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Graphite is the most commonly used anode material in commercial lithium-ion batteries (LiBs). Understanding the mechanisms
driving the dimensional changes of graphite can pave the way to methods for inhibiting degradation pathways and possibly predict
electrochemical performance loss. In this study, correlative microscopy tools were used alongside electrochemical dilatometry
(ECD) to provide new insights into the dimensional changes during galvanostatic cycling. X-ray computed tomography (CT)
provided a morphological perspective of the cycled electrode so that the effects of dilation and contraction on effective diffusivity
and electrode pore phase volume fraction could be examined. During the first cycle, the graphite electrode underwent thickness
changes close to 9% after lithiation and, moreover, it did not return to its initial thickness after subsequent delithiation. The
irreversible dilation increased over subsequent cycles. It is suggested the primary reason for this dilation is electrode delamination.
This is supported by the finding that the electrode porosity remained mostly unchanged during cycling, as revealed by X-ray CT.
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Lithium-ion batteries (LiBs) offer high energy and power
densities, and are ubiquitous in portable electronic devices, and
increasingly in electric vehicles.' However, the wider deployment of
LiBs is hampered by degradation phenomena,” and a key goal for the
automotive industry is to understand the degradation mechanisms of
LiB electrodes in order to overcome their limitations in performance
and lifetime.® During battery operation, graphite undergoes dilation
and contraction; such changes are known to cause electrode strain
and electrode particles can undergo swelling or cracking that
contribute  to the electrode’s cumulative degradation.*
Understanding how commonly adopted electrodes dilate can be of
critical value in improving the durability of these storage devices.

Graphite (Cg) is the most widely used commercial anode material
in LiBs because of its high coulombic efficiency and cycling
performance. During cycling, reversible intercalation of Li* ions
occurs, resulting in graphite intercalation compounds (GIC) that
evolve in stages, with the final stoichiometry of LiCq obtained on
full lithiation. Li™ ions are susceptible to being incorporated into
graphite with their solvation spheres, and solvated Li* ion inter-
calation can cause severe exfoliation of graphite particles and result
in the destruction of the graphite structure because the Van der
Waals forces between the graphene layers of graphite are weak, and
solvent molecules are often much larger than Li* ions.’ Expansion
of graphite’s structure can cause deformations as large as 10% of
initial volume when Cg is fully lithiated to LiCq.>” However, the
entire electrode can increase in volume by 13% if other contributory
factors such as gas evolution® are also taken into consideration.

Since the 1970s, electrochemical dilatometry (ECD) has been
used to investigate the swelling or strain associated with host
materials due to the intercalation and alloying of guest ions, atoms or
molecules. "' The macroscopic dilation and contraction of gra-
phite electrodes during charge/discharge in non-aqueous electrolytes
can be recorded using in situ ECD and is therefore complementary to
X-ray Diffraction (XRD) analysis, which provides information on
the changes in a graphite crystal structure.'® Phase transitions that
occur in graphite during Li" intercalation, solid electrolyte inter-
phase (SEI) formation and degradation mechanisms can be tracked
using XRD, and the associated volume changes monitored with
ECD. Numerous articles report the volume changes in graphite
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electrodes, during cycling, using in situ ECD, with dimensional
changes ranging between 4%—10% owing to differences in electro-
lyte and cell configuration.*”'> However, to the author’s knowledge,
there is to-date no research corroborating in situ ECD with visual
inspection using X-ray computed tomography (X-ray CT) and
image-based modelling.

In this study, X-ray CT has been used to reveal vital information
about spatial variations in microstructural parameters across the
thickness of the electrode. X-ray CT is useful for the inspection of
cracks, particle expansion and material composition that contribute
to electrode dilation/contraction.'®™'® The present study uses corre-
lative ECD, scanning electron microscopy (SEM) and X-ray CT to
elucidate the mechanisms driving the dilation of graphite electrodes
in LiBs with a view to inhibiting this degradation pathway and
possibly predicting its impact on capacity fade. Irreversible dilation
of graphite electrodes was recorded during discharge/charge using
in situ ECD. During prolonged cycling, the graphite electrode did
not return to its original thickness due to changes in the particle-
binder matrix and severe delamination in later cycles. Severe
delamination of the active material layer from the current collector
was confirmed with X-ray CT.

