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This study presents the application of X-ray diffraction computed tomography for the first time to
analyze the crystal dimensions of LiNig33Mng33C00 330, electrodes cycled to 4.2 and 4.7 V in full cells
with graphite as negative electrodes at 1 pm spatial resolution to determine the change in unit cell
dimensions as a result of electrochemical cycling. The nature of the technique permits the spatial
localization of the diffraction information in 3D and mapping of heterogeneities from the electrode to
the particle level. An overall decrease of 0.4% and 0.6% was observed for the unit cell volume after
100 cycles for the electrodes cycled to 4.2 and 4.7 V. Additionally, focused ion beam-scanning electron
microscope cross-sections indicate extensive particle cracking as a function of upper cut-off voltage,
further confirming that severe cycling stresses exacerbate degradation. Finally, the technique facilitates
the detection of parts of the electrode that have inhomogeneous lattice parameters that deviate from
the bulk of the sample, further highlighting the effectiveness of the technique as a diagnostic tool,
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Introduction

Environmental considerations and a further electrification of
the global automotive fleet and energy grid systems are driving
the need for robust electrochemical energy storage devices."?
While lithium-ion (Li-ion) batteries have emerged over the
last few decades as the prime choice for powering portable
consumer electronics, they are also being employed for a wider
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bridging the gap between crystal structure and electrochemical performance.

range of applications due to their high energy densities and
specific capacities. Since its discovery, lithium cobalt oxide
(LCO) has been one of the most commonly used materials in
Li-ion electrochemical storage devices and has been employed
in numerous applications.® High cobalt costs and its inherent
toxicity have driven the exploration of other chemistries with
reduced Co content, such as lithium nickel manganese cobalt
oxide (NMC), where the slightly lower capacity is compensated by
excellent power and low self-heating during cycling.* However, to
meet the demands of modern applications, improvements are
required to increase the cycle life, capacity and safety of these
materials.

Intercalation battery cathodes are formed by transition
metal oxide solid matrices from which Li-ions travel from and
intercalate into a carbonaceous anode during charging (and
vice versa during discharge).” Repeated intercalation of Li-ions
during electrochemical cycling can lead to internal stresses
within particles of active material due to cyclical expansion
and shrinking. Furthermore, Li-ion concentration gradients
within individual particles, caused by uneven active lithium
loss during extended cycling can contribute to these internal
stresses, which ultimately may result in particle cracking.’®
An approach to increase the capacity per cycle with intercala-
tion electrode materials consists in forcing a larger number of
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Li-ions to participate in the electrochemical process by cycling
to a higher upper cut-off voltage, which corresponds to a greater
fraction of Li removal from the transition metal oxide crystal
structure at higher voltages. This not only accentuates the
aforementioned phenomena, but is also likely to affect the
stability of the electrolyte over extended cycling.” Moreover,
cycling at high voltages can cause the release of oxygen from
the cathode lattice, which then reacts with the electrolyte, and
transition metal dissolution, which can subsequently deposit
onto the anode increasing its resistivity and reducing the
utilizable capacity.®® A previous study, by Mao et al, uses
a combination of X-ray spectroscopic and crystallographic
techniques to highlight how different regions with increased
oxidation or reduction states are present within a particle as a
function of the upper cycling voltage.°

X-ray-based characterisation techniques have emerged over
the last few decades as excellent tools for electrode analysis.""
Their non-destructive nature allows studying of phenomena of
interest across different length and time-scales and obtaining
both chemical and microstructural information that can be used
to further the fundamental understanding of these materials
during operation, and ultimately improve their performance.
Techniques such as transmission X-ray microscopy,">* X-ray
absorption near edge spectroscopy (XANES),">™"” X-ray computed
tomography (X-ray CT)'®*?° and X-ray diffraction (XRD)*'*?
have all been extensively used to study battery materials.** Of
particular interest for this study are X-ray CT and XRD: X-ray CT
relies on resolving the attenuation of X-ray photons caused by
interacting with the sample.”® While this technique provides
qualitative and quantitative microstructural information, it is
typically unable to provide information regarding the chemical
or crystal state of the sample. XRD is one of the most commonly
used techniques in the field of material characterisation; it
operates by resolving the scattering of the incoming X-ray
photons by the periodic structure of a crystalline sample.”® While
detailed information regarding crystal structure and different
phases present in the sample can be obtained with XRD, the
technique does not typically provide any spatial information.
There are numerous studies in which these techniques are used
both to understand the fundamental principles of electrode
materials, and to characterize, quantify and model how different
factors such as manufacturing and cycling regimes impact the
morphology and crystal structure.>’

