li,C phases with neutron
diffraction imaging, however with several orders of magni-
tude lower spatial resolution (e.g., 2x2x20 mm compared to
0.02x0.02x0.003 mm in this study).>® For the cell cycled at the
rate of C/2, heterogeneities in the distribution of LiC;, and LiCg
are primarily related to the fast cycling and low charge capacity
obtained for this cell, with LiC¢ being formed only at the sur-
face of the anode electrodes. The lithiation profile across the
anode shows that lithiation progresses initially from the elec-
trode surface and then further into the thickness of the elec-
trode. Future investigations during battery cycling employing
XRD-CT are possible (dynamic experiments). The high spatial
resolution images obtained in this work were collected in ca.
1 h; however one can significantly increase the temporal reso-
lution by employing alternative data acquisition approaches,
such as the continuous rotation-translation approach, enabling
5D tomographic diffraction imaging experiments.[?#535% These
results clearly demonstrate the value of chemical imaging and
its potential to create new/validate existing electrode, cell, and
multi-scale physical models of working Li-ion cylindrical cells
which are essential in battery management systems.[00-64
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Regarding the cathode, no variations were observed in the lat-
tice parameters of the layered oxide for either charged cell; this
indicates uniform delithiation.

For the discharged cells, both exhibited heterogeneities in
the distribution of the lithiated graphite phases in the anode,
as well as in the distribution of lattice parameters in the layered
oxide in the cathode. In the anode, two crystalline phases were
identified, namely LiC3, and graphite. The partially lithiated
LiCsy phase was found to be located in the Fe-Al-Sep regions;
limitations during the lithiation process were observed in these
regions compared to the rest of the cells, also in the charged
cells as discussed previously. At the same time, the distribu-
tion of the lattice parameters in the hexagonal NMC532 phase
followed a similar trend. Specifically, the cathode composition
around the Fe-Al-Sep regions was composed of a crystalline
NMC532 phase containing more lithium in its structure than
the NMC532 phase present in the other regions of the cell. This
suggests that the electrodes around the Fe-Al-Sep regions are
experiencing significant inhomogeneities in lithium distribu-
tion which is a result of uneven current distribution. Impor-
tantly, the effect in these regions is inverted for the materials
present in the anode. Specifically, less Li is being incorpo-
rated in the graphite anode during charging (i.e., LiC;, instead
of LiC¢) and less Li is being removed from the anode during
discharging (i.e., LiCs, instead of graphite); this can signifi-
cantly affect the cell capacity. As the lithiation process in the
Fe-Al-Sep regions differs significantly from the rest of the cell,
it is expected that capacity fade during the life cycle of the bat-
tery could be directly associated with the degradation processes
taking place/originating from these areas. However, it remains
to be shown experimentally by investigating the battery under
operating conditions and during/after prolonged cycling. Such
experiments could also provide a thorough insight into the
nature and role of the secondary NMC532 phase; for example,
investigating the direct correlation between capacity fade and
the quantity (i.e., growth) of this inactive component (i.e., not
participating in the (de)lithiation process).

4, Conclusions

XRD-CT combined with the DLSR algorithm enabled, for the
first time, spatially-resolved chemical heterogeneities of com-
mercial cylindrical LiBs to be revealed as a function of cycling
protocol and cycling rate. We have demonstrated that this tech-
nique is able to capture fine details of the various cell components
(i-e., steel casing, polymer separator, Al and Cu current collectors)
as well as the crystalline phases present in the cathode and anode,
with a high spatial resolution (i.e., 20 x 20 x 3 um? voxel size).
It should be noted that currently no other technique can achieve
this; micro-CT can provide higher spatiotemporal resolution, but
cannot differentiate between different Li,C species or provide
information regarding the cathode material (lattice parameters,
crystallite size). Neutron diffraction imaging can provide this type
of information but with orders of magnitude lower spatiotem-
poral resolution. The physico-chemical properties of all crystal-
line materials identified in the LiB cells were obtained using the
DLSR algorithm which uses full profile analysis employing the
Rietveld method resulting in accurate lattice parameters even

© 2021 The Authors. Small Methods published by Wiley-VCH GmbH
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for large samples (i.e., overcoming the parallax artifact). Crystal-
line phase heterogeneities and their physico-chemical properties
induced during cycling protocols demonstrate that XRD-CT is a
technique with unique capabilities that provide invaluable insight
into the degradation and capacity fade mechanisms of commer-
cial battery cells. Future studies could include operando investiga-
tions of LiBs to understand how the distribution of Li and current
rates will affect the capacity retention over multiple cycles.