Experimental

Electrode preparation.—All graphite electrodes examined were
obtained as ready-made, calendered electrode sheets from NEI
Corporation (NANOMYTE®). The electrode sheets are composed
of synthetic graphite powder on copper sheets with 90% graphite;
5% Poly (vinylidene fluoride) PVDF (binder) and 5% carbon black
(conductive additive) by weight. A nominal capacity at 0.1 C of >
365mA h g~ ! is reported in the specification sheet. A lithium metal
disc (10 mm diameter) provided by MTI Corporation was used as the
counter electrode for all the tested cells. Prior to electrochemical
tests, the graphite electrodes (10 mm diameter) were dried overnight
at 120 °C under dynamic vacuum in a Buchi tube and inserted into
an argon filled glove box (LABStar, MBraun) with H,O and O,
levels kept below 0.5 ppm.

Electrochemical dilatometry (ECD).—The in situ ECD experi-
ments were performed with an ECD-3-nano electrochemical dilat-
ometer (El-Cell GmbH, Hamburg). The device measures charge-
induced strain (dilation and contraction) of electrodes with nan-
ometer resolution with a maximum sample size of 10 mm x 1 mm
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(diameter x thickness). Displacement signals below five nanometres
are detected by the capacitive parallel-plate sensor system.

At the centre of the dilatometer is the electrochemical cell, which
is hermetically sealed. To prevent moisture within the electroche-
mical cell, the dilatometer parts are vacuum dried at 80 °C in an
oven overnight to remove any moisture before the instrument is
assembled inside a glovebox. A rigid “T- shaped” frit made of
borosilicate glass is fixed in position and acts as a separator between
the working and counter electrode. Any charge-induced electrode
thickness changes are transmitted towards the sensor/load unit from
the upper working electrode that is sealed by means of a thin metal
foil; therefore the height change of the working electrode can be
determined without any interference from the counter electrode (see
Fig. 1). Dimensional changes of the working electrode are detected
by a high-resolution capacitive displacement transducer with detec-
tion capability ranging from a few nanometres up to 250 pm.

The bespoke separator for the ECD assembly was soaked in
500 pl of electrolyte containing 1 M LiPFg dissolved in a mixture of
ethylene carbonate (EC): ethyl methyl carbonate (EMC) in the ratio
3:7 by volume with 2% (by weight) vinylene carbonate (VC)
additive (Soulbrain MI). All gases were pre- evacuated from the
pores to ensure proper wetting of the 10 mm electrode. The glass T-
frit position is fixed to ensure only the dilation of the working
electrode is recorded.

During formation cycling, the dilatometer “half-cell” was cycled
between 0.01-1.0 V under a constant current of 0.097 mA (an
applied rate of C/20) using a single channel battery tester
(Reference 600 +  Potentiostat/Galvanostat/ZRA,  Gamry
Instruments). During multiple cycle parameterisation the half-cell
was discharged at a constant current of 0.24 mA (C/8) for 20 cycles.
The cycling current was based on the graphite mass (0.0053 g). C/x
denotes the current required to discharge (or charge) the cell in x
hours.

The cell was held at open circuit for several hours prior to
cycling, to allow for baseline stabilization. This initial rest period
helped to discern charging induced dimensional changes from the
initial creep, which can be induced during charging as a result of the
mechanical properties of the working electrode being altered.
Thermal contraction or expansion of the electrode and measurement
set-up will always influence ECD data, therefore, the ambient
temperature was controlled during testing by placing the dilatometer
inside an oven at room temperature (approx. 22 °C-23 °C) during
electrochemical tests.

Scanning electron microscopy (SEM).—SEM imaging was
performed using an EVO MA 10 microscope (ZEISS, UK) in order
to examine morphological changes of pristine and tested graphite
electrodes. For SEM imaging experiments, the electrodes were
mounted onto stubs using an adhesive carbon tape, and samples
were imaged at a working distance of approximately 11-12 mm and
accelerating voltage of 3kV in back-scattered electron mode.
Pristine electrodes were mounted onto conductive stubs without
any prior washing. Tested electrodes were rinsed with dimethyl
carbonate (DMC) in a glovebox, dried and transferred to the SEM in
a vacuum-sealed transfer vial to minimise air or moisture contam-
ination.

