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Understanding the performance of commercially relevant cathode materials for lithium-ion
(Li-ion) batteries is vital to realize the potential of high-capacity materials for automotive
applications. Of particular interest is the spatial variation of crystallographic behavior across
(what can be) highly inhomogeneous electrodes. In this work, a high-resolution X-ray
diffraction technique was used to obtain operando transmission measurements of Li-ion
pouch cells to measure the spatial variances in the cell during electrochemical cycling.
Through spatially resolved investigations of the crystallographic structures, the distribution
of states of charge has been elucidated. A larger portion of the charging is accounted for by
the central parts, with the edges and corners delithiating to a lesser extent for a given
average electrode voltage. The cells were cycled to different upper cutoff voltages (4.2 and
4.3 V vs. graphite) and C-rates (0.5, 1, and 3C) to study the effect on the structure of the
NMC811 cathode. By combining this rapid data collection method with a detailed Rietveld
reﬁnement of degraded NMC811, the spatial dependence of the degradation caused by
long-term cycling (900 cycles) has also been shown. The variance shown in the pristine
measurements is exaggerated in the aged cells with the edges and corners offering an
even lower percentage of the charge. Measurements collected at the very edge of the cell
have also highlighted the importance of electrode alignment, with a misalignment of less
than 0.5 mm leading to signiﬁcantly reduced electrochemical activity in that area.
Keywords: NMC811, Li-ion batteries, operando
spectroelectrochemistry, battery degeneration
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INTRODUCTION
The increasing desire to move from fossil fuel-powered internal combustion engines to electric
vehicles is driving swift advancements in the performance of Li-ion batteries, which will lead to a
more sustainable society (Tarascon and Armand, 2001; Blomgren, 2017). Ni-rich layered Li
transition metal oxides [such as LiNi0.8Co0.15Al0.05O2 (NCA) and LiNixMnyCo(1−x−y)O2 (NMC,
x ≥ 0.5)] are currently used as electric vehicle Li-ion battery cathode materials owing to their superior
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energy and power densities (Blomgren, 2017; Manthiram et al.,
2017; Myung et al., 2017; Kim et al., 2018; Li et al., 2020). Among
these, LiNi0.8Mn0.1Co0.1O2, or NMC811, is desirable because of
its high speciﬁc capacity and the lower ethical impact due to its
lower cobalt content (Kim et al., 2018).
Despite all of their beneﬁts, NMC811 and other Ni-rich layered
materials suffer from poor cycle life relative to their lower-Nicontent analogs (Ryu et al., 2018; Friedrich et al., 2019). The
electrochemical performance and stability of NMCs are strongly
coupled to the structural changes during cycling. Ni-rich cathode
materials undergo a signiﬁcant lattice collapse in the direction
perpendicular to the transition metal oxide layers at high states of
charge (during Li+ extraction), resulting in a highly strained lattice
that can cause mechanical degradation, such as cracking (de Biasi
et al., 2019; Estandarte et al., 2020; Heenan et al., 2020), as well as
more signiﬁcant electrolyte degradation due to the greater
proportion of highly reactive Ni4+ at high states of charge (SoC)
NMCs (Zhang et al., 2020). NMC811 has been shown to have a
lower onset voltage for oxygen evolution from the lattice and more
gas evolution at a lower voltage than other, lower Ni content,
NMCs (Yu et al., 2018a). Operando synchrotron radiation is an
effective tool to study the changes in the crystallographic structure
during charge and discharge, and has recently shed some light on
the possible origins of capacity fade in NMC cathodes with >80%
Ni content (Llewellyn et al., 20202020). For example, a surface
reconstruction has been observed with a rock-salt layer forming at
the surface of particles, reducing the performance signiﬁcantly; this
has recently been proposed to “pin” the layers and cause a fatiguing
behavior in the material upon aging (Xu et al., 2021). In this work,
Xu et al. employed a “multi-phase” analysis of the X-ray diffraction
(XRD) data to differentiate between, and quantify, “active,”
“intermediate,” and “fatigued” phases of the NMC within aged
samples when delithiated (Xu et al., 2021). Though “ﬁctitious” or
metastable phase separation in single-phase cathode materials
(such as NMC and NCA) has been shown to arise during
dynamic charging of pristine materials (Grenier et al., 2020)
and, more recently, via an autocatalytic mechanism by Park
et al. (2021), Xu et al. (2021) also show that a residual fatigued
phase remains in cycled materials, even under inﬁnitesimally slow
cycling and, thus, that the existence of fatigued phases in aged
NMC cannot be fully attributed to kinetic effects.
While the surface reconstruction of Ni-rich layered cathodes
has been reported, no inhibiting phase transformations, such as
O3 to O1 or to spinel and rock salt, have been observed in the bulk
of these cathode materials (Li et al., 2018). Kleiner et al. observed
multiple rhombohedral NCA phases with the same symmetry but
with noticeably different lattice constants in a fatigued cathode
electrode after extensive electrochemical aging, one of these
rhombohedral phases being no longer electrochemically active
and remaining nearly fully lithiated when the electrode is charged
to high potentials (Kleiner et al., 2015). Schweidler et al. showed
similar results in Ni-rich NMC, also observing the presence of a
more lithiated phase at high SoCs, and the phase fraction of this
lithiated phase increases as the battery ages (Schweidler et al.,
2019). An example of spatial variation of the SoC of NMC333, via
operando XRD, has been reported by Yu et al. (2018b). They
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FIGURE 1 | Image of the pouch cell holder showing the nine
measurement positions as holes in the holder, and the location of the pouch
cell (gray) and electrode (25 cm2) and tab positions (dashed lines). The
electrode tabs exited the holder from slots on the back of the holder (not
shown here). The X-ray beam in the direction perpendicular to the plane of the
page. 1 and 5 are highlighted red as points of interest in the Results and
discussion section.