5. Experimental Section

XRD-CT Measurements: XRD-CT measurements were performed
at the second experimental hutch (EH2) of beamline P07 at the
PETRA Il synchrotron at DESY using a 103.5keV (1 = 0.11979 A)
monochromatic X-ray beam focused to have a spot size of 20x3um
(Horizontal x Vertical). 2D powder diffraction patterns were collected
using the Pilatus3 X CdTe 2M hybrid photon counting area detector.
The battery cells were mounted onto a goniometer which was placed
on a rotation stage (Figure S19, Supporting Information). The rotation
stage was mounted perpendicularly to a hexapod; the hexapod was
used to translate the sample across the beam. The XRD-CT scans were
measured by performing a series of zigzag line scans in the z (vertical)
direction using the hexapod and rotation steps.

An exposure time of 10 ms and an angular range of 0°-180° with 400
projections in total were used for each XRD-CT dataset. Five zig-zag
XRD-CT datasets were acquired in total using the same translation
step size (20 microns) continuous translation (fast axis) and stepped
rotation (slow axis).®l The translation steps for the five XRD-CT
datasets were the following: 1) Pristine: 549, 2) Charged C/2: 569, 3)
Charged C/20: 629, 4) Discharged C/2: 579, and 5) Discharged C/20:
569. These differences were a result of the tomographic alignment
process. The detector calibration was performed using a CeO, standard
(Figure S20, Supporting Information). Every 2D diffraction image was
calibrated and azimuthally integrated to a 1D powder diffraction pattern
with a 10% trimmed mean filter using the pyFAIl software package and
in-house developed scripts.%% The integrated diffraction patterns
were reshaped into sinograms and centered; the air scatter signal was
subtracted from the data. For the conventional data analysis approach,
the final XRD-CT images (i.e., reconstructed data volume) were
reconstructed using the filtered back projection algorithm. The voxel size
in the reconstructed images corresponds to 20 x 20 X 3 um>. After the
full profile analysis, the maps for the various datasets were aligned and
cropped to the same image size (i.e., 520 x 520 pixels).

Full Profile Analysis: Quantitative Rietveld refinement was performed
on the reconstructed diffraction patterns with the TOPAS software, on
a voxel-by-voxel basis. The results from the refinements were imported
into MATLAB in order to create the various figures presented in this
work (i.e., phase distribution maps based on the scale factors, weight
percentages, and lattice parameters). Rietveld analysis was initially
performed using the summed diffraction pattern of each XRD-CT
dataset to provide the starting model (Figures S21-S25, Supporting
Information) before running the voxel-by-voxel Rietveld analysis to
provide the spatially-resolved information. A mask was applied so that
only the pixels in the images corresponding to sample regions would
be processed (decreasing significantly the number of patterns to be
analyzed in each line). A pseudo-voigt peak shape function was used for
the refinements after the analysis of the CeO, pattern. The parameters
refined were the scale factor and lattice parameter for each phase. The
diffraction peaks were very sharp for all phases leading to large values
for crystallite sizes so these parameters were kept constant during the
refinement process. No indication of strain was observed in the data and
as a result, it was not added to the model. A single pseudo-voigt peak
was used to model the peak generated by the semi-crystalline separator
component; in the spatially-resolved analysis, the area and position of
the peak were refined while the peak shape was kept constant.
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Self-Absorption Correction: The XRD-CT data were first analyzed using
the conventional approach; the images were reconstructed using the
filtered back projection algorithm and then full profile analysis of the
local diffraction patterns was performed using the Rietveld method.
This type of analysis can lead to accurate scale factor and weight
fraction maps for the various crystalline components in the sample
but not lattice parameter/crystallite size maps due to the parallax
artifact present in the data. The weight fraction maps obtained from the
Rietveld analysis were used to simulate an absorption map using the
X-ray mass attenuation coefficient from NIST.®®l This p attenuation map
was then used to correct the XRD-CT sinogram data for self-absorption
using the zero-order approximation (Figures S5 and S6, Supporting
Information).”% This process was followed for all five XRD-CT datasets.
The self-absorption corrected XRD-CT sinograms were then used for
the conventional (i.e., reconstruction using the filtered back projection
algorithm followed by full profile analysis of the local diffraction
patterns) and the DLSR analysis (after downscaling the sinograms by a
factor of four).

