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A B S T R A C T

Homogeneity in Li-ion battery electrodes is a crucial element in obtaining high performance and long cycle
life. In this work inhomogeneities in lithium distribution in NMC cathodes and graphite anodes in cylindrical
cells have been tracked in real time during cycling, using operando and ex situ high energy X-ray diffraction.
A set of 18650 cells having undergone different cycling protocols and at different stages of degradation
have been studied during operation at two different C-rates using synchrotron radiation, scanned along the
height of the cells. Significant lithium gradients along the height of the cells have been found, with large
changes in inhomogeneity over the course of up to 11 charge/discharge cycles performed operando. Lithium
inhomogeneity has been found to be different in cathodes and anodes, and depend heavily on degradation
state, state of charge, C-rate, and relaxation steps. Phase relaxation during OCV was quantified, such that after
charge LiC6 + LiC18 + C → LiC12, and after discharge LiC12 + C → LiC18.
1. Introduction

Battery performance and degradation is linked to a large number
of factors. Internal factors such as structural change in electrode active
materials, electrolyte and electrolyte additives, formation cycles, the
cycling protocol followed and more all impact the long term stability
of lithium-ion (Li-ion) cells [1–3]. In addition to these, intrinsic factors
such as the geometry of the cell, stack pressure and current collec-
tor placement can lead cells to exhibit inhomogeneities in lithiation
during operation. Inhomogeneities occur both on a micro level and a
macro level. On the particle level, lithium gradients within individual
oxide particle have been investigated [4], and on the local electrode
level inhomogeneities within the electrode thickness also affects per-
formance [5]. On a macro level, significant inhomogeneities across
electrodes lead to areas that are more active than others, with these
areas then experiencing a higher effective cycling rate exacerbating
other degradation mechanisms and potentially leading to failure.

The global market for 18 650 cylindrical cells was valued at 6.34
billion $ in 2020, and is forecast to reach 7.09 B$ in 2027 [6]. 18 650
cells are ubiquitous in consumer electronics, power tools, and used on a
large scale in Tesla electric vehicles (EV). The shift towards larger cylin-
drical cells such as 21 700 cells import many of the same geometrical
constraints from 18 650 cells, and thus degradation mechanisms linked
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specifically to the cylindrical cell format are well worth investigating
and understanding.

Macro scale inhomogeneity in lithiation across electrodes in differ-
ent formats of battery cells can be investigated ex situ by extracting
electrodes from cells at different states of health (SOH) and states
of charge (SOC), and mapping lithiation using various experimental
techniques. There have been previous operando studies using both
neutrons and X-rays on 18 650 cells, where a single area of the cell
was investigated, with the focus on following structural changes in the
active materials [7].

Inhomogeneities in large format cells in commercial formats has
been done on both pouch cells and 18 650 cylindrical cells. Most of
these studies have been done at open circuit voltage (OCV), with the
cell at a fixed state of charge (SOC), with the focus on obtaining high
resolution 3D information on lithium (Li) distribution in either cathodes
or anodes. In pouch cells, a combination of neutron studies and X-ray
studies have shown that inhomogeneities across electrodes in multi-
layer pouch cells are not entirely predictable, with hot spots appearing
in unexpected areas [8]. Inhomogeneity increases with cycling rate.
Over time, aged cells seem to remain most active along the edges of
the pouch cells [9–12]. In 18 650 cells, inhomogeneities are related
to the distance from the centre of the cell roll, as well as vertical
position along the length of the cylinder. A combination of diffraction,
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Table 1
Table showing the cycling protocol of the five investigated cells. Cells A, B and C were
pre-cycled, while Cells D and E were pristine. Cells A, B and D were cycled operando
during the synchrotron experiment, while cells C and E were disassembled and studied
ex situ. SOH is calculated as the percentage of initial discharge capacity remaining
after the final discharge. The Charge column (Chg(CC-CV)) shows first the CC charging
current, then the CV cut-off current.

Cell Chg (CC-CV) Dchg (CC) Cycles Initial Q Final Q SOH

Cell A 1C–0.1C 2C 112 2345.3 341.7 15%
Cell B 0.5C–0.05C 2C 141 2476.3 2411.6 97%
Cell C 1C–0.1C 2C 105 2424.3 478.6 20%
Cell D 0.1C
Cell E 0.1C

X-ray radiography, as well as X-ray and neutron diffraction tomography
techniques have been used to investigate this [5,13–16].

An aspect that has been less investigated is introducing a time-
resolved aspect to these studies of spatial inhomogeneity. Charalam-
bous et al. [8] have done time resolved studies on pouch cells at
different cycle rates, but limited to three different measurement points
along the cell. We have recently done an operando study on 5 Ah pouch
cells where 610 points were measured repeatedly using 1 s exposure,
resulting in a time resolution of 12 min, enabling inhomogeneity in
lithiation across cathode and anode to be followed for pristine and aged
cells. The low time resolution however limited the study to 0.2C cycling
[9]. A possible approach to remedy this is to limit investigation to a
single dimension, as was done with in situ Zn-air cells, where the height
of an anode was scanned continuously during cycling [17,18]. The
same approach is used here, where we focus on understanding the inho-
mogeneity along the length of the 18 650 cell, by scanning the centre of
the cell during operation, thus providing a high resolution mapping of
inhomogeneity in 1D during the full charge cycle, and not only at single
time intervals. This study is thus a valuable addition to previous studies
done at equilibrium, as the additional information provided by tracking
lithiation over the full height of an 18 650 cell in both the cathode and
the anode will give good insights into the dynamic lithium diffusion
mechanisms during cycling and subsequent OCV steps. This is done on
three identical cells having followed different cycling protocols, and it
is done at two C-rates. To validate the extent of inhomogeneity along
the length and height of the electrode, ex situ mapping of an aged and
a pristine cathode has been done as well. To be able to collect high-
quality quantifiable X-ray diffraction (XRD) data on 18 650 cells, a high
energy X-ray source was essential.