X-ray computed tomography (X-ray CT).—Electrodes were
investigated before and after galvanostatic cycling to examine
alterations in the electrode microstructure during cycling which
can include particle pulverization and electrode swelling due to
solvent uptake. 3D images acquired were used to examine crack
propagation, particle size distributions, and the possibility of
electrode delamination.

An A Series/Compact Laser Micromachining System (Oxford
Lasers, Oxford, UK) with an embedded Class 4, 532 nm wavelength
laser was used to prepare samples for X-ray CT. All X-ray imaging
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Figure 1. The internal architecture of the dilatometer (ECD-3-Nano, EL-Cell GmbH) device based on a three-electrode geometry and an inductive sensor. Only
the dilatation of the working electrode (WE) is recorded because the glass T-frit is fixed in position.
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Figure 2. Potential profile and simultaneous dilation record of graphite
during the first discharge/charge (formation) with potentials to which
graphite phase transitions occur, labelled along the potential curve.

was conducted ex situ on delithiated electrodes using a ZEISS
Xradia 520 Versa (Carl Zeiss Microscopy Inc., Pleasanton, USA)
micro-CT system.

X-ray CT scans were carried out with an X-ray source tube
voltage of 60 kV,_ with exposure time of 50 s per projection image,
and a total of 1028 projection images were collected per scan using
40x magnification. Reconstruction of the radiographic data was
achieved using a cone-beam filtered back projection algorithm
implemented in Zeiss Scout and Scan software resulting in a
reconstructed voxel size (um) of 0.203 x 0.203 x 0.203.

Results and Discussion

Electrochemical dilatometry: single cycle characterisation.—
Fig. 2 shows the voltage profile and the simultaneous dilation/
contraction recorded for graphite during its first discharge/charge
cycle. The initial region from the open circuit potential (OCP) to
approximately 0.3 V vs Li/Li" is usually associated with irreversible
processes, including SEI formation and possible graphite exfoliation.
During discharge in a half-cell configuration (applying a constant
negative current), Li* ions intercalate between the graphene layers
causing the electrode to dilate, whereas during charging (constant
positive current), Lit ions deintercalate causing the electrode to
contract, as shown in Fig. 2.

Lithium-graphite intercalation compounds (Li-GICs) are formed
on further discharging from OCP. Stages (well-defined periodicity
along the c-axis consisting of lithium occupied and vacant interlayer
spacings) form as a typical feature of Li-GICs. The trend in potential
and its associated plateaus can be attributed to stoichiometric
domains of pure intercalation phases and the transformation of these
phases, as shown by dashed lines in Fig. 2."

The formation of a diluted stage 1 (1d) occurs at potentials
<0.3V vs Li/Li". The first potential slope is immediately followed
by a plateau attributed to the transformation of diluted stage 1 (LiCg)
into stage 4 as LiC;, (1d + 4). Stage 3 (LiCs¢), stage 2 (LiC;;) and
stage 1 are subsequently formed. The dilation plateau is attributed to
the ordering of Li* ions during the formation of stage 2.%°

Dimensional changes of the electrode are minimal between x =
0.2 and 0.6, which is in agreement with XRD measurements that
detect small changes in volume between these phase transitions.>' >
The dilation slope increases most sharply during the beginning of
stage 1 formation, (the reverse of which is also observed during
delithiation from stage 1). The interlayer d-spacing is significantly
larger during the LiCg phase than the LiC;, phase. The slope

corresponding to thickness change increases most when the LiCg
phase is present and a plateau separates the two slopes during
charging, where the thickness stays nearly constant.’® The interlayer
d-spacing decreases significantly in cases where x < 0.3 in Li,Cs.
Consequently, the unit cell also decreases, which in turn leads to a
decrease in the electrode thickness.?” The thickness changes during
Li* intercalation/deintercalation are attributed to crystallographic
pathways (Van der Waals gaps between the graphene sheets that
allow for Li™ diffusion) during discharge/charge.®® The thickness
changes observed and differences in d-spacings of the graphite
lattice are in accordance with findings reported by Rieger et al.>’