X-ray diffraction computed tomography (XRD-CT) can be
described as the combination of these techniques: in XRD-CT,
multidimensional measurements are taken where several
spatial dimensions are combined with one containing diffraction
information.?*® The resulting dataset provides a 3-dimensional
(3D) map where each pixel/voxel contains a distinct diffraction
pattern.®® By analysing the diffraction patterns, localized informa-
tion regarding the crystallographic properties of the sample can
be calculated. Over the last decade, the potential of XRD-CT as a
characterization tool has been realized, especially for functional
materials, such as heterogeneous catalysts and fuel cells.**™** The
technique has also been used to characterize different aspects
of battery materials.”>*° Jensen et al. have used the technique
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to single out individual elements of a commercial Li-ion coin
cell and nickel metal hydride AAA battery.*® Via ex situ XRD-CT,
the internal structure of both types of batteries and the individual
components within them were isolated. Furthermore, the hetero-
geneous crystal structure of the LCO cathode was visualized.
A more recent study, by Finegan et al., uses the technique to
analyse silicon and graphite particles in a composite anode where
a 1 pm pencil beam was used to observe the electrochemical
interaction between the silicon and graphite after the lithiation of
the electrode. This was the first implementation of region-of-
interest (ROI) XRD-CT.*® Finegan et al also studied crystallo-
graphic heterogeneities in Li,Mn,0, (LMO) electrode using in situ
and ex situ XRD-CT to identify the stoichiometric differences
within and between different particles. Through this study it was
possible to spatially localize different phases and interlink their
transitions to the electrochemical cycling of the cell.*”

Here we present the first report, to the authors’ knowledge,
of the application of XRD-CT to analyse the evolution of the
NMC crystal structure as a result of electrochemical cycling. In
this work, electrodes were cycled up to 100 cycles in full-cells
with upper cut-off voltages of 4.2 and 4.7 V. These results
provide new insights into NMC materials, and demonstrate
the potential of XRD-CT as a complementary tool to more
traditional X-ray CT, where both can be used synergistically to
quantify and analyse the electrode morphology and the under-
lying crystallographic structure. The stoichiometry and crystal-
lographic structure of Li-ion electrodes has a deterministic
effect on the long-term performance of these materials. Hence,
the potential of this technique to reconcile morphology and
crystallography provides compelling opportunities to under-
stand the complex processes associated with the performance
and degradation of battery materials.

Materials and methods
Electrode and coin cell preparation

The NMC electrode was prepared to a formula containing 90%
active material (NMC111, Targray), with 5% conductive carbon
(Timcal Super C65, Imerys, Switzerland) and 5% polyvinylidene
fluoride (PVDF). The slurry was processed using N-methyl-2-
pyrrolidone (NMP) as a solvent with a dual asymmetric
centrifuge system (SpeedMixer DAC 150.1 FVZ-K, Hauschild,
Germany) and cast onto an aluminum sheet with a doctor blade
with a 150 um blade gap for a target active mass loading
of 10 mg cm > Pre-prepared graphite electrodes (Warwick
Manufacturing Group) with 95% active material and an active
mass loading of 9.5 mg cm ™2 were used as counter electrodes.
As the theoretical capacity of graphite is approximately double
that of NMC, for similar loading, the anode capacity is sufficient
to avoid Li plating on the surface of the anode during charge,
even for the electrodes cycled to 4.7 V.

For coin cells, the cathode and anode discs were cut to 10
and 11 mm respectively to ensure that the anode disk fully
covered the cathode. These were then dried under dynamic
vacuum in an oven at 120 °C and transferred into the argon
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filled glovebox for cell assembly without exposure to air. The
coin cells were assembled using polymer separator (2400,
Celgard) and 150 pl 1.2 M LiPFg in ethylene carbonate (EC):
ethyl methyl carbonate (EMC) (1:2 v/v, Soulbrain, MI) as
electrolyte. After cycling, the cells were de-crimped in the
glovebox and the electrode was extracted and subsequently
washed in dimethyl carbonate (DMC) to remove the electrolyte
residues. The electrodes were allowed to dry overnight and
extracted from the glovebox. A 1 mm disk was punched from
the electrode using a biopsy punch and attached on the flat end
of a 1 mm dowel pin for imaging.