2. Experimental methods

2.1. Sample preparation

Five Samsung ICR18650-26F cells were cycled following the proto-
cols shown in Table 1. The full datasheet from the cell manufacturer is
included as supplemental materials. They were cycled between 112 and
141 times at room temperature using a Neware BTS4000 battery cycler,
using a constant current (CC) step followed by a constant voltage (CV)
step, held until the current reached 10% of the CC current. They were
then discharged at CC. The two cells that were disassembled prior to
ex situ experiments were discharged to 2.6 V at 0.1C.

One fresh cell (cell E) and one degraded cell (cell C) were dis-
assembled in an argon filled glovebox in a fully discharged state,
taking care not to short-circuit the electrodes. Remaining electrolyte
was rinsed off in dimethyl-carbonate. The aged Li1−𝑥Ni𝑦Mn𝑧Co1−𝑦−𝑧O2
NMC) cathode (57 mm high and 635 mm long) was cut into three
ieces of equal length, and sealed in Kapton film. Five pieces were
ut from the fresh electrode at 0–40 mm, 146–200 mm, 300–353 mm,
69–500 mm, and 600–635 mm, in order to conserve beam time in the
xpectation that only limited inhomogeneity would be measured in the
2

resh electrode. s
2.2. X-ray diffraction

All XRD experiments were done at the P02.1 beamline at PETRA III,
DESY [19], using a monochromatic wavelength of 0.20733 Å, selected
using a double Laue crystal diamond(111)/Si(111) monochromator.
The beamline was chosen specifically for its high energy, enabling the
beam to penetrate the highly absorbing 18 650 cells. The high flux of
4 × 1010 photons s−1 made the operando experiment with a scanning
of the cell possible, alongside a sample stage with a rapid motor. The
beam size was 1 × 1 mm2. Diffraction patterns were collected using a
Varex XRD 4343CT (150 × 150 μm2 pixel size, 2880 × 2880 pixel area).
The sample-detector distance was 1700 mm, and was calibrated using
a LaB6 sample mounted in a capillary.

The four pieces of electrode wrapped in Kapton (three sections of
22 cm from cell C, and one with all five sections cut from cell E) were
mounted in a 3D printed sample holder, and a raster scan of both NMC
electrodes was done with 1 mm steps in y and 2 mm steps in x, with
an exposure time of 2 s per pixel and with a beam size of 1 × 1 mm2.

he setup is shown in Fig. 1c.
For operando measurements, the 18 650 cells were mounted verti-

ally in a sample holder as pictured in Fig. 1b, with the 1 × 1 mm2

eam hitting the centre of the cylindrical cell. The sample stage was
hen moved up through the beam in steps of 1 mm for the 0.2C cycles,
nd 5.5 mm steps during the 1C cycles. Exposure time at each point
as 10 s, with a full scan of the cell at 0.2C taking 13 min, and at 1C

aking 1 min. A dark exposure was taken at the end of each scan while
he motor moved the sample back to the starting position. There is no
entral pin in the cells, so measuring along the centre of the cell did
ot add additional absorption.

During the operando experiment, the cells were cycled at constant
urrent (CC) using a Biologic SP-300 potentiostat with a 10 A booster,
etween 2.75 V and 4.2 V, at either 0.2C or 1C, calculated from the
ominal capacity of the cells of 2.6 Ah. Beam damage from exposing
he cells to X-rays during prolonged cycling is not expected to be a
roblem. Firstly the beam is scanned along the cell, meaning that every
pot on the cell was only exposed for 10 s every 13 min. Furthermore
he use of high energy X-rays minimises the interaction of the beam
ith the exposed sample, minimising the expected beam damage.

.3. Data analysis

The obtained 2D XRD data were reduced and integrated using
iamond Dawn software [20,21]. The data were then Rietveld refined
sing Topas Academic (TA) 6.0 [22], and its batch refinement tool,
o sequentially refine all data for each cell from a single input file.
or the ex situ electrodes, the scale factor and lattice parameter for Al
ere held constant for both electrodes since they are from identical

ells, ensuring a direct comparison. Likewise Cu, Al and Fe lattice
arameters were held constant across all three cells cycled operando.
he thick cylindrical 18 650 cells generated two broad reflections, since
he sample is cylindrical with two walls and a hollow centre, and
herefore two diffraction centres. The Fe reflections originating in the
teel casing are well defined with 18 mm between them, while the other
wo diffraction centres are ill defined and result in two broad peaks
verlapping. The displacement between those two centres was refined
ithin limits, and is about half the thickness of the cell. Fig. 2 shows

he raw diffractograms from an 18 650 cell (cell D) and an extracted
athode (from cell E) (see Table 1). Both are in a discharged state,
nd from pristine cells. Here the broad split peaks from the 18 650 cell
re clearly visible, particularly for the peaks where several reflections
o not overlap. A correction can be applied by treating the signal
s if it comes from two parallel walls. Scarlet et al. have made a
orrection for diffraction from capillary walls in a setup with a constant

