
This journal is © The Royal Society of Chemistry 2025 Chem. Commun., 2025, 61, 19485–19488 |  19485

Cite this: Chem. Commun., 2025,

61, 19485

Mechanical deformations in battery current
collectors observed by operando X-ray diffraction
on Si/graphite anodes
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Current collectors in Li-ion batteries are often considered passive

components with minimal influence on performance. However,

materials with large expansion during lithiation may influence the

current collector. Herein, we demonstrate mechanical deforma-

tions of the Cu current collector in Si/graphite electrodes using

operando X-ray diffraction.

The electrodes of Li-ion batteries (LIBs) are complex chemical
systems comprising multiple components including active
material(s), binder(s), conductive additive(s) and current col-
lector. The vast majority of work in the field of battery materials
primarily targets the chemistry of active materials.1 Compo-
nents considered inactive (conductive additives and current
collectors) are rarely objects of study. The function of these
components becomes increasingly important when active
materials are subjected to large expansion/contraction during
electrochemical cycling. Such changes are particularly pro-
nounced for anode materials operating under alloying mecha-
nism with silicon (Si) being the most studied example.2

Si has long been considered one of the most promising
anode materials for LIBs due to its high capacity.3 However, the
fast capacity decay upon electrochemical cycling, linked to
the large volumetric changes during (de)lithiation, impedes
the widespread implementation of Si-based anodes in modern
LIBs. Several strategies have been proposed to mitigate the
degradation problems and improve the cycling stability of
Si-based electrodes.4 The most common strategy to stabilize
the electrochemical performance of Si in LIBs is the fabrication
of composite electrodes comprised of Si and graphite. Such

electrodes have demonstrated an acceptable compromise
between capacity and cycling stability.5

A more fundamental approach towards optimization of Si-
based electrodes is gaining a complete understanding of the
operating mechanism through various operando characterisation
methods, which can be further used for targeted material
optimization.6–12 In the search for degradation mechanisms of
the Si-based anodes most studies focus on the Si particles instead
of the electrode as a whole. These works typically link the capacity
degradation to cracking of Si particles during (de)lithiation due to
large expansion/contraction, followed by growth of solid electro-
lyte interphase (SEI) and resistance build-up.3

An additional degradation process in Si-based anodes is the
loss of active material due to detachment from the current
collector.13 It is commonly accepted that this detachment is
driven by mechanical stress originating from the lithiation of Si
and the following expansion.14,15 Studies have shown that mod-
ifications of the current collector surface, such as sanding,
etching or electrochemical deposition of Cu onto the Cu current
collector, can significantly reduce detachment of the active
material.16,17 In addition, thick current collector foils (18 mm
vs. common 10 mm) have shown increased electrode stability and
resistance towards detachment.18 Mechanically induced lattice
strain in Cu current collector in a commercial pouch cell with
graphite anodes has previously been observed through operando
XRD.19 This study decoupled mechanical lattice strain from
thermal expansion and estimated it to be B0.0002 for this
particular cell.19 It has also been shown, through microscopic
studies on Si thin film anodes, that lattice strain in Cu current
collectors play an important role in the failure mode.15,20 How-
ever, similar studies on conventional Si-based electrodes with
binder(s) and conductive additive(s) are missing.

In this work, we offer new insights into the mechanical changes
that occur in the Cu current collector during electrochemical
cycling of Si/graphite composite electrodes. Through 19 operando
XRD measurements, we demonstrate that the lattice strain of Cu
during lithiation is coupled to the expansion of Si and may lead to
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loss of contact between the active materials and the current
collector. This finding reveals an extra obstacle to achieving stable
electrochemical performance during long term cycling of Si-based
LIB electrodes.

We prepared the electrodes by a water-based procedure,
described in Section S1 (SI) using crystalline Si, graphite, carboxy-
methyl cellulose (CMC), styrene-butadiene-rubber (SBR) and carbon
black. To examine the roles of the Si/graphite ratio and total active
mass loading (Si + graphite) on the behaviour of the current
collector, we fabricated electrodes with varying Si amounts (20, 30,
40, 50 wt% Si) and active mass loadings (2–10 mg cm�2). This
compositional range was chosen to be able to observe significant
differences in behaviour of the current collector without severely
changing the electrode structure. Operando X-ray diffraction (XRD)
measurements in transmission mode were conducted on 19 of these
electrodes with Li metal as a counter electrode and 1.2 M LiPF6 in
3 : 7 vol% ethylene carbonate : ethylmethyl carbonate (EC : EMC) with
10 wt% fluoroethylene carbonate (FEC) and 2 wt% vinylene carbo-
nate (VC) as electrolyte. A selected example from these measure-
ments is presented in Fig. 1 where an electrode with 30 wt% of Si
was cycled at C/20 (based on the calculated theoretical capacity of
the electrode). Here, the peaks corresponding to Cu ((111) and (200)
reflections) are highlighted, while all other Bragg reflections from
the cell are omitted for clarity. The operando XRD during the first
lithiation revealed a shift of the Cu reflections first towards lower Q
values, indicating an increase in lattice parameter, and then back
towards higher Q values. In this experiment, no clear changes to
these peak positions were observed in the subsequent cycles.