Electrochemical testing

The coin cells were cycled on various battery cyclers (Basytec
CTS; Maccor 4300; Interface Gamry Interface 1000E). The
extended cycling was preceded by two formation steps at C/10
to allow for solid electrolyte interphase (SEI) formation on the
graphite electrode. The coin cells were cycled at C/2 between 3
to 4.2 V or 3 to 4.7 V for 25, 50, 75 and 100 cycles in constant
current-constant voltage (CCCV) mode. A voltage hold step was
carried out at the upper cut-off voltage at the end of charge,
with a current limitation step of C/20. Two coin cells were
cycled for each cycle number-voltage combination. However,
due to time constraints during the beam time, only one electrode
was scanned per cycle number, except for the electrodes cycled to
100 cycles.

XRD-CT measurements

The XRD-CT scanning was carried out at the European Syn-
chrotron Radiation Facility (ESRF) beam line ID15A.>" For the
electrode disc, ROI and coarse scans were carried out: the
coarse scan encompassed the entirety of the electrode disk,
whereas the ROI scans targeted an internal slice of electrode
particles. The coarse scans are required to subtract the con-
tributing signal outside the field-of-view (FOV) in the ROI scan.
The electrode samples are prone to ‘cupping’ as a result of
cutting them using a biopsy punch; a second utility of the
coarse scan is hence to ensure that sufficient material is present
in the FOV to carry out an ROI scan. The diffraction measure-
ments were taken with a monochromatic 50 keV (0.2480 A)
X-ray beam, focused to 1 um using a Kirkpatrick-Baez mirror.
A high-energy photon counting Pilatus3 X CdTe 2 M detector
was utilized to record the diffracted X-ray beam. The ROI scan
for the electrode discs were carried out with 251 translation
steps for 250 rotation steps over 180° with a 1 pm step size. This
resulted in 251 x 251 x 1 voxel horizontal slices of the sample.
The coarse slices were taken with the same parameters, but
using a 10 um step size. Each slice consists of a 4D matrix,
consisting of three spacial dimensions and one containing
diffraction information. The spatial dimensions contain a
map of diffraction intensities, with each pixel presenting a
distinct diffraction pattern. Every 2D diffraction image was
converted to a 1D powder diffraction pattern after applying a
10% trimmed mean filter to remove outliers with the nDTomo
and pyFAI software packages using a fast GPU processor.>> >
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The final XRD-CT images (i.e. reconstructed data volume) were
reconstructed using the filtered back projection algorithm.

X-ray CT imaging conditions. The X-ray CT slice was
collected on a lab-based micro-CT instrument (Xradia Versa
520, Carl Zeiss Inc.) using a 60 s exposure, 3201 projections and
a pixel binning of 1. An effective pixel size of 237 nm was
obtained over a FOV of 400 um. The radiographs were recon-
structed using a filtered back-projection algorithm (FDK).

Focused ion beam-scanning electron microscope (FIB-SEM)
imaging conditions. The sample was sandwiched between
two pieces of high-conductivity thin silicon wafers using
Ag-conductive epoxy. The cross section was mechanically
polished and then ion milled using Ar ions. The SEM images
were recorded with 1024 x 844 pixels at 3 keV electron beam
energy using the through-the-lens (TLD) detector in a SEM
(Thermo Fisher Scientific Nova NanoSEM 630).

Data processing, Rietveld refinement and lattice parameter
analysis. The mean diffraction pattern per XRD-CT dataset was
analysed using the X'Pert HighScore Plus software for phase
identification. Rietveld analysis was then performed using the
Topas v5 software. The last step involved the use of in-house
developed Matlab and Topas scripts for the batch full profile
analysis of the reconstructed diffraction patterns, on a voxel by
voxel basis using as a starting model the one refined using the
mean diffraction pattern.> In this work, the Rietveld analysis of
the XRD-CT data presented in this work was based on the
intensity of the scale factors and should be treated as a semi-
quantitative analysis. The results from the refinements were
then imported into MALTAB to create the various images (e.g
phase distribution maps based on the scale factors, lattice
parameters etc.). The strategy applied for the Rietveld analysis
of the collected XRD-CT data is presented in the EIS. No phase
change was observed for the samples and the R3m space group
was used for the refinement. A MultiTool GUI was used to
extract the diffraction pattern for visualization.’®

After refinement, a masking procedure was developed to high-
light the outlines of individual particles for further analysis. This
entailed in obtaining a mask from the mean diffraction intensity
image and overlaying this mask on the lattice parameter maps to
isolate single particles. The single particle analysis was carried out
on the masked lattice parameter maps, by plotting an Euclidean
distance map and calculating the average lattice parameter with
increasing distance into the core of the particle. The details of
both these approaches can be found in the ESL¥