ample-detector distance [23]. Their correction has been adapted for
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Fig. 1. (a) Scheme of operando experiment along the height of an 18 650 cell. (b) Experimental setup for operando measurements, with an 18 650 cell mounted in a 3D printed
frame. (c) A section of the aged electrode wrapped in Kapton and mounted on the sample holder, with the 2D area detector in the background. More images of this setup, alongside
a schematic illustration of how the electrode was cut up before being mounted in the frame, are shown in supplemental information. (d) Scheme showing the diffraction geometry
resulting in split peaks due to the two diffraction centres 𝐴 and 𝐵 in the cell. The distance 𝑢 between diffraction centres results in the angular shift 𝛼. The correction to take this
into account is shown in Eq. (2).
Fig. 2. Selected diffraction peaks from a diffractogram of an 18 650 cell (cell D) and an extracted cathode (from cell E), both in a discharged state and from pristine cells. The
insert shows the full diffraction pattern.
this experiment, with the flat detector geometry shown in Fig. 1d, such
that the 𝛼 offset in 2𝜃 is given by

sin 𝛼 = 𝑢
𝑅

sin 2𝜃 ⋅ cos (2𝜃 − 𝛼) , (1)

where 𝑢 is the horizontal displacement and 𝑅 is the distance to the
detector. Since 𝛼 ≪ 2𝜃 the expression can be approximated to

sin 𝛼 = 𝑢
𝑅

sin 2𝜃 ⋅ cos 2𝜃. (2)

While cycling a battery cell with an NMC cathode, the Li occupancy
in the NMC crystal undergoes changes. The occupancy is represented as
x in Li1−𝑥Ni𝑦Mn𝑧Co1−𝑦−𝑧O2. Initially at full lithiation, x is around 0.1.
As the cell is charged to 4.2 V, x increases to 0.75. Upon complete
delithiation of NMC and charging to 4.4 V, x reaches 0.86 [24].
However, it is worth noting that this can vary depending on the precise
stoichiometry within the crystal phase. This shift in lithiation has a
direct impact on the unit cell parameters a and c in the NMC unit cell,
consequently influencing the overall unit cell volume.
3

Neutron diffraction would allow refinement of the Li-occupancy
within the NMC crystal, however obtaining a high spatial and time
resolution is challenging, as shown in [9]. An alternative approach
to refining Li occupancy is through an estimation based on lattice
parameters, which can be done accurately with XRD.

From the Rietveld refinement, lattice parameters for NMC, as well
as the phase fractions for the different graphitic phases present in
the graphite anode were obtained. The a-parameter for NMC is re-
lated to the M-O bond length, which in turn is closely related to
the oxidation state and Li-occupancy in the layered oxide structure.
Here the NMC a-parameter was used to provide an estimate of x in
Li1−𝑥Ni𝑦Mn𝑧Co1−𝑦−𝑧O2.

During the initial 70% state of charge (SOC), the a-parameter
change is close to linear, and is then followed by a more gradual
shift. The c-parameter increases with delithiation before eventually
collapsing in the fully lithiated state. In this context, the a-parameter
has been utilised as a proxy for lithiation, assuming an inverse linear
correlation with x. This relationship is described in literature [24].
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Fig. 3. Discharge capacity for the three cells cycled prior to operando investigation (cell A and cell B), or disassembly and ex situ investigation (cell C (1C charge - 105 cycles)).
The insert shows a zoom on discharge capacities between 2.2 Ah and 2.5 Ah, over the same number of cycles. All cells were cycled between cutoff voltages of 2.75 V and 4.2 V.
Cell B with charge/discharge currents of 0.5C/2C, and cells A and C with charge/discharge currents of 1C/2C. In both cases a CV step during charge was held until 10% of the
charge current was reached.
Since the precise stoichiometry of the NMC cathode in these cells is
not known, the potential of a slowly charged and discharged pristine
cell is used to define the a-parameter corresponding to a lithiation state
of x = 0.1 and x = 0.75 in Li1−𝑥Ni𝑦Mn𝑧Co1−𝑦−𝑧O2, as described by
Marker et al. [24] Using the parameters in cell D, during the operando
cycle at 0.2C (Fig. 5(c)), a = 2.818 Å has been used to define x =
0.1, and a = 2.870 Å to define x = 0.75. For the graphite anode,
the lithiation state is represented as 𝑥 in Li𝑥C6, which is calculated
as in [9], i.e. from the relationship between weight percent of the
different graphitic phases present in the anode (graphite, LiC18, LiC12
and LiC6). Here LiC12 and LiC6 are stoechiometric, while the phase
denoted as LiC18 goes from pure graphite to stoechiometric LiC18,
and is characterised by an evolution in the c-parameter. A detailed
description is provided in the authors’ previous paper [9].

3. Results and discussion

3.1. Electrochemical performance

Five identical 18 650 cells were investigated, of which three were
cycled, and two were kept in a discharged state. The four different
test protocols are shown in Table 1. The nominal capacity for all cells
is 2600 mAh. The measured initial capacities rose during the first
few cycles and peaked at 2345 mAh, 2476 mAh and 2424 mAh. The
discharge capacities are shown in Fig. 3.

All cells were charged with a constant current (CC) followed by
a constant voltage step (CV), and discharged at CC. The maximum
charge current recommended by the manufacturer is 2.6 A (1C), with
the recommended charge current being 1.3 A. The maximum recom-
mended discharge current is 5.2 A (2C). The cycle life disclosed by
the manufacturer is a capacity retention of 70% (>1.785 Ah) after 299
cycles at the standard cycling regime of 1.3 A charge to 4.2 V with a
CV step to 0.05C and a 1.3 A discharge at CC with at 2.75 V cutoff.
Cell A (1C charge - 112 cycles)and cell C (1C charge - 105 cycles) were
charged at 1C, while cell B (0.5C charge - 141 cycles) was charged at
0.5C. All cells were discharged at 2C. The 1C charge rate had a heavy
impact on the degradation of cells A and C, with the cells losing 85%
and 80% of their initial capacity after only 112 and 105 cycles. They
4

did however recover most of that lost capacity when cycled slowly at
the end of the cycle test, with a resulting discharge capacity of 1920.8
mAh (82% SOH) and 2004.2 mAh (83% SOH). Cell B (0.5C charge -
141 cycles) lost 1.9% per 100 cycles. The very fast failure of these cells
was unexpected, given that they were cycled within the limits set by
the manufacturer. The rationale of cycling the cells at the maximum
recommended charge and discharge rates was in the expectation that
only heavily degraded cells would show clear lithium inhomogeneities.