showed that across a commercial pouch cell, there was
approximately a 5% range in SoC when the overall SoC was 40%.
Here, synchrotron XRD (SXRD) has been employed to reveal
the distribution of the state of charge and the fatigue of NMC811
cathodes within operating pouch cells prior to, and following,
long-term electrochemical aging. Operando measurements were
performed at a range of C-rates and upper cutoff voltages. The
coexistence of regions with differing lithium content at the
highest SoC has been shown and that these are not evenly
distributed through the cell. A greater proportion of fatigued
phase is seen at a higher C-rate.

MATERIALS
Polycrystalline NMC811 and graphite electrodes were fabricated
and prepared into cells and balanced for 4.2-V full-cell cycling.
The NMC cathode consists of 90 wt% NMC811 (Targray), 5 wt%
polyvinylidene diﬂuoride (PVDF 5130) binder, and 5 wt% carbon
black (Denka black uncompressed), and the graphite electrode is
composed of 95 wt% graphite powder (PRC30 Morgan AM&T
Hairong synthetic graphite), 2.5 wt% carbon black, 2.5 wt%
carboxymethyl cellulose/styrene–butadiene rubber 50/50
binder. The mass loadings of the NMC811 and graphite active
materials are 2.83 and 1.25 mg cm−2, respectively, which
represents a negative-to-positive electrode capacity ratio of
∼1.14. The electrolyte used was 1 M LiPF6, ethylene carbonate/
ethyl methyl carbonate 3/7 weight ratio, 2% vinylene carbonate
(VC) additive. Celgard 2320 tri-layer was used as the separator
material. The cells were prepared as 50 mAh single-layer pouch
cells. The thickness of the cathode layer was 40 μm. The cell was
clamped in place throughout the experiment and was not allowed
to move within the holder.
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FIGURE 2 | (A) Charge–discharge curve of the pristine cell, in the cell holder during operando measurement at a rate of 0.5 C followed by a constant voltage hold
until the current was 0.05 C. (B) SXRD patterns for 2θ range of 5–20 for the charge–discharge show part (A) at Position 5, center of the cell as illustrated in Figure 1. The
colors indicate x-ray intensity, with blue the lowest and red the highest.