Results and discussion
Electrochemical data

The following electrochemical data is collected for coin cells
in a full-cell arrangement from which the electrodes were
harvested. These cells were cycled to 4.2 and 4.7 V for up to
100 cycles at C/2. A full description of process is presented
in the methodology section. For brevity, the electrodes are
denominated according to the cut-off voltage (V) used and cycle
number (CN) and repeat number (N), where there are multiple
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Fig. 1 Discharge capacities versus number of cycles for the cells cycled to
(a) 25, (b) 50, (c) 75 and (d) 100 cycles. Cells are named according to their
cut-off voltage (V), cycle number (CN), in the order V-CN. For the
electrodes cycled to 100 cycles, the repeat number (N) is included in the
order V-CN-N.

electrodes, in the format “V-CN-N’ (for example, a cell with a
cut off voltage of 4.7 V, cycled to 100 cycles and a second repeat
would be denoted ‘47-100-2’). The charge and discharge capa-
cities for the cells from which the electrodes were harvested are
presented in Fig. 1.

A higher capacity reported for the very first cycles represents
the formation step. Due to time constraints at the synchrotron,
only the repeats for the cells cycled to 100 cycles were scanned
so the rest are omitted from the following graphs for brevity.

While a certain degree of consistency can be observed in the
discharge capacity for different cells cycled to 4.2 V (e.g. 42-25,
42-75), a higher capacity loss compared to literature is also
observed (e.g. 42-50, 42-100).® The percentage of discharge
capacity loss for each cell between the first cycle after formation
and last cycles is presented in Table S1 in the ESL¥

The higher capacity loss observed for the cells cycled to 4.7 V
can be attributed to the expected enhanced cathode degrada-
tion but also to side reactions between the cathode and the
electrolyte.® The uneven performance of the cells cycled to
4.2 V, with 42-50 exhibiting a higher capacity loss than 42-25
and 42-75, suggests that there are other factors affecting
electrode performance for cells cycled to both voltages. As the
same materials are used, and some cells are performing as
expected, the inconsistent performance is thought to result
from uneven sealing and moisture ingress over extended
cycling that negatively impacts some cells more than others.
This is also confirmed by a lower capacity loss for the first
3 cycles for 42-50 and 42-100-1 and an increasingly severe drop
thereafter. If the time for formation cycles is also taken into
account, this indicates that moisture ingress may have started
occurring after ca. 50 h of cycling. Furthermore, a temporary
capacity recovery can be observed after the initial 10 to 20 cycles
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for 47-25, 47-75 and 47-100-1 and this again could be due
to side-reactions with moisture that could be accentuated at
higher voltages. Further factors affecting cell performance have
been ruled out from the analysis of the diffraction data in the
following section.

The above issues with uneven degradation, as well as the
lack of in situ data, hinder the direct correlation of the lattice
parameter with the exact lithiation state and associated elec-
trode degradation. However, the results presented hereafter,
highlight the first known attempt in using XRD-CT to charac-
terize NMC, as well as the inherent potential of the technique to
spatially localize heterogeneities in the crystal structure both
on an electrode and particle level.

Electrode level characterisation

The diffraction pattern for the uncycled electrode and electrodes
harvested from coin cells cycled to 4.2 and 4.7 V upper cut-off
voltages are presented in Fig. 2(a). The cells were discharged to
3V prior to disassembly. The reader is referred to the methodology
section for a detailed overview of the process.

The expanded region of interest of the diffraction pattern for
4.2 < QA7 < 4.5 is presented in Fig. 2(b).

From the expanded pattern, a change in position can be
observed for several peaks as cycling progresses. Specifically,
the splitting of the (1 0 8) and (1 1 0) peaks with progressive
cycling is observed. As reported in literature, this indicates
the shrinkage along the a and b directions and expansion
along ¢.>*”® The quality of the fits and procedure for Rietveld
refinement is discussed in the ESIf in Fig. S5 and S6. An
excellent fit can be observed for all electrodes except 47-100-1
and 47-100-2, with a weighted profile R-factor (RWP) value
below 3. For 47-100-1 and 47-100-2, a higher RWP may indicate
the formation of surface rock salt structures due to cycling at
higher voltage and resulting loss of oxygen.>

Fig. 3 presents the unit volume (V) distribution map for the
coarse scans for both upper cut-off voltages, as a means to both
obtain an overview of the material within the region of interest
(ROI) but also have a first indication of lattice evolution
with cycling. These were taken with a resolution of 10 pm