High energy XRD was performed on discharged cathodes, extracted
from Cell C (1C charge - 105 cycles) and Cell D (pristine). This enabled
a loss of intercalated Li to be quantified, by using the a-parameter for
NMC as a proxy for lithiation. Using high energy XRD three cell were
cycled operando, while the cells were scanned lengthwise as illustrated
in Fig. 1, to probe vertical inhomogeneities in Li distribution.

3.2. Electrodes measured ex situ

Fig. 4 shows a detailed 2D map of Li distribution in the NMC
cathode of cell E (pristine) (top) and cell C (1C charge - 105 cycles)
(bottom), shown as x in Li1−𝑥Ni𝑦Mn𝑧Co1−𝑦−𝑧O2. It is immediately clear
that there are large heterogeneities in Li across the cathode, with large
areas nearly completely delithiated, despite the electrode being fully
discharged.

The pristine electrode (Fig. 4a) displays no vertical inhomogeneity,
while the centre of the electrode roll (leftmost part of the electrode
shown in Fig. 4) is more lithiated than the outer edge of the roll by
𝛥𝑥 = 0.2. The innermost part of the electrode is thus less lithiated from
the onset, indicating that the tightly rolled centre of the cell may limit
lithium diffusion. This has previously been found to be the case for fresh
graphite anodes in 18 650 cells [14,25], and the geometrical constraints
leading to low lithiation in charged (lithiated) anodes could well lead to
low lithiation in discharged (lithiated) cathodes as well. Only portions
of the pristine cathode were scanned, in the interest of conserving
beamtime, and in the expectations that no large inhomogeneities would
be seen.

The aged electrode (Fig. 4b) is in contrast heavily heterogeneous
in lithiation. The colour scale shows x from 0.1 to 0.75, so the red
areas on the heatmap in Fig. 4 are nearly fully delithiated, and the
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Fig. 4. Cathodes extracted from the pristine cell E (a) and the aged cell C (b). Both cells were discharged to 2.6 V at 0.1C before disassembly, and care was taken to avoid
short-circuiting the electrodes. Here x in Li1−𝑥Ni𝑦Mn𝑧Co1−𝑦−𝑧O2 is shown as a function of position. The full cathode for cell C is shown (b), while only selected sections of the
cathode from cell E (a) are shown. (Only portions of the pristine cathode were scanned, in the interest of conserving beamtime.) A schematic illustration and images of the
experimental setup are shown in supplemental information. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 5. Cells cycled at a 0.2C rate at constant current, with x in Li1−𝑥Ni𝑦Mn𝑧Co1−𝑦−𝑧O2 and x in Li𝑥C6 for the full height of the cell as a function of time shown as heatmaps. x
in Li1−𝑥Ni𝑦Mn𝑧Co1−𝑦−𝑧O2 and the wt.% of graphite phases are shown as line plots. (a) Cell A, (b) cell B and (c) cell D. Cell B begins with a discharge, followed by a charge cycle.
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extensive green areas are only slightly more than half lithiated. The
average lithiation across the whole electrode is 𝑥 = 0.32. Taking into
ccount the fact that the anode/cathode capacity ratio is probably 1.1,
his matches the remaining 83% SOH in the slowly discharged cell C
1C charge - 105 cycles). There is a distinctive y and x component
o the inhomogeneity. Along the cell height the most degraded areas
re not completely in the centre of the cell, but offset at around 1/3
nd 2/3 of the cell height, as well as at the outer edges of the cell.
long the length of the electrode, the centre is clearly more degraded

han the outer layers of the electrode roll. Interestingly the very centre,
.e. the most tightly wound part, is not the most degraded, with the
nner 30 mm being at around x = 0.25. The worst affected area is from
round 80 mm to 300 mm. This is consistent with anode behaviour
hown by spatially-resolved time-of-flight neutron diffraction studies
f 18 650 cells [14], as well as X-ray attenuation studies [25], where
he most heavily degraded parts of the cell are around a third out on
he electrode. This confirms that the behaviour is similar in cathodes.
wo possible explanations could be: (1) Since the very centre of the cell
xperiences the lowest Li diffusion, illustrated by the lower lithiation in
he centre of the pristine cell (Fig. 4, upper panel), it may also be less
eavily cycled, with the local SOC being limited during both charge and
ischarge, to the detriment of other areas of the cell, that then operate
t a higher effective C-rate. (2) There is evidence that the electrolyte
oncentration in aged cells is generally lower in the centre of the cell,
ut with a small pocket of electrolyte along the centre of the cell [15].
his would benefit the cathode in this centre area, as well as in the
utermost part of the electrode, permitting ongoing electrochemical
ctivity. The previous work by Mühlbauer et al. [15] focuses on the
ffect this has on graphite lithiation, but it is clear from these results
hat this also heavily affects the cathode.