Cell cycling

acquisition positions, while charging and discharging was
conducted allowing for the continuous sequential measurements
of all the positions (from position 1 to position 9, and starting the
cycle again at position 1, Figure 1). For C-rates of C/2 and 1C, the
measurements for each position were collected during the same
charge discharge cycle, and data were collected every 5 min for each
position. For the faster C-rate (3C), the cell was kept stationary (at
the center of the cell, position 5) as there was a risk of information
being lost between patterns with the lower time resolution;
therefore, data were collected every 30 s, as the cell was not moving.
Rietveld reﬁnement of SXRD patterns from the NMC cathode
materials was performed in GSAS-II software (Toby and Von
Dreele, 2013) and based on the α-NaFeO2 structural model (R3m
space group, also known as the O3 structure, using Delmas’s
notation (Croguennec et al., 2000)) with the TMs (Ni, Mn, and
Co.) on the 3a sites, Li on the 3b sites, and O on the 6c sites. The
NMC lattice parameters were reﬁned with isotropic lattice strain.
For the high-SoC NMCs, anisotropic lattice strain was included in
the reﬁnement. For the NMC811 material, the atomic coordinates,
unit cell parameters, background, zero offset, and peak shape
parameters were reﬁned and used as the initial structure(s). In
the sequential reﬁnement, the unit cell parameters, oxygen
z-coordinate, phase ratios, and Chebyshev background
coefﬁcients were allowed to vary. The patterns were ﬁt between
3° and 33° 2θ values. For the pristine ﬁts, three phases were used: Al,
Cu, and NMC. For the age ﬁts, ﬁve phases were used: Al, Cu,
fatigued (NMC), intermediate (NMC), and active (NMC).

The cells were measured on the beamline after initial formation and
after 900 cycles. The cells were aged at a rate of 0.5 C (based on the
pristine cell capacity of 50 mAh) between 4.3 and 2.7 V at room
temperature (20 ± 1°C) using a CCCV charging and CC
discharging protocol. CCCV charging was composed of a CC
(constant current) step followed by a CV (constant voltage)
hold at the upper cutoff voltage 4.3 V, until the current dropped
below 0.05 C. When the cells were measured operando, a range of
C-rates were investigated (0.5, 1, and 3C, based on a capacity of
180 mAh g−1), all based on the pristine cell capacity. One cell was
cycled in the same way with an upper cutoff voltage of 4.2 V; this
cell failed during long-term cycling (due to a tab ripping from the
cell before it reached 50 cycles) and, therefore, was not measured
during the second beamtime investigating the effects of cell aging.

Characterization by SXRD
The high-resolution SXRD measurements were conducted on
beamline I11 at Diamond Light using a wavelength of
λ  0.4933 Å (∼25 keV), the beam size at the sample was
200 × 200 μm. The beamline facility is speciﬁcally designed for
long duration experiments with technical features given by Murray
et al. (2017). Each pattern was collected with an exposure time of
20 s using a two-dimensional Pixium area detector. At the start of
the beamtime, NIST Standard Reference Material CeO2 was
measured to obtain the X-ray wavelength and detector distance.
Each diffraction image was reduced to 1-D pattern (2-theta vs.
intensity) on-the-ﬂy using Dawn software (Filik et al., 2017). A
bespoke PEEK cell holder was used, which allowed for SXRD
measurements in nine positions of the cell via small holes (0.48-cm
diameter) in the holder while maintaining compression, which is
important for pouch cell cycling. The motorized xyz sample stage
of the beamline was able to move the cell through the nine
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X-ray computed tomography
Micro X-ray-CT was performed using a Zeiss Xradia Versa 520
(Carl Zeiss XRM, Pleasanton, CA, USA) employing a tungsten
anode with a characteristic peak of 58 keV (W-Kα), with a power of
7 W. Magniﬁcation was achieved using a cone-beam geometry
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FIGURE 3 | Changes in the c-axis as a function of time for the nine points for (A) cutoff voltage of 4.2 V and (B) cutoff voltage of 4.3 V at a rate of 0.5 C. For cell
4.2 V, the discrepancies exist due to misalignment of the electrodes. (C) X-ray CT image of the pristine cell showing an overlap of the cathode on the cell cycled to 4.2 V at
position 1. (D,E) The c-lattice parameter as a function of time during both charge and discharge, for the 4.2 and 4.3 V cells, respectively. Measurements at the same
position in the cell are recorded at 5 min intervals (i.e., a full cycle of XRD measurements through the nine positions takes 5 min); therefore, not all positions are
measured at exactly the same SoC. (F) The calculated a-lattice parameter as a function of charging and discharging for a rate of 0.5 C for the 4.3-V cell.