47-100-2
a) b) (108), (110),
T T T T
—— Uncycled — =
———42-100-1 47-100-1
1 ——42-100-2 4 / \
——47-100-1 b N _
3 ——47-100-2 e 42-100-2
< 1 A =
g 1} U = ,\  42-100-1
- L T\ \
Uncycledq
gyﬁai\]J_JL (108) (110)
A
I N : 43 44 45

Qi Qi

Fig. 2 (a) Diffraction pattern for the uncycled electrodes and those cycled
to 100 cycles. Intensity in arbitrary units (a.u.). (b) Expanded view of the
(10 8) and (11 0) reflections. Diffraction measurements taken with a beam
energy of 50 keV, corresponding to a wavelength of 0.2480 A.
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Fig. 3 Unit volume V obtained from the refinement of the coarse scans for
(a) the uncycled electrode, (b) 42-25, (c) 42-50, (d) 42-75, (e) 42-100-1,
(f) 42-100-2, (g) 47-25, (h) 47-50, (i) 47-75, (j) 47-100-1 and (k) 47-100-2.

and 251 x 251 voxels per direction. Ignoring the edges of the
sample, the coarse scans indicate that a sufficiently uniform
central area of the sample was identified for all datasets. It is
important to note that the following lattice parameter analysis
was carried out on cathodes that were lithiated as a last
cycling step.

A V of 100.5 A%, uniform throughout the slice of the
electrode, can be observed for the uncycled dataset, in line
with values reported in the literature. A decrease in V can be
observed between the uncycled electrodes and those cycled
100 times. This effect is more pronounced for the 4.7 V electrodes,
with V decreasing up to ca. 0.8% after 100 cycles, from
ca. 100.5 A% to 99.7 A®. However, certain anomalies can be
observed in the overall V trend, with samples such as 42-75 and
47-75 presenting a higher average value than electrode samples
with fewer cycles. From the maps in Fig. 3 it is clear that Vis not
completely uniform across the electrode slice as cycling pro-
ceeds: samples such as 42-75 and 47-50 present a ‘spotty’
V distribution, compared to the uncycled electrode, indicating
zones of uneven lithiation. This could be the result of micro-
structural heterogeneities present in the electrode or areas with
poorer conductivity influencing participation in the electro-
chemical reaction. From the mean diffraction patterns of the
coarse scans, the ratio between the (0 0 3)/(1 0 4) peak intensities
was calculated as presented in Table S4 (ESIt). As reported in
literature, values below 1.2 indicate possible Ni/Li cation inter-
mixing which is not observed for these samples.®°

Fig. 4 presents a comparison between through-plane slices
obtained from X-ray CT and XRD-CT to provide a comparison of
what the resulting datasets from the two techniques represent:
the former contains microstructural information obtained
from the attenuation of the incoming beam by the sample,
the latter presents maps of the lattice parameters of the
electrode particles. While XRD-CT can be collected in three
spatial dimensions, the below maps only represent a slice
through the electrode and visualize the cross-sectional lattice
parameters of the particles.

Further information on the crystal structure of the electrode
can be obtained by examining the detailed ROI maps for
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X-ray CT — microstructural information

281 282 283 2.85 2.86A 14.20 14.27 14.34 14.424 14.49A 99.60 99.85 100.10 100.35100.59 A

Fig. 4 (a) Absorption micro X-ray CT slice in the through-plane direction
for the uncycled NMC electrode. ROI XRD-CT maps for (b) a, (c) c lattice
parameters and the (d) unit volume V.

a, ¢ and V. These are presented in Fig. 5 and 6 for the 4.2 and
4.7 V electrodes, respectively.

The 42-100-2 and 47-100-2 maps are placed in the ESI} in
Fig. S1 and S2, respectively. As the electrodes have been discharged
to 3 V prior to cell disassembly, the variations in lattice dimensions
are affected both by the amount of Li that re-intercalated in the
crystal matrix but also any other changes to the crystal structure
imparted by cycling such as phase transitions discussed previously
for the electrodes cycled to 4.7 V.