In the outermost section of the electrode, from around 400 mm to
20 mm, vertical inhomogeneities are most pronounced along a central
and about 12 mm wide. To get a better understanding of these vertical
nhomogeneities, three cells have been cycled, while XRD was sampled
long the y-axis (Fig. 1), yielding operando 1D resolved data.

.3. Inhomogeneity in Li distribution along cell height - slow cycling

Cell A, Cell B (0.5C charge - 141 cycles) and Cell D (pristine) were
ycled operando, with discharge capacities during the operando cycle
f 1406 mAh, 2221 mAh and 2419 mAh, so 60% SOH, 90% SOH and
00% SOH. Cell D, in its pristine state (Fig. 5(c)), is homogeneously
ithiated throughout the full cycle, and serves as a good benchmark
o compare with the other cells. As was apparent with the ex situ
ata on discharged electrodes (Fig. 4a) there is little visible lengthwise
eterogeneity. The cell achieves its nominal capacity, and the bottom
rame in Fig. 5(c) shows that the graphite is more than 90% lithiated,
ith LiC6 being the dominant phase. It therefore makes sense to assume

hat the NMC cathode is also operating in the full range of 0.1 < 𝑥 < 0.75
hen cycled between 2.75 V and 4.2 V. The NMC a-parameter in

he charged and discharged state for cell D (pristine) has thus been
sed to define the lithiation state of the other cells, assuming a linear
elationship between lithiation state in the NMC structure, and the a-
arameter (the relationship is in reality not fully linear at low lithiation,
s can be seen in the third frame in Fig. 5(c)).

Cell B (0.5C charge - 141 cycles) (Fig. 5(b)), cycled operando in the
eam after 141 cycles and reaching a SOH of 97%, shows significant
engthwise inhomogeneity compared to the pristine cell D, with striped
atterns of differing lithiation visible on both electrodes. Similar to the
attern seen on the discharged cathode mapped ex situ (Fig. 4), this
nhomogeneity is concentrated around a central band between 20 mm
nd 30 mm, in a narrower band at 10 mm and 40 mm, and along
he outer extremities at the top and bottom of the electrode roll. The
nhomogeneity on the anode side is more pronounced than on the
athode side, with a lateral range in the charged state of 𝛥𝑥 = 0.2,
6

ompared to 𝛥𝑥 = 0.1 for the cathode, as seen in Fig. 6. On the s
athode side the line plot of x (Fig. 5(b), third frame) shows that the
athode is fully delithiated in the charged state, but is not fully lithiated
gain when discharged, while the plot of graphite phase fractions in
he bottom frame (Fig. 5(b)) shows that when fully charged, there are
qual amounts of LiC12 and LiC6 present, so the graphite anode is less
ithiated than in the pristine cell D. Graphite is still fully delithiated
n some regions when the cell is discharged (apparent from the Li𝑥C6

heatmap, Fig. 5(b)), but with some inhomogeneity.
Cell A (1C charge - 112 cycles) was cycled at a higher C-rate prior

to the operando experiment (Table 1), with the higher 1C charge rate
contributing to a final SOH of 15%. The cell recovered to 82% SOH
after a slow cycle, showing that the kinetics of Li diffusion in the cell
were severely hampered, but that most of the Li inventory was still
accessible at low C-rates. The inhomogeneity in Li along cell height is
more pronounced than in cells B and D, with the range in the cathode
being about 𝛥𝑥 = 0.3 when discharged, a threefold increase compared
to cell B (0.5C charge - 141 cycles)(Fig. 6(a)). Slow Li diffusion is
concentrated along bands similar to cell B (0.5C charge - 141 cycles),
but with less emphasis on the central 10 mm band between 20 mm
and 30 mm. There is a pronounced inactive area in both electrodes
at around 7 mm, which remains largely inactive during the full cycle,
remaining within 0.65 < 𝑥 < 0.7 in NMC and 0.55 < 𝑥 < 0.6 in graphite,
ompared to an average range in the whole cell of 0.3 < 𝑥 < 0.74 and
.2 < 𝑥 < 0.73 for NMC and graphite. This indicates a near-complete
bsence of electrochemical activity in this area, in the full thickness of
he electrode roll, which would correspond to an inactive band running
he full length of the 635 mm electrode in the ex situ measurement in
ig. 4. From x in the NMC line plot (third frame, Fig. 5(a)) it can be
een that NMC can be nearly fully delithiated, but not lithiated, with the
apacity limitation at 0.2C being Li inventory. Likewise on the anode
ide, the wt.% of LiC6 when fully charged is half of LiC12. The large
apacity drop for graphite stems from a lack of cyclable Li, as is the case
n the cathode. Some degradation in the graphite is apparent from the
emaining Li when the cell is discharged, indicating that at the applied
otential some Li remains inaccessible and intercalated in the anode.

The effect of ageing on the cells cycled at 0.2C can be seen in the
ifferences between cells A, B and D. As discussed in relation to the ex
itu measurements, the most pronounced geometrical effects are seen
s a function of the position in the electrode roll, with the inner part
f the electrodes showing slower Li diffusion and higher degradation.
ere only lateral inhomogeneity is distinguished, and the geometrical
ffects are less obvious. Looking at Fig. 6 it seems that capacity is lost
n the anode side before it is lost on the cathode side, as seen by cell B
0.5C charge - 141 cycles)showing significant inhomogeneity and low x
n the anode, while the cathode is still quite homogeneously delithiated.
n the more degraded cell A, x in the charged anode is not much lower
han in cell B (0.5C charge - 141 cycles), but a reduction in cyclable Li
nventory is expressed by the high amount of Li remaining in graphite
hen the cell is discharged, and the correspondingly high x in the

athode, which is also very inhomogeneously distributed.
There are several possible explanations for the increase in hetero-

eneity in Li across the cell. Inhomogeneous distribution of electrolyte
s a result of gravity has been reported in 18 650 cells cycled verti-
ally [15], resulting in less activity on the upper part of the cells. Such
distribution along cell height has not been seen here, neither in ex

itu or operando results, so does not seem to be a plausible explanation
or the inhomogeneity seen here, and would not explain the distinctive
ands of less active areas along the height of the cell.