As illustrated in the detailed view in Fig. 2, the dilation of the
electrode starts above 0.18 V vs Li/Li*, in the region of SEI
formation, and before the actual intercalation of desolvated Lit is
observed. The electrode undergoes an overall irreversible thickness
change of 3% after its first full cycle despite delithiation. Yu et al.
reported similar observations when studying the dilatometric me-
chanism of silicon electrodes.”® They suggested this dilation was due
to particle rearrangement in the binder matrix despite full delithia-
tion. Although their study used silicon electrodes which are known
to undergo substantial morphology change during cycling, the
overall dilation trend described can also be applied to graphite
electrodes: as the graphite particles swell during Li" intercalation,
causing the graphene sheets to push apart, the particles are relocated
in the binder matrix. Subsequent contraction causes the sheets to
shrink, but the particles do not return to their original positions with
respect to the binder, causing empty voids to emerge and increasing
the electrode’s thickness.”

Binders such as PVDF influence the tensile strength of electrodes
and adhesion strength of the active material to the current
collector.®® This is particularly important in systems with electrodes
that undergo large dimensional changes. Li et al. investigated the
effect of the binder on electrode strain in Li-sulfur battery electrodes
using a similar experimental set-up.'"1? 1t is likely that without
PVDF, irreversible dilation would be even higher with each cycle,
with more severe thickness variations and more detrimental capacity
fading. Ultimately, complete electrode delamination could be
expected. In contrast, carbon black serves as a conductive additive,
maintaining an electronic pathway between graphite particles and
the current collector. No carbon black would likely result in more
electrically isolated particles, which cannot contribute to charge/
discharge or capacity loss.*'?? Consequently, if no carbon black
were present, smaller thickness changes would be expected.
Confounding issues associated with current collector delamination
are discussed in the subsequent section.

Electrochemical dilatometry: multiple cycle characterisation.—
ECD was applied to characterise the changes in electrode thickness
across numerous cycles as shown in Fig. 3. The trend in thickness
change exhibited is in agreement with analytical predictions from
literature as the graphite electrode’s cumulative irreversible strain
increases with additional cycles.’®>* The fastest change in thickness
occurs during the first three cycles, which can be attributed to
morphological changes and continued formation of SEI. The small
changes in electrode thickness that occur after the third cycle
suggests that graphite particles that dilate during Li intercalation
fill electrode pores: as particles swell to fill the empty voids there is a
hysteresis in the thickness changes recorded, as the changes occur
undetected by the dilatometer.>* It is only when the particles displace
vertically away from the electrode, that height changes (Ah) are
detected. Fig. 3 illustrates the thickness change associated with a
“full-cycle” dilation.

Graphite’s dilation/contraction is consistent for approximately 14
cycles. The electrode is shown to periodically “breathe” with each
cycle. It has been suggested that this behaviour is due to graphite
particles exfoliating to crystalline platelets that do not delaminate
from the electrode.” Graphite phase transitions are a lot more visible
in the earlier cycles, and Li" intercalation is affected as the number
of cycles increases and the capacity fades. Electrode fracture can
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Figure 3. (a) The potential and current profile and simultaneous dilation record of 20 cycles at C/8 of graphite. (b) Potential profile and specific capacity record
of the corresponding electrode during twenty cycles at C/8. (c) A 2D virtual slice showing the cross-section of the tested graphite electrode post-cycling at rate C/
8 for 20 cycles. The image was acquired using X-ray computed micro-tomography.

lead to capacity loss when it causes the active particles to no longer
be electrically connected to the current collector, each other, or the
binder matrix and arises when the electrode undergoes dilation/
contraction during charge/discharge.*® For instance, stage 1 forma-
tion is suppressed after approximately 11 cycles, suggesting Li™
intercalation into graphite becomes affected. The shape of cycles 12
— 17 would suggest full Li" intercalation into graphite no longer
occurs and this coincides with the largest fall in electrode capacity
occurring between cycle 11 and 12 of 200mAh g~ ' down to
160 mA h g~! (see Fig. 3b). Subsequent cycling after cycle 12 shows
a largely suppressed peak, where stage 1 formation is expected to
occur. The inability of Li* ions to fully intercalate into graphite
could be a result of lithium plating, as the cell is cycled to very low
voltages. Literature has shown lithium plating can occur when
graphite’s surface potential falls below 0V vs Li/Li™.>" However,
this is an unlikely cause in this scenario and there is no evidence of
lithium platin§ when the electrode is visually inspected during cell
disassembly.?