From the maps shown in Fig. 5, it is clear that the resolution
allows resolving larger particles, with radii >5 pm. As cycling
progresses, the V starts varying greatly across the slice. It is
important to note that due to the 2D nature of the data, only
large particles are taken into account for future analysis to
ensure that the cross section is representative. Smaller fragments
could represent either smaller particles, or edges of larger particles
on a plane above or below the analysed slice. The average lattice
parameters for each slice of the electrodes cycled to 4.2 Vand 4.7 V
are summarized in Table S2 in the ESL T

Values of 2.856, 14.221 A and 100.442 A® for a, ¢ and V are in
line with those observed in literature for NMC in its pristine
state.®*>*® The overall trend, with decreasing a and
increasing ¢ between 0 and 100 cycles, is in line with what is
reported in literature, with the a lattice parameter decreasing
by ca. 0.5%, the c lattice parameter increasing by ca. 0.6% and
the overall V decreasing by ca. 0.4%.%*** Two main dominating
effects behind these lattice parameter changes are the expan-
sion in one direction and shrinkage in the other. As Li-ions are
removed from the interlayer spaces, the repulsion of oxygen
atoms on opposing transition metal slabs causes the expansion
observed along the c-axis. Concurrently, the transition metal
oxide layers shrink as Li-ions are extracted, due to the increased
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Fig. 5 Slices from the ROI scans of electrodes cycled to 4.2 V presenting
the a (left column), c (central column) lattice parameters and the unit
volume V (right column). The slice for 42-100-2 is presented in the ESL.¥

oxidation state of the transition metal oxides, which causes
them to reduce their ionic radius.** The higher a lattice para-
meter for 42-75 compared to 42-25 and 42-50, suggests that
other factors are influencing the performance of the cell.

Similar observations can be made for the 4.7 V electrodes
presented in Fig. 6. The extent of volume shrinkage is more
severe, as expected for a larger degree of active Li loss due to
increased capacity decay because of the higher upper cut-off
voltage. As presented in Table S2 (ESIt), the a lattice parameter
decreases by ca. 1%, c increases by ca. 1.5% and the overall V
decreases by ca. 0.6%. A larger change in lattice parameters
compared to the 4.2 V electrodes is expected, due to the larger
amount of Li extracted during cycling due to the higher upper
cut-off voltage used and the resulting accentuated degradation.
Interestingly, there is a particle with anomalous lattice parameters
for sample 47-100-2 as viewable in Fig. S2 in the ESI,{ which will
be discussed in the following section. Further information on the
variations in lattice parameters can be obtained by analysing their
frequency distribution and the associated discharge capacity loss
for the electrode as presented in Fig. 7.

A mismatch can be observed between the expected capacity
loss due to progressing cycle number and lattice parameter
evolution for some of the electrodes. Two cases can be
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47-100-1

281 282 283

285 2.86A 14.2

1427 1434 14.42 14.49A 996

99.85 100.10 100.35100.59 A®

Fig. 6 Slices from the ROI scans of electrodes cycled to 4.7 V presenting
the a (left column), ¢ (central column) lattice parameters and the unit
volume V (right column). The slice for 47-100-2 is presented in the ESI.{

identified for the different upper cut-off voltages used. For
the 4.2 V electrodes, the capacity loss for the 42-25 and 42-75
cells is comparable at ca. 1%, indicating that increased capacity
fade for the other cells with higher cycle count is more
dependent on performance degradation mechanisms described
previously such as moisture ingress. As reported in literature,
the LiPF¢ contained in the electrolyte can react with trace
amounts of moisture forming hydrofluoric acid (HF).® HF
degrades both the anode and the cathode by eroding the SEI
layer. This can cause a continuous loss of Li-ions to replenish
the lost SEI as cycling proceeds.*”

For the 4.7 V electrodes, a larger discharge capacity loss can
be observed for all electrodes, but again a mismatch is present
between the expected lattice parameter trend and overall
discharge capacity loss. In this case the 47-25, 47-50 and
47-75 electrodes have a discharge capacity loss varying between
ca. 15 to 35%, but similar average lattice parameters of ca.
2.844 A and 14.310 A for a and c. As these electrodes were cycled
to a higher voltage, two additional mechanisms, additional to
those described previously, could contribute to the capacity
fade. In battery electrodes, secondary NMC particles are
composed of agglomerates of smaller primary crystallites.®®
Firstly, the anisotropic shrinkage and expansion of primary
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Fig. 7 (a) a and (b) c lattice parameter distributions for the electrodes
cycled to 4.2 and 4.7 V respectively. The percentages represent the cell
discharge capacity loss.