The process of rolling the electrode/separator stack and inserting it
n the cell casing could perhaps introduce some uneven strain patterns,
esulting in the inhomogeneous degradation. The placement of the
urrent collector tabs could perhaps result in uneven winding of the
oll [25], however in the investigated cells the tabs run the full length of
he electrodes, so should result in even strain. There are also reports on
ouch cells that show that differing stack pressure has a limited effect
n Li diffusion in electrodes [8].

Another explanation could be that rapid charging generates signif-
cant heat, with an uneven convection of that heat resulting in the

triped inhomogeneity seen along the electrode length and cell height.
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Fig. 6. (a) x in Li1−𝑥Ni𝑦Mn𝑧Co1−𝑦−𝑧O2 and (b) x in Li𝑥C6, plotted as a function of cell height in the charged and discharged state. These lineplots show a snapshot of the 1D
variation in x shown as a heatmap in Fig. 5.
3.4. Inhomogeneity in Li distribution along cell height - rapid cycling

Cells A, B and D were all cycled operando at a 1C rate after the 0.2C
operando cycles. Cells B and D were cycled a single time, while cell A
(1C charge - 112 cycles) was run for 11 cycles, to investigate the rapid
reduction in available Li inventory.

In Fig. 7 the first and last cycles for cell A (1C charge - 112
cycles)are shown (Figs. 7(a) and 7(b)) alongside 1C cycles for cell B
(Fig. 7(c)) and cell D (pristine) (Fig. 7(d)). The same pattern seen
with the slow cycles (Fig. 5) is seen here, with cathode lithiation in
cell D (pristine) being homogeneous throughout the cycle despite the
increased C-rate, with NMC operating in as wide a x range as at 0.2C
(frame 3 in Fig. 7(d)). The bottom 10 mm in the anode seems to be
slightly less active than the middle of the cell (top of the heatmap). Cell
B (0.5C charge - 141 cycles) is slightly less homogeneous (Fig. 7(d)),
with the bottom portion seeming to lead the reaction at the onset of
charge, but is also the area that reaches the lowest lithiation for the
cathode, and highest lithiation in the anode. The largest inhomogeneity
is seen in cell A. Before the first cycle (Fig. 7(a)) the cell does not
reach total equilibrium during the OCV step. Once charging begins,
the cathode is most active toward the centre of the cell, while the
anode is most active in the bottom. This also holds for the tenth cycle
(Fig. 7(b)). In both cases, the anode at the bottom is 𝛥𝑥 = 0.1 less
lithiated than the middle of the cell, while the cathode is uniformly
lithiated within 𝛥𝑥 = 0.04. The middle of the cell reaches its final
lithiation state before the bottom edge. In these figures the actual
charge and discharge steps are short compared to the OCV steps, with
the cell charging between 0.25 and 0.5 h and discharging between 0.75
and 1 h in Fig. 7(a), and charge/discharge between 0.3 and 0.4 h,
and 0.68 and 0.78 h in Fig. 7(b), i.e. a total charge duration at 1C
taking 15 min (corresponding to 25% SOH) in the first cycle, and 6 min
(corresponding to 10% SOH) in the last cycle. As will be shown later, a
significant rearrangement of Li in the graphite phases happens during
the OCV steps between each cycle step.

The pristine cell D still operates close to the cathode’s full lithiation
range of 0.1 < 𝑥 < 0.72 (Fig. 7(d)). Cell B (0.5C charge - 141 cycles)
(Fig. 7(c)) operates in a slightly narrower range of 0.15 < 𝑥 < 0.66 on
the cathode side, while cell A (1C charge - 112 cycles)is significantly
more constrained, with the cathode operating between 0.35 < 𝑥 <
0.56 in the first cycle (Fig. 7(a)), and 0.44 < 𝑥 < 0.52 in the 10th
cycle (Fig. 7(b)). The less degraded cells B and D are most capacity
constrained at high x, while the more degraded cell A (1C charge - 112
cycles)is most constrained at low x. This could be attributed to an early
degradation and inactivation of the cathode leading to an early rise in
overpotential, and thus an initial capacity limitation at high x. Once
the cell degrades more heavily, degradation mechanisms affecting the
overall Li inventory in the cell take over, which are expressed as a lack
of Li to be intercalated in the discharging cathode.
7

3.5. Relaxation mechanisms during 1C cycling

Cell A (1C charge - 112 cycles) was cycled 11 times operando
(Fig. 8), while moving the sample so the beam hit five different posi-
tions along the bottom section of the cell. As mentioned earlier, the cell
was already heavily degraded, retaining only 15% of its initial capacity
after cycling 112 times. Subject to a slow charge cycle however, 82%
of the starting capacity was recovered, meaning that the high C-rate
caused the cell to operate in a narrow band with limited Li inventory,
while most of the Li inventory was still accessible at low currents and
lower overpotential. By cycling the cell rapidly operando, it was at-
tempted to reproduce the conditions leading to a rapid fall in capacity.
The first operando cycle begins at around 25% of the initial capacity,
and the last ends at 10%, so this is indeed achieved. Such a fade rate
is realistic compared to the rapid capacity fade seen in Fig. 3, with the
additional contributing factor being that no CV step was included in
the operando measurement.