with a ×4 optical magniﬁcation, which resulted in an approximate
isotropic voxel length of 1.63 μm. Projections (1,061) were
collected over a 180° rotation, which were reconstructed using
commercial software (“Reconstructor Scout-and-Scan,” Carl Zeiss,
CA, USA) employing ﬁltered-back-projection (FBP) algorithms.

Operando measurements were conducted on two identical cells at
nine different spatial positions on each cell, which are shown in
Figure 1 along with the tab positions for the current collectors.
The ﬁrst cell was taken to an upper cutoff voltage of 4.2 V, while
the second was taken to 4.3 V. Both cells were cycled at a range of
C-rates from 0.5 to 1C (nominal capacity of NCM811 was chosen
to be 180 mAh g−1) on the beamline. The cell taken to 4.3 V was
then cycled off the beam for 900 cycles at 0.5 C before further
operando measurements in the beam, cycling at different C-rates
between 0.1 and 1C as the cell exhibit signiﬁcant capacity fade (3C
was considered to short an experiment to get enough spectra).

in the literature and will be used as a representative example of the
bulk electrode behavior in this study.
Figure 2A shows the 0.5 C charge–discharge curve for the cell
charged to 4.2 V, which is typical of NMC811 full cells, and Figure 2B
shows the whole SXRD pattern data collected for the center of the cell
(position 5) cycled to 4.2 V. The 003 reﬂection, annotated in
Figure 2B, is a very good proxy for the local state of charge as
the c-lattice parameter shifts signiﬁcantly through the charge (and
discharge) process (Xu et al., 2021). There is a subtle elongation along
this direction of the unit cell during initial delithiation, followed by a
more signiﬁcant collapse (starting from ∼70% SoC). This can be seen
in Figure 3A with the steady shift of the peak from 5.95° to 5.85° 2θ
before quickly extending to around 6.15° 2θ.
As expected, the cell with the higher upper cutoff voltage
(4.3 V) undergoes additional collapse of the c-lattice compared
with the cell with an upper cutoff voltage of 4.2 V, due to more
extensive Li+ extraction in the former [Lc (4.2 V)  13.89 Å; Lc
(4.3 V)  13.82 Å]; this is expected to exacerbate degradation due
to additional stress placed on the material from more extensive
changes in the crystallographic lattice.

Effect of upper cutoff voltage on the crystal
structure of NMC811

Spatial variations in state-of-charge during
cycling

At 0.5 C, in the center of the cell (position 5), the change in
c-lattice parameter is reversible with most of the charging
completed during the constant current stage. The change in
c-lattice parameter in this position is similar to that reported

Figure 3 shows the evolution of the 003 reﬂection as a function of
time during a charge and discharge for both 4.2 V (a) and 4.3 V
(b) cells; for all nine positions in the cells, the c-lattice parameter
is also plotted (d and e). Measurements at the same position in the

RESULTS AND DISCUSSION
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FIGURE 4 | The maximum change in c-lattice value for the nine positions (Figure 1) for the two pristine cells cycled to 4.2 and 4.3 V. The color map highlights the
areas which are delithiating to a greater or lesser extent (red and blue, respectively) than the central point in each respective cell, calculated as a percentage variation from
the value of position 5 in each cell. The black color for positions 1 and 2 for the 4.2-V cell represents a change that is far lower than the central position and, thus, off the scale.