particles contained in the NMC cathode can lead to intergra-
nular cracking. This in turn can lead to a loss of electrical
conductivity between primary particle grains and loss of active
material.®° The combined effect of these degradation mechan-
isms is thought to then affect the effective capacity, irrespective
of cycle number, and lead to the discrepancies between lattice
parameter and discharge capacities. As a larger amount of Li
is extracted from the cathode matrix due to the higher upper
cut-off voltage, the primary particles are subjected to higher
cyclical strains leading to cathode degradation. Evidence of
particle cracking is presented hereafter through FIB-SEM cross-
sections. Cycling to higher voltages can also lead to electrolyte
instability as mentioned previously. After 100 cycles at 4.7 V,
there is both a considerable capacity loss and a decrease in
both lattice parameters compared to the 4.2 V electrodes. While
the correlation of the exact amount of lithium to the lattice
parameter cannot be determined due to a lack of in situ
data and the aforementioned degradation mechanisms,
XRD-CT allows detailed crystallographic information to be
obtained on the overall lattice of the active material. Overall,
the inconsistencies in the electrochemical performance (due to
suspected moisture ingress and other competing degradation
mechanisms), pose some limitations to the interpretation of
the data in terms of active Li loss from the cathode matrix.
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However the previous methodology and resulting findings
highlight the potential of this technique to spatially localize
diffraction information for bulk electrodes. This approach can
also be applied to gain sub-secondary particle information as
presented in the following section.

Particle level characterisation

While the previous analysis offers insight on full electrodes,
detailed information can also be obtained on individual parti-
cles. The diagram in Fig. 8 presents six particles for the
uncycled, 42-25, 42-100-1, 47-25 and 47-100-1 electrodes
and their associated a and c lattice parameter distributions.
The above particles were cropped by taking into account their
shape and radius: while the limiting factor in clearly resolving the
particles is the beam versus particle size, particles were chosen so
that a cross section of the particles is more likely to be close to their
middle, as opposed to smaller fragments that could be unrepresen-
tative of the full particle mass. A uniform lattice parameter can be
observed for the uncycled electrode across the particle cross-section.
This homogeneity is lost as cycling proceeds, with different sections
of the particle shrinking according to different local change in
the crystal structure, partly caused by the amount of Li that re-
intercalates in the electrode particles after the final discharge cycle.
This can also be visualized by the broadening of the lattice parameter
distributions, particularly visible when comparing those of
42-25 and 42-100-1 in Fig. 8(a and b) to the uncycled electrode.
The above observations are also valid for the particles
cropped from the electrodes cycled to 4.7 V, as presented in
Fig. 8(c and d). While no repeating geometrical trend or core-
shell structure can clearly be identified from the above

'S 2 S
[ m—

281 282 283 285 286A Uncycled 142 1421 1434 1442 144004 Uncycled
42-100-1
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o
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Fig. 8 Normalized distributions of (a) the a lattice parameter for the (i)
uncycled, (i) 42-25 and (iii) 42-100-1 particles, (b) the c lattice parameter
for the (i) uncycled, (i) 42-25 and (iii) 42—-100-1 particles, (c) the a lattice
parameter for the (i) uncycled, (ii) 47-25 and (jii) 47-100-1 particles and
(d) the c lattice parameter for the (i) uncycled, (i) 47-25 and (iii) 47-100-1
particles. Broadening at the base for the electrodes cycled 100 times is
indicated by an arrow. Scale bar represents 10 um.
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diagrams, local variations in lattice parameters could give an
indication as to local heterogeneities present within secondary
particles and could indicate the location of hotspots of micro-
structural degradation as a result of extended cycling.®®* The
broadening of the curve for the electrodes cycled to 100 cycles is
more severe for both a and c, further proving that as cycling
proceeds, different areas of the particles present inhomoge-
neous underlying lattice structures.

To further explore the possibility of any trends of the lattice
parameter distributions, the ratio between the lattice parameter of
interest and the mean particle lattice parameter versus the radial
depth within the particle is presented in Fig. S3 and S$4 in the ESL¥
No consistent trend can be observed between the particles from
different electrodes, suggesting that localized shrinkage of the
electrode particles depends on factors other than spatial positioning
of the lattice points within the particles as discussed hereafter.

Further evidence of the effect of non-uniform shrinkage is
provided by the FIB-SEM slices, presented in Fig. 9, where
extensive cracking can be observed as a function of upper cut-
off voltage. Additional slices with an overview of the electrode for
all three samples are placed in the ESI{ in Fig. S11-S13.