The distorted signal in the final three cycles could be attributed to
electrode delamination, which is confirmed to occur by post-mortem
X-ray CT (see Fig. 3c). As the active layer delaminates from the
current collector, the sensor records this as height increases that can
be mistaken for electrode dilation. Furthermore, the fragility of the
active layer may cause it to rise and fall into the empty void,
between the active layer and copper current collector, causing height
reductions in the recorded data, which can be mistaken for electrode
contraction. Thus, details of graphite’s dimensional changes may be
lost during later cycling.

It is possible that sample preparation ahead of X-ray CT played a
role in electrode delamination during cleaning and handling.

However, the distorted signal recordings during the final cycles
suggest delamination occurred during cycling; this may also be
responsible for the capacity fade in later cycles. Continued cycling
could have resulted in complete cell failure, as the active layer is
very loosely connected to the current collector on disassembly (see
Fig. 3c).

The practical capacities recorded during ECD measurements fade
a lot faster on cycling than equivalent coin cell assemblies. The
difference in cell design is likely to be a cause of the rapid capacity
fading, particularly as a large borosilicate glass T-frit is used as a
separator, causing Li™ diffusion between electrodes to become a
critical limiting factor. The difference in capacity values measured
for this ECD set-up compared with coin cells is known from
previous reports.”>=#° It is possible that the rate is severely
hampered by using the large separator, and that even a relatively
slow rate of C/8 has enough overpotential to mean that full capacity
is not reached. The rapid capacity fading can have a significant
impact on the thickness changes recorded because cycling, being
diffusion limited, means less of the graphite electrode can be
accessed for Li" intercalation. Thus, smaller thickness changes
and fewer crystal structure changes of graphite are recorded when
compared to slower C-rates. In addition, the electrode delamination
that occurs in later cycles causes capacity loss because connected
active material is lost. In an ideal cell configuration, it is generally
not expected that higher C-rates would be accompanied by smaller
thickness changes associated with Li* intercalation. Neither is it
expected that thickness changes are more severe at higher C-rates.
Mass transport limitations of the T-frit separator can lead to
significant overpotential with some excess SEI formation/lithium
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plating on subsequent cycles that would not occur in a real cell
environment at lower C-rates.

Two parameters can be used for multiple cycle characterisation
of the thickness changes undergone by the tested electrode as shown
below:

The height change (Ah) is used to calculate percentage thickness
change of the electrode by using Eq. 1:

h(t) — h;
h:

1

Thickness change (%) = x 100 [1]

where h; is the initial thickness of the electrode and A(f) is the
thickness of the electrode measured continuously during cycling,
resulting in a thickness change-time curve. Values for Al initially
increase during the first few cycles and then decrease upon further
cycling (see Fig. 4). The capacity drops markedly after the first few
cycles, and thus the full extent of thickness change is not accessed
for the entire electrode. The Ay values always increase as cycling
progresses but they increase more sharply during the first few cycles,
most likely due to continued SEI formation. The initial net increase
after two cycles is approximately 3% and is likely related to SEI
formation and the exfoliation of graphite particles.”*' Therefore,
the first two cycles leading to an overall thicker electrode can be

(a)

(b)

seen as “activation cycles”.>> The electrode dilation increases more
gradually during subsequent cycling—taking approximately eight
cycles to reach a further 3% Ap—and is associated with a significant
change in electrode porosity, allowing particles to rearrange them-
selves in the electrode before the electrode vertically displaces.