DLSR Analysis: Due to the memory expensive requirements of the
DLSR approach, the data had to be downscaled by a factor of four to
ca. 140 x 140 pixels. This means that the pixel size in the reconstructed
DLSR maps corresponds to 80 microns. The downscaled sinograms
(containing parallax artifact) were used to reconstruct images using the
conventional approach and perform analysis using the Rietveld method.
To stabilize the DLSR refinements, the scale factor maps obtained
from the conventional analysis were used as inputs to the DLSR and
only one global scale factor was refined per crystalline phase (i.e., the
distribution of the components was forced to be the one obtained from
the conventional approach but a scale factor was applied to these maps
which were refined during the DLSR analysis). A mask was created
for each phase based on these scale factor maps which allowed to
decrease the number of structures needed to be refined (e.g., pixels
in the scale factor maps that did not contain Fe did not contain an Fe
structure during the DLSR refinement process). It should be noted that
without these advances in the DLSR scripts it would be computationally
impossible to perform the refinements even with high spec workstation
PCs for this resolution (ca. 140x140 pixels). The lattice parameters of the
NMC532 (P) were refined spatially; one global lattice parameter was used
for the rest of the phases (e.g., the lattice parameter of Fe, Cu, Al should
not be varying spatially). Similarly, one global crystallize size parameter
was refined for each phase. A 3XS Data Science Workstation C264 x 2
with 2x Intel Xeon Silver 4216 and 350 GB RAM was used to perform
the refinements for both the conventional approach (FBP-Rietveld) and
the DLSR. After the DLSR analysis, the maps for the various datasets
were aligned and cropped to the same image size (i.e., 132 x 132 pixels).
The Rwp errors from both the DLSR and the conventional FBP-Rietveld
approach are presented in Figures S26-S28 and Tables S8 and S9,
Supporting Information.

Electrochemical Testing and Sample Description: Five TF10440 600 mAh
3.7V batteries (AAA) produced by Trustfire were investigated in this work.
The dimensions of the cells were specified as 10.17 X 46.22 mm (diameter
x height). The composition of the cathode electrode was determined
with ex situ X-ray fluorescence spectroscopy measurements (Figures S2
and S3 and Table S1, Supporting Information). The elemental analysis
revealed that the cathode consists of LiNiysMng3Cog,0, (NMC532).
All electrochemical testing was carried out on a Gamry Interface 1000
Potentiostat (Gamry Instruments, USA). Initially, four cells were charged
to 4.2 V using a CCCV regime at C/20, holding at 4.2 V until the current
decayed to < 5% of the applied current. Two cells were then discharged
at C/20 and two cells were discharged at C/2 to 2.75 V. One cell from
each set was further charged at the same rate (i.e., C/20 or C/2) to 4.2 V.
It should be noted that the experimental capacity of the cells cycled with
the slow C/20 rate was 300-350 mAh. Deviations from the 600 mAh
capacity claimed by Trustfire likely include the quality of electrode
manufacture (adherence, e= and Li* conductivity, quantity of active
material), quality of the active electrode materials (functional rather than
theoretical capacity and resistance to degradation), and robustness of
the electrolyte (mass transport and degradation properties).

© 2021 The Authors. Small Methods published by Wiley-VCH GmbH
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Supporting Information is available from the Wiley Online Library or
from the author.
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