From Fig. 9(a and b), no cracks can be observed in the
uncycled particles. However, numerous internal voids and an
array of polydispersed primary particles reveal the complex
internal structure of the secondary agglomerates. For 42-100-1
and 47-100-1 on the other hand, the extent of internal cracks
within particles increases as a function of upper cut-off voltage
as presented in Fig. 9(c and d). While the resolution and image
clarity do not allow for establishing whether crack propagation
preferentially occurs along grain boundaries, an overall increase
of intraparticle crack density can be observed as a function of
cut-off voltage. As shown in the early stage cracking of 42-100-1
in Fig. 9(c), the cracks seem to originate at the centre of the

Fig. 9 FIB-SEM cross-sectional slices of the (a) uncycled electrode taken
at 2kx, (b) uncycled particle taken at 8kx, and particles extracted from (c)
42-100-1 taken at 8kx and (d) 47-100~1 taken at 6.5kx.
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particle and then to propagate towards the edges of the particle
for 47-100-1 in Fig. 9(d). As described by Yan et al, edge
dislocations within primary particles act as crack nucleation
points and additional crack propagation is an electrochemically
driven process.® These results complement previous observa-
tions and confirm that cyclical expansion and shrinkage, due to
non-uniform Li-ion intercalation and concentrations, are partly
responsible for stress distribution that ultimately results in
particle cracking and performance degradation over extended
cycling. While several discrepancies can be observed in the
discharge capacities as discussed in the previous sections, the
larger extent of cracking observable in the electrodes cycled to
4.7 V confirms that cycling to a higher upper cut-off voltage has a
direct influence on the degradation of the cathode particles.

Li-ion diffusion during battery cycling can also be affected by
grain size and orientation.®® It is important to note that the overall
size of the secondary particles may play an important role in the
overall variation of crystal dimensions: for example, a core-shell
structure might be observable if the overall size of the particle
increases. A source of error may arise from the XRD-CT beam being
close to the primary particle size. Further improvements in the
measuring technique may lead to a reduction in beam size which in
turn may help in resolving smaller primatry crystals more accurately.
However when reducing the beam size, an increase in the prob-
ability of obtaining numerous single crystal artefacts will also have to
be taken into account. Other techniques such as pair distribution
function (PDF) can also help in overcoming these issues.®® Further-
more, as the size of the secondary particles increases, different
Li-gradients may form depending on local internal conductivities.
The internal structure of the particles is also likely to have an effect
on their structural integrity over extended cycling, with larger voids
acting as a buffer to uneven internal strains.'® These observations
further highlight the potential of this technique to elucidate the link
between the internal structure of the particles and electrochemical
behaviour: while the beam size is critical in determining the
resolution of the measurement, further development of this techni-
que will allow a direct observation of individual crystallites and their
lattice dimensions.

An outlying particle, presented in Fig. S14 in the ESLT is
isolated from 47-100-2. Interestingly, this underwent moderate
shrinkage compared to the rest of the electrode. Average values
of 2.832 A, 14.418 A and 100.155 A® for @, ¢ and the V are
calculated for this particle, versus 2.824 A,14.437 Aand 99.718 A®
for the rest of the electrode slice. This may have been caused by
electrochemical inactivity of the particle or a different composi-
tion compared to the bulk of the electrode. These results further
highlight the potential of the technique, not only to quantify
the crystallographic structure of electrode materials, but also
identify particles or areas with heterogeneous characteristics
compared to the majority of the sample.

Conclusions

This work has presented the first application of an XRD-CT
technique to analyse the lattice evolution of NMC electrodes as
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a result of electrochemical cycling. The technique allows
spatially resolved physico-chemical characterization of electrodes
by analysing local diffraction patterns from sample voxels corres-
ponding to 1 um?® in size. A wealth of information was obtained
from analysing 3D slices taken from electrodes harvested from
previously cycled cells; the effect of two upper cut-off voltages,
namely 4.2 and 4.7 V. Through full profile analysis of the XRD data
contained in the datasets, a localized map of the lattice parameter
and V was obtained.

XRD-CT has allowed spatially resolved characterisation of
local heterogeneities of the unit cell volume by analysing the
expansion along the c-axis and shrinkage along the a-axis as a
result of extended cycling. The crystal structure of the electro-
des cycled to 4.7 V underwent larger shrinkage. The overall
capacity fade observed across the different cells was thought to
be caused by a combination of poor cell sealing, electrolyte and
cathode degradation. When individual particles were analysed,
no distribution that correlates local shrinkage to radial depth
within the particle was identified. This was attributed to the
highly heterogeneous internal structure of the secondary parti-
cles, which was also examined with FIB-SEM, revealing exten-
sive cracking as a result of high voltage cycling.

Further potential of the technique was also demonstrated by
its ability to identify outlying particles with different crystal
dimensions compared to the bulk. Overall, the results in this
work indicate that this technique can be successfully used to
obtain detailed spatially resolved chemical information. Its
further development will enable using it to elucidate the
bidirectional link between crystallographic structure and per-
formance of functional materials, thus contributing to advan-
cing their use in demanding applications.
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