It is unclear if lateral expansion of the graphite electrode has the
potential to be a complication using this cell configuration as the
inner diameter of the EL-Cell is approximately 10 mm and the
diameter of the WE is 10 mm. If we assume that lateral expansion
occurs, this expansion could be forced to displace vertically on
contact with the inner walls of the frit flange. This could result in
higher thicknesses around the outer perimeter of the electrode.
However, as the sensor tip is placed centrally above the working
electrode, it does not measure thickness change around the outer
perimeter of the electrode and thus this lateral expansion might not
be recorded. It is possible that uneven thickness variations of the
electrode after numerous cycles could contribute to the capacity
fading observed after numerous cycles and subsequent electrode
delamination.

ECD has proven to be a useful tool to elucidate which phase
transitions are suppressed during later cycles, by analysing how
electrode thickness changes during each cycle. In addition to
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electrode delamination, side reactions could be occurring that alter
the height changes recorded and cause the capacity to rapidly fade.
For example, multiple parallel reactions between the active material
and electrolyte, electrolyte decomposition, passive film formation,
active material dissolution and other phenomena.** Multiple factors
can play a role in the dimensional changes recorded during multiple
cycle characterisation at higher C-rates. Although dilatometry is a
powerful technique for recording overall dimensional changes of the
graphite electrode, other techniques are needed in tandem to
elucidate the causes of these changes.

Morphological characterisation.—SEM was used to compare
the surface morphology of a pristine graphite electrode with the
tested electrode that was cycled at C/8 C-rate for 20 cycles (see
Fig. 5).

The surface morphology of pristine and cycled graphite is
strikingly different as shown in Fig. 5 despite the cycled electrode
being rigorously washed to ensure no electrolyte salts would appear
during surface evaluation. However, it is possible, that lithium
deposits and LiPF¢ salts were not removed entirely during the
washing process. Sections of the tested electrode appear elevated at

lower magnifications (see Fig. 5f), and significant fragmentation can
be observed in these areas (see Figs. 5d-5f).

Elevated sections of the electrode and fragmentation are indica-
tors of severe degradation. Fragments are segments of the electrode
and are likely to consist of graphite flakes, removed from the
electrode during cycling. Gu et al. suggest that large changes in the
lattice parameters associated with phase changes can lead to the
fracture of particles and the loss of contact from the electrode
matrix.*® The graphite particles are highly ordered before cell
cycling with no evidence of fragmentation. There is however, a
random distribution and large number of fragments on the electrode
surface post- cycling. For instance, a graphite particle in Fig. Se
shows a high abundance of fragments on its surface, whereas
particles residing further into the bulk appear to have fewer
fragments on their surface. There is a possibility that graphite
particles that are more elevated have a greater likelihood of these
fragments adhering to their surface than particles residing closer to
the current collector.

Whilst the micrographs are useful for showing qualitative
structural information, their main drawback is that they do not
provide quantitative information on inherently three-dimensional
structural parameters such as tortuosity and effective diffusion.**

Figure 5. SEM images of the surface structures of the evaluated pristine (a)-(c) and cycled (d)—(f) graphite electrodes at C/8 rate for twenty cycles: (a) and (d)
magnification—4,800x (b) and (e) magnification—1,320x (c) and (f) magnification—1000x.
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These parameters directly influence the performance of the electrode
in the cell; thus, X-ray CT was also used to evaluate differences in
morphology of the fresh and cycled electrode. 3D visualizations of
reconstructed tomograms were processed using Avizo 9.0 (Thermo
Fisher Scientific) (see Fig. 6).

The micro-CT cross-sectional orthoslices shown in Figs. 6a and
6d were considered reasonably representative of all orthoslices
obtained for each electrode, in addition, these correspond to
approximately middle slice numbers for each electrode; their
segmentations are shown in Figs. 6b and 6e respectively for
illustrative purposes. The volume rendering of the solid phase in
the pristine and cycled electrode shown in Figs. 6¢ and 6f visually
demonstrates that the electrode’s solid phase volume fraction does
not significantly increase as a result of cycling, which is quantified in
Table I. The solid phase can also be referred to as “the active phase”
because it’s composed of binder, additive and graphite particles.