cell are recorded at 5 min intervals (i.e., a full cycle of SXRD
measurements through the nine positions takes 5 min, a 0.5 C
charge takes 2 h); therefore, not all positions are measured at
exactly the same SoC. The most obvious observation is that for
the cell cycled to 4.2 V, there are several positions that do not
reach the same ﬁnal c-lattice parameter and lag behind in
lithiation extent during the whole cycle (even accounting for
the small time constant in measurement during the cycling); these
are positions 1, 2 and 3, all along the same top edge of the cell.
This lack of activity is likely due to the electrodes being
misaligned during manufacture of this cell; there is no
observable anode diffraction for position 1 in the pattern and
only small anode peaks in positions 2 and 3 (shown in
Supplementary Figure S1).
The X-ray CT volume rendering of the edge of the cell stack
(position 1), in Figure 3C, shows the extent of the misalignment
of the electrodes in the 4.2-V cell where there is a ca. 300-µm
overlap of the cathode along the top edge of the electrode (along
points 1, 2, and 3). There is also an overlap of the anode down the
side (along points 1, 4, and 7), although this is to be expected as
anodes are often made slightly larger than the cathodes in order to
avoid lithium plating. The area of the cell where the anode and
cathode were misaligned shows signiﬁcantly less change in the
c-lattice parameter, and assuming this parameter is used as a
proxy for SoC, it is not fully relithiated on discharge and does not
return to the position at the start of the charge (Figure 3D).
Figure 3F shows the a-lattice parameter as a function of time,
and this again agrees with previously published work (Märker
et al., 2019). The continuous contraction of the lattice is explained
by the transition metal oxidation state increasing, therefore,
decreasing the TM-O bond length.
Figure 4 shows the maximum change in the c-lattice
parameter (the difference between the largest and smallest
value c-lattice parameter) for each of the nine positions in
both cells. For the cell cycled to 4.2 V, as previously discussed,
the positions along the top of the cell (see Figure 1) have the
additional complication of misaligned electrodes, but there is still
an observable trend across the rest of the cell. For both cells, the
position closest to the positive tab (position 9) has the largest
change (implying it delithiates to a greater extent than the bulk of
the cell). The smallest change in c-lattice parameter is in position
1 for both cells (though there is an anomaly for the 4.2-V cell due
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to the misaligned electrodes), suggesting a gradient, which is
highest nearest the positive tab and lowest in the opposite corner.
As a result, there does appear to be a spatial dependence on the
state of charge, with the areas of the electrode closest to the
positive current collector having the largest shift in c-lattice
parameter. This highlights the signiﬁcance of the tab location
within the cell. In this case, a relatively small prototype cell is
being studied, but we expect this effect to be even more signiﬁcant
on larger format cells due to an increased effect from current
collector resistance across larger format electrodes.

Effect of aging on rate capability of NMC811
As well as investigating the upper cutoff voltage, varied C-rates
were also studied. Figure 5 shows the comparison of 0.5 and 1C
for the cell cycled to 4.2 V, which has the misaligned electrodes.
For the pristine cell, it was demonstrated earlier that there was a
spatial variation in the state of charge within the cell during
cycling at 0.5 C. However, on comparing the performance at the
higher rate of 1 C, the overall change in c-lattice parameter is very
similar for most of the points at both C-rates, even for the points
with the misaligned electrode, which show less activity overall. It
is important to note that more of the charging for the faster C-rate
is carried out during the constant voltage step of the charging
process due to higher overpotentials when running at a higher
current (electrochemistry shown in Supplementary Figure S2).
Unfortunately, this cell failed (tab connection issue) before the
second beamtime, and therefore, the results of aging on the 4.3-V
cell are discussed next.
After cycling the cell 900 times at 0.5 C with a voltage window
between 2.7 and 4.3 V, the capacity retention is approximately
55%–60% (Figure 6). The cell passed 80% capacity retention at
around 200 cycles. As these experiments were conducted over a
long period of time, and there were some periods of unavoidable
laboratory shutdown, there are some step changes in performance
on cycling. Nevertheless, the electrochemical cycling and calendar
aging has clearly reduced the capacity of the cell.
To assess the effect of cell aging on the cathode materials, a
“multi-phase” crystallographic analysis (Xu et al., 2021) was
conducted, using operando SXRD data, in the 900th cycle for
the cell cycled to 4.3 V, due to the signiﬁcant NMC peak
broadening caused by a range of SoCs (Figure 7 and
Supplementary Figures S3–S21). There is a clear shoulder to
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FIGURE 5 | The c-parameter values as a function of time for each of the nine points for (A) 0.5 C and (B) 1 C. The cell was cycled to 4.2 V.