3.5.1. Li inventory evolution in the cathode
The third frame in Fig. 8 shows x in Li1−𝑥Ni𝑦Mn𝑧Co1−𝑦−𝑧O2. Here

it is clear that the cathode operates in a rapidly narrowing band. The
largest fall in range comes at low x, going from 𝑥 = 0.35 after the
first discharge to 𝑥 = 0.42, while at high x it goes from 𝑥 = 0.55 to
𝑥 = 0.52, meaning that the amount of active Li+ ions falls drastically as
the kinetics worsen. During the charged OCV steps from the third cycle
onward, the NMC cathode regains Li+ after the current stops being a
driving force. This is not directly reflected in a rise in the anode (fifth
frame in Fig. 8). During OCV in the discharged step however, there is
again a fall in x in Li1−𝑥Ni𝑦Mn𝑧Co1−𝑦−𝑧O2, which is directly matched by
a rise in x in Li𝑥C6 in the anode, and a subsequent lithiation of some of
the graphite phase (bottom frame in Fig. 8). This pattern persists during
all the observed cycles.

3.5.2. Rearrangement of graphite phases during OCV
Observing the relative phase fractions of the graphite phases in the

bottom frame of Fig. 8 the role of kinetics in (de)lithiating the anode
is visible. Changes in OCV should directly reflect changes in phase
composition, as Li reverts to its most favourable position. Observing
first the OCV steps after the charge steps, distinguished by the flat x in
Li1−𝑥Ni𝑦Mn𝑧Co1−𝑦−𝑧O2 in the third frame: The OCV steps begin with
LiC6 reaching its highest point, which makes sense since this is the
most lithiated state achieved by the graphite anode. Immediately after
current drop-off however, the amount of LiC6 begins falling, alongside
the continuing fall in the amount of LiC18 and graphite. During this, the
wt.% of LiC12 continues to rise rapidly, and continues to do so until
just beyond when the cell is beginning to discharge. Once the cell is
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Fig. 7. Cells cycled at a 1C rate at constant current, with x in Li1−𝑥Ni𝑦Mn𝑧Co1−𝑦−𝑧O2 and x in Li𝑥C6 shown as heatmaps for the bottom half of the cell, as a function of time. x
in Li1−𝑥Ni𝑦Mn𝑧Co1−𝑦−𝑧O2 and the wt.% of graphite phases are shown as line plots. (a) Cell A cycle 1, (b) cell A cycle 10, (c) cell B, (d) cell D.
discharged, the wt.% of LiC6 falls off as expected, with LiC12 following
closely behind, while LiC18 and graphite rises. When OCV is once again
reached, another interesting phenomena can be observed; OCV begins
with the graphite signal at its highest, which is expected since the anode
is now in its lowest lithiation state, but as the current stops the graphite
signal rapidly falls off, while LiC18 in turn rises sharply. LiC12 benefited
from rearrangement of Li+ when charged, but during discharge the
LiC12 wt.% falls off too during this OCV step. These trends continue
for the full 11 cycles.

From these results, the relaxation of the anode into the most optimal
graphitic phases can be directly observed. When charged, the overall
lithiation of graphite is around 𝑥 = 0.5 in Li𝑥C6 (fifth frame in Fig. 8),
corresponding exactly to the stoichiometry of LiC12. During the rapid
charge, the most accessible parts of the anode are lithiated to a higher
degree, contributing to a rise in LiC6, while a significant part of the
anode still contains less Li and remains as LiC18 or graphite. These areas
are however still accessible, albeit less so. During the OCV step Li and
graphite is rearranged in their lowest energy state, with most of the
anode as LiC 2. As the cell loses capacity over the 9 h experiment, the
8

1

overall lithiation of the graphite anode when charged falls from 𝑥 = 0.5
to 𝑥 = 0.45 meaning that the lowest energy state is now a combination
of LiC12 and LiC18. This is visible as a stabilisation of the LiC18 level,
and a slower rise in LiC12 during the charged OCV steps.

When discharged, the anode reaches 𝑥 = 0.25 in Li𝑥C6 (fifth frame
in Fig. 8) after the first discharge, and 𝑥 = 0.33 after the last. LiC24
corresponds to 𝑥 = 0.25 (LiC24 is seen here as LiC18) and LiC18
corresponds to 𝑥 = 0.33. In the first cycles the lowest energy state is
thus LiC24 and in the last cycle the lowest energy state would be LiC18,
but there remains a floor of LiC6 and LiC12 present during all the cycles,
meaning that LiC18/LiC24 levels continue to rise and do not reach
equilibrium. Meanwhile graphite wt.% drops off very rapidly, meaning
that there are some anode particles that are still very accessible and
able to rapidly (de)lithiate, even during the last cycles.

Over the course of the 11 cycles shown in Fig. 8 it thus seems that
significant Li diffusion happens in the anode during relaxation, an effect
that does not happen to this extent in cell B and D (Figs. 7(c) and 7(d)).
This could be attributed to the sluggish kinetics in the anode preventing
all active graphite particles from being (de)lithiated simultaneously,
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Fig. 8. The aged cell A cycled 11 times at 1C at constant current, with x in Li1−𝑥Ni𝑦Mn𝑧Co1−𝑦−𝑧O2 and x in Li𝑥C6 for the bottom half of the cell as a function of time shown as
heatmaps. x in Li1−𝑥Ni𝑦Mn𝑧Co1−𝑦−𝑧O2, x in Li𝑥C6 and the wt.% of graphite phases are shown as line plots. The colour-bars and axes have been re-scaled relative to previous plots
to emphasise certain features. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
thus leading to a more pronounced rearrangement of Li+ ions during
OCV.