The electrode is not expected to undergo large changes in pore
phase volume fraction after 20 cycles at a relatively slow C-rate of
C/8. However, some graphite particles have undergone significant
cracking. Particles (blue) appear smaller in Fig. 6e compared to
particles in Fig. 6b, which is likely to be due to fragmentation.
Furthermore, significant electrode delamination is shown in Fig. 6j
corresponding to the cycled electrode. In contrast, the uncycled
electrode in Fig. 6i shows how the electrode should look when no
delamination is present. The active layer is entirely adhered to the
current collector. It is highly likely that this electrode delamination
contributed to the distorted signal recordings and large thickness
changes recorded during later cycling.

The particle size distributions (Figs. 6k and 61) extracted from the
volume renderings of the pristine and cycled graphite electrodes are
comparable, providing some validation of the particle sizes in the 2D
orthoslice datasets. The graphite particles of the pristine and cycled
electrode are separated and identified as shown in Figs. 6g and 6h.
According to the distribution of particle volumes, most particles in
the pristine electrode have a volume between 500 ym? to 1000 pm®.
In the case of the cycled electrode, most particles have a volume less
than 500 xm°. In addition, larger particles reside in the pristine
electrode compared to the cycled electrode, with some having a
particle volume ~5000 um®. The largest particles in the cycled
electrode are between 2500-3000 um>. The presence of larger
particles in the pristine electrode suggest smaller pores; smaller
particles in the cycled electrode suggest larger pores. Electrolyte
transport occurs through the electrode pores, carbon and binder
pores.®® It is likely that electrolyte can diffuse more readily through
larger pores. For ease of reference Fig. 7 depicts the key findings
from the different methodologies used in this work.

Image-based modelling.—Modelling simulations were used to
explore how continuous dilation and contraction impact various
transport parameters in the electrode. The MATLAB plugin
TauFactor was used to calculate transport parameters such as phase
volume fraction, tortuosity factor (7) and effective diffusivity (D°f),
Geometric tortuosity ({) is a measure of the ratio between a path
length from point A to B in a 3D microstructure (L.g), and the path
length as a straight path distance from point A to B (L).

Lep

=7

(2]

The tortuosity factor is an estimate of the diffusive or conductive
transport flux across one phase in a 3D microstructure, divided by
the transport flux for straight-through paths. The tortuosity factor (1)
is therefore defined as the square of the geometric tortuosity (¢).*

(L)
T—(L)~< [3]

Diffusive tortuosity factor, defined as the TauFactor, solves the
steady-state diffusion equation between two Dirichlet boundary

conditions for a binarized volumetric data set.**’ Only sub-
volumes that statistically represent the entire electrode volume
were considered, as confirmed by a representative volume element
analysis.

TauFactor recorded a pore phase volume fraction of 42.0% in the
pristine electrode, and a pore phase volume fraction of 41.6% in the
cycled electrode. It is generally expected that the pore phase volume
fraction would remain very similar after only 20 cycles at a slow C-
rate of C/8. Taiwo et al. also found a graphite electrode to have a
pore phase volume fraction of 42% prior to cycling using TauFactor
simulations.**

Tortuosity factor values are similar for both electrodes in the x-,
y-directions of the analysed volume. Interestingly, this is in stark
contrast to calculated values in the z-direction which are signifi-
cantly more tortuous. The highest value of tortuosity factor of 3.28 is
recorded in the z-direction in the cycled electrode. The fact that the
tortuosity factor is also highest for the pristine electrode in the z-
direction suggests that cycling is not responsible. The z-direction
represents the through plane orientation in the electrode and so the
tortuosity is expected to be largest here due to the arrangement of the
platelet shape particles. The isotropic recordings for the x- and y-
directions are likely due to alignment of the platelet particles within
the electrode, caused by packing ordering and calendering.

Results in Table I show that the pore phase is less tortuous in the
cycled electrode compared to the pristine electrode in the x- and y-
directions. A larger value of tortuosity factor corresponds to a more
tortuous path. Particle cracking could allow for Li* ions to diffuse
through the electrode with less tortuous diffusion pathways. In
addition, empty voids in the pore phase which reduce tortuosity
could arise due to cycling. Directional percolation is slightly higher
in the cycled electrode which suggests that more pores are connected
and is consistent with a lower tortuosity factor.