their extent of delithiation on cycling, and therefore c-lattice
parameter, and in our work, the same approach and three-phase
reﬁnement of the data allows for a comparison of the relative ratio
between active and fatigued phases present on aging of the cell, as
well as the spatial variation in these values at different positions in
the cell (Figure 1).
There appears to be a signiﬁcant rate dependence to the ratio
of the “fatigued” (deﬁned as structural degradation after repeating
charge/discharge cycling) (Xu et al., 2021) and “active” phases in
the aged material, whereby the slower the cell is charged, the more
of the cathode material is fully delithiated (and therefore, the
greater proportion of “active” phase is observed in the multiphase
analysis), suggesting that there is a kinetic effect caused by the
degradation. However, as can be seen in Figure 7A, there is still a
residual inactive phase present even at low C-rates, indicating that
there is a proportion of “non-kinetically fatigued” material in the
aged cells that is incapable of delithiation beyond a certain extent,
as observed by Xu et al. (2021) Figure 7B shows the observed data
as well as the calculated ﬁt, with the inset highlighting the 003
reﬂection in more detail. All SXRD patterns and reﬁnements for
the other points in the cell and C-rates are presented in the
supporting information (Supplementary Figures S3–S21).
Analyzing the spatial variation in the makeup of the three
phases across the area of the cell gives further insight into the
inhomogeneities in material fatigue that can result from cycling,
even in a relatively small format pouch cell. Figure 8 shows that the
center of the cell (position 5) has the largest amount of the “active”
phase, the positions on the edges of the cell (2, 4, 6, and 8)
displaying a lower proportion of active phase, with the corners
of the cell (positions 1, 3, 7, and 9) showing the greatest proportion
of the “fatigued” phase. This aligns with the results from X. Yu et al.
where the edges (and corners) were shown to lag behind when
charging the pouch cells (Yu et al., 2018b). Comparing the ratios
before and after the constant voltage (CV) hold also sheds some
light on the nature of these phases, as in all cases, the “fatigued”
phase decreases during this process, most signiﬁcantly in the center
of the cell. This indicates that there is still a kinetic component of
the fatigued phase, as the material continues to delithiate during

FIGURE 6 | The capacity of a cell cycled between 2.7 and 4.3 V as a
function of cycle number. These experiments were conducted over a long
period of time, and there were some week-long periods of lab shutdown
(notably just before 200 cycles), which lead to some step changes in
performance.

the 003 reﬂection, which indicates the presence of more than one
phase/state of lithiation at this point in the charge/discharge cycle
(Figure 7B). Indeed, reﬁning the pattern with a single phase
(c-lattice parameter) does not give a good simulation to the data.
Therefore, a three-phase reﬁnement, using three values for the
lattice parameter, is used to give an approximation of the relative
ratio of fatigued material present in the measurements. While this
reﬁnement is still not perfect [Figure 7B, inset (red)], it is
signiﬁcantly better than a single-phase reﬁnement, and
previous work has clearly observed and quantiﬁed threephases; therefore, the same analysis has been conducted (Xu
et al., 2021). In the previous work of Xu et al., these phases are
termed “fatigued,” “intermediate,” and “active,” depending on
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FIGURE 7 | (A) The results of the “3-phase” analysis for three different C-rates, with all measurements at position 5. (B) The SXRD raw, calculated, and residual data
for the 0.5 C measurement for position 5 at 4.3 V, with the inset showing the 003 reﬂection in more detail. Data Residual wR:11.1%. Plots for 0.2 and 0.1 C are shown in
Supplementary Figures S3 and S4, respectively. All measurements were taken on the same cell after 900 cycles at 0.5 C (Figure 6).