3.5.3. Spatial relaxation
The heatmaps of the bottom half of the cell shown in Fig. 8 can

be used to determine if the relaxation of Li into different graphite
phases, or transport from cathode to anode, are also expressed as a
spatial migration across the cell, to remedy the inhomogeneities that
arise during cycling.

On the cathode side, the bottom seems to be operating at a generally
higher SOC than the middle of the cell (top of the heatmap), seen by
a higher x when charged, but also a higher x when discharged. The
highest lithiation level when discharged (so lowest x) is thus at 20 mm
and 10 mm. The areas in between at 15 mm, and the bottom at 0 mm
and 5 mm are discharged slower, but are however charged/delithiated
at a relatively higher rate. During OCV in the discharged state, Li slowly
diffuses into the less lithiated areas at the bottom and at 15 mm, though
this happens too slowly for the Li inventory to be homogeneously
distributed before the onset of the next charge cycle. The homogeneity
improves during charge, and the Li inventory levels out even more
9

out during the subsequent OCV step in the charged state. This could
indicate that the lower amount of Li present in the NMC crystal phase
when charged allows the remaining Li+ ions to move around and
redistribute more freely. This would also explain the difference in
inhomogeneity on the cathode side between charge and discharge at
0.2C in Fig. 6(a), top frame. The inhomogeneity then again increases
dramatically during discharge. This pattern continues for all cycles,
but with a steadily more inhomogeneous Li distribution, meaning that
as capacity is lost the internal diffusion of Li+ within the cathode
slows down. This can also be seen by the wider gaps between contour
lines in the heatmaps. The less active areas become more pronounced
from cycle 6 onward, and reflect the inhomogeneities also seen in
the 0.2C data shown in Fig. 5(a). Here only 5 data points are visible
vertically, but the bands along time with less active areas seen in the
high-resolution slow cycling data are also evident here.

On the anode side, the spatial effect is even more pronounced than
on the cathode, with a larger difference between the bottom and the
middle of the cell. In the anode, the middle section (top of the heatmap
in the fourth frame in Fig. 8) of the cell is the most lithiated when
charged, and also the most delithiated when discharged. The bands of
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more and less active areas seen in the cathode are less visible here,
with a more direct relationship between the bottom edge and middle
of the cell. The inhomogeneity in Li distribution increases fastest when
the cell is charged, with lithiation beginning simultaneously along the
full height investigated, but with a near-linear gradient in lithiation
down through the cell. During OCV after the charge step some of
the inhomogeneity is evened out as Li diffuses into lower energy Li
phases, and as it diffuses down to graphite particles situated at the
bottom of the cell. The discharge step contributes less to an increase in
inhomogeneity, as most of the electrode is evenly delithiated. During
OCV in the discharged cell there seems to be a delithiation of the
middle of the anode (top of the heatmap), coinciding with an overall
rise in lithiation shown in the line-plot of x in Li𝑥C6 (fifth frame
n Fig. 8). Over 10 cycles, the increase in inhomogeneity during the
elithiated OCV step increases, and the diffusion of Li+ contributing
o more homogeneous Li distribution in the charged OCV step slows
own. These two effects combined lead to a steady increase in overall
nhomogeneity as the cell capacity fades.

Spatial redistribution of Li during OCV is a pronounced effect in
he degraded cell A. Contrary to the local redistribution of Li within
eighbouring graphite particles, a spatial redistribution is also seen
uring OCV in both cell B and the pristine cell D (Figs. 7(c) and 7(d)).
n cell B this happens both in the cathode and in the anode, while in
ell D (pristine) it only happens in the anode. This shows two effects
elated to spatial inhomogeneity; Firstly this shows that spatial inho-
ogeneities are larger in these cells than local inhomogeneities, and
ighlights the effect cell geometry has on cell performance. Secondly
t indicates that Li diffusion kinetics worsen first in the anode, since
patial inhomogeneity appears in the anode alone in the pristine cell
, while the cathode is still homogeneous.

. Conclusions

Five commercial 18 650 NMC/graphite cells were investigated us-
ng operando and ex situ high energy X-ray diffraction. Two cells at
ifferent stages of degradation, along with a pristine cell, were cycled
perando while the X-ray beam was scanned along the height of the
ell, at both 0.2C and at 1C. This provided unique insights into the
ime component of significant inhomogeneities in both the cathode and
he anode, and their dependency on state of health and cycling rate.
o compliment the operando studies of inhomogeneity in 1D, cathodes
ere recovered from a pristine and a degraded cell. With an ex situ XRD

aster scan, an accurate 2D map of lithiation was obtained, quantifying
he extent of inhomogeneity in x and y directions.

Li diffusion from the centre to the bottom of the cell was found to
e pronounced in even pristine cells, with a redistribution of Li along
he y axis happening during OCV. Inhomogeneity in the cathode was
ound to be two to three times greater in a discharged state than in the
harged state. Capacity loss in the graphite anode was found to initially
e linked to a loss of Li inventory during charge, and in more degraded
ells to contribute to a loss of Li inventory by remaining permanently
ithiated when the cell was discharged.

It was found that in the aged cell, Li (de)lithiation of graphite
articles is highly inhomogeneous on a local level within a 1 × 1 mm2

rea, with a significant redistribution of Li+ to other graphitic particles
uring open circuit voltage steps. This effect was highly dependent on
OH, and thus not present in pristine cells.

The combination of ex situ and operando observations using high
nergy X-ray diffraction successfully presents a quantitative insight
o degradation mechanisms and lithium heterogeneity under practical
ycling conditions.
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