Conclusions

Dimensional changes of graphite electrodes have been investi-
gated using physical and electrochemical techniques to explore the
effect that continuous dilation and contraction has on the overall
electrode performance. In-situ ECD was successfully used to reveal
an irreversible dilation of a graphite electrode during discharge/
charge. The tested graphite electrodes were shown to dilate with Li™
intercalation in the standard operating window and by approximately
9% at complete lithiation to LiCe during an SEI formation cycle.
Cycled electrodes did not return to their original thickness due to
severe delamination and changes in the particle-binder matrix which
were confirmed with X-ray CT.

Graphite’s dilation/contraction was replicated and consistent
across numerous cycles with periodic breathing of the electrode,
evident between successive cycles. However, the scale of thickness
change was consistently smaller at a faster C-rate. Thus, the findings
would suggest that the applied C-rate has an influence on dilato-
metric measurements. The electrode underwent a thickness change
of 3% after a single cycle at C/20 compared to around 7% after 20
cycles at a faster C-rate. At faster C-rates, cycling became diffusion
limited, and therefore fewer dimensional changes due to Li™
intercalation and crystal structure changes of the graphite were
recorded.

Dilatometry is undoubtedly a powerful technique for measuring
the dimensional changes of a single electrode during galvanostatic
cycling. However, using other techniques alongside dilatometry can
shed light on the structural factors which accompany the dimen-
sional changes, thus providing a much richer explanation of what is
happening during cell cycling.

SEM was used to compare the changes, caused by cycling, in
surface morphology of a pristine and cycled electrode. A striking
difference was observed; deposits seemed to adhere to the surface of
the cycled electrode.

For the first time known to the authors, X-ray CT was used
alongside in situ ECD and SEM to provide additional visual
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Figure 6. (a) Micro-CT images of the pristine
graphite electrode (a) and cycled electrode (d)
showing a cross-sectional orthoslice through the
thickness of the sample in the xy phase. The
particle (blue)-pore (black) distribution shown in
(b) and (e) after segmentation correspond to the
data shown in (a) and (d). 3D volume rendering of
the solid phase (blue) of the pristine (c) and cycled
graphite electrode (f) after reconstruction and
segmentation. Pristine and cycled electrode parti-
cles after algorithmic particle separation and
identification are shown in (g) and (h). 3D
reconstruction of the entire pristine (i) and cycled
electrode (j) show the current collector and active
layer respectively. Volumetric distribution of elec-
trode particles in the pristine electrode (k) and
cycled electrode (1). Data shown in (a), (b), (c),
(g), (1) and (k) are of the pristine graphite electrode
and (d), (e), (f), (h), (j) and (1) are for the cycled
graphite electrode at a rate of C/8 for 20 cycles.
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corroborative evidence of the morphological changes that occur the graphite particles to fragment and significant electrode delami-
during cycling of Li- ion batteries and explain changes in dilato- nation occurred, according to the volume rendered images of the

metric measurements. The X-ray CT revealed that cycling caused pristine and cycled electrode. X-ray CT simulations showed similar



Table I. Results of tortuosity factor simulation on the cycled and uncycled graphite electrodes. The voxel size (1m) is kept the same for both electrodes (0.203 x 0.203 x 0.203). All simulations were
conducted with respect to the pore phase.

Tortuosity factor (7), in direction

Graphite electrode Solid phase volume fraction (%) Pore phase volume fraction (%) Directional percolation (%) X Y Z
Pristine (uncycled) 58.0 42.0 99.1 2.17 2.13 3.02
Tested (cycled) 58.4 41.6 99.4 2.12 1.97 3.28

LOSOT0 89T 10T ‘4121008 [0o142y20.4393] Y, Jo [puinof
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Figure 7. A schematic showing the three key techniques used with their main findings and a cartoon depicting the morphological changes that the graphite
electrode can undergo as a consequence of prolonged cycling. The individual components of the electrode are represented in the following colours; graphite
particles (grey), conductive additive (green), binder (yellow) and current collector (gold).

values for tortuosity and electrode pore phase volume fraction after
cycling, which was expected as the electrode only underwent 20
cycles at a relatively slow C-rate of C/8. It would be interesting in
future research to relate these changes in thickness with the SEI
formation by performing some structural analysis and detailed
impedance studies.
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