FIGURE 8 | The ratios of the active, intermediate, and fatigued phases for each position at the start of the constant voltage (CV) hold and at the end of the CV
section. The cell was cycled at C/10 (based on fresh capacity). SXRD raw, calculated, and residual data plots for these results are shown in Supplementary Figures
S4–S21.

the voltage hold before relaxing to a state with a greater proportion
of active phase than at the end of the constant current charging.
However, this relaxation is not complete and varies depending
on the measurement position in the cell; the ﬁndings suggest that
it is not completely attributable to increased impedance. The

Frontiers in Chemical Engineering | www.frontiersin.org

center of the cell shows some of the highest proportion of fatigued
phase at the start of the CV hold, but close to the least by the end,
suggesting this phase separation is possibly rate limited, and
lower currents for longer periods of time can delithiate more of
the cathode material than is possible in the initial CC stage of
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cycling. This agrees with the rate data shown in Figure 7A.
However, for positions away from the center of the cell, the
change after the CV hold is less pronounced, indicating that the
material in this location has suffered more irreversible capacity
loss, possibly via the mechanism of pinning from rocksalt layer
formation described in the work of Xu et al. (2021). For these
locations, it is likely that the contribution to the overall charge of
the cell during the constant current (CC) charging is larger than
for the center of the cell, before they reach the limit of their ability
to extract lithium at some point during the CC step, meaning that
the remaining charging of the cell during the CV hold is
undertaken by the central locations of the cell (and hence,
they show the greatest change in active:fatigued phase ratio
before and after the CV step) (Xu et al., 2021). Such
inhomogeneities in lithiation extent, and therefore effective
local C-rate, in the cell during charge, will have implications
for the material degradation on cycling, the result of which is
evidenced in the accumulation of this effect after 900 cycles from
the spatially resolved SXRD presented here.
Therefore, even for a relatively small pouch cell, the effect of tab
position and electrode edges can have small but accumulating
effects on the local degradation of cathodes, resulting in
signiﬁcantly varied levels of fatigue across the electrode area
after extended cycling. For larger format cells or cylindrical cells
(that might have a jellyroll electrode assembly of upward of 1-m
long), this effect could be signiﬁcantly exacerbated and have more
severe consequences for cell degradation (Kok et al., 2019).
The results in Figure 8 can be compared with those in
Figure 4B, which shows the relative extent of delithiation with
location for the pristine cells. For the pristine cell, the position
closest to the tab (position 9) exhibited the greatest extent of
delithiation, and more so than the other corner positions. However,
on cycle aging, though there is a large amount of fatigued phase
present in position 9, the other corner positions (1, 3, and 7) also
show a large proportion of fatigued material, both before and after
the CV step. Therefore, these results suggest that the location of the
material in the cell has a strong inﬂuence on the local
electrochemistry and, therefore, the accumulative degradation of
the material in that location on cycling. This local variation in
degradation, even for a small format cell, is evident in the operando
SXRD results and might not be possible to investigate with purely
electrochemical methods (cycling) or lab-based diffraction; on
cycle aging of the cell, the local variations in delithiation extent
explored in this work have been shown to lead to overall capacity
fade and inhomogeneous material fatigue in the cell.

amount of delithiation. This relationship may well contribute to
the lack of activity and increased percentage of “fatigued” cathode
material that was observed after 900 cycles at the corners and the
edges of the cell.
The extent of the “fatigued” phase was also shown to decrease
during the constant voltage hold, where the current is lower, and
also during lower C-rate cycling. It is concluded that the “fatigue”
shown in the material has a kinetic component and may be
limiting the rate at which the material can charge (i.e., the
current). However, there is also a residual proportion of
fatigued material remaining, even after the CV step, indicating
that there is an overall reduction in the delithiation capability
(and thus, total capacity of the cell). The results from the present
work will have implications for larger format cells and cells cycled
in more extreme conditions (rate, upper cutoff voltage or
temperature) and show the importance of location within the
cell on controlling spatially resolved degradation.
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In conclusion, via spatially resolved high-resolution XRD of singlelayer pouch cells, we have investigated the local inhomogeneities in
(de)lithiation of the cathode material of pristine and cycled cells at
various C-rates. There was a signiﬁcant impact from misaligned
electrodes in one cell, highlighting the need to ensure that the
anode overlaps the cathode and the importance of careful assembly
of Li-ion batteries. The work has also shown that there is a
relationship between the position in the pouch cell and the
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