To verify that the observed shifts in Cu reflections stemmed
from changes in lattice parameters, rather than sample displace-
ment, we conducted two operando XRD measurements under
identical conditions with different orientations of the battery stack.
In one experiment, the cell was assembled with the Si/graphite

electrode facing the X-ray source, while in the other, the electrode
faced the detector (Fig. S3, SI). In the case of peak shifts originating
from sample displacement, the diffraction peaks would shift in
opposite directions for the two different orientations. Instead, both
configurations revealed peak shifts in the same direction, confirm-
ing that the observed changes in XRD patterns originated from
actual changes in the Cu unit cell dimensions.

This change in the Cu unit cell dimensions could in principle
have several origins, for example thermal expansion. However, this
was deemed unlikely as the observed expansion would indicate a
temperature increase of approximately 80 K.21 For comparison, a
recently reported cylindrical LIB cell has shown an internal tem-
perature increase of B40 K when cycled at a cycling rate of 10C,
and only B7 K at 2C.22 This shows that the internal temperature of
the cell has a high dependency on cycling rate, with faster cycling
leading to higher temperature increase.19,22 Operando XRD studies
of lattice strain of Cu current collector in commercial cells with
graphite anodes have also shown that thermal expansion is negli-
gible compared to mechanical strain at low C-rates (o1C).19,23 In
accordance to this, we observed no clear difference in the operando
XRD patterns between similar electrodes cycled at the much lower
rates of C/10 and C/20 (Fig. 2).

To test if the movement of the Cu (111) and (200) reflections
could originate from mechanical stretching, we performed a
control experiment by applying various weight loads to a strip
of Cu foil while measuring changes in the XRD pattern. This
experiment confirmed that direct mechanical stretching of Cu
exhibit similar changes in the XRD patterns as during cycling in
the operando cells (Section S3, SI).

Through the 19 operando XRD measurements of electrodes
with different loadings and Si/graphite ratios we observed
similar Cu stretching to the example showed in Fig. 1. The
extent of the changes was found to be strongly dependent on

Fig. 1 (a) and (b) contour plots of the 111 and 200 diffraction peaks corresponding to the Cu current collector, respectively and (c) charge/discharge
curves during operando measurement. The data was extracted from an operando XRD measurement of a Si/graphite based electrode cycled vs. Li metal
with a cycling rate of C/20 and voltage range of 0.05–1.00 V vs. Li/Li+. The figure shows the contributions from both Mo ka1 and ka2 radiation. The time
axis showed in (c) is also valid for (a) and (b).
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the electrode composition. The analysis of the operando XRD
data provided an estimate of the maximum lattice strain (ea) of
Cu during the first lithiation for each of the measurements
through the following equation:

ea ¼
amax � a0

a0

Here amax is highest a-axis value obtained during the first
lithiation and a0 is the a-axis value extracted from the first
XRD scan (Section S1, SI). This lattice strain proved to be
generally larger for the electrodes with higher areal capacities,
associated with higher active mass loading and a larger amount
of Si (Fig. 2). The highest observed lattice strain was just below
0.0012, which is well within the elastic region for Cu (below
B0.003).24 Therefore, no irreversible plastic deformation of the
Cu foil should occur under these conditions.

To better correlate the changes in the unit cell of Cu with the
electrochemical behaviour, we performed a detailed study of four
electrodes with different areal capacities (Fig. 3 and Fig. S4, SI). The
electrode with the lowest loading (1.3 mAh cm�2, black symbols in
Fig. 3) showed a slight increase in the Cu lattice parameter during
the first lithiation and no significant changes after. During sub-
sequent lithiation, only a small increase in the lattice parameter
was observed. A higher areal capacity of 5.8 mAh cm�2 resulted in a
higher increase in lattice parameter during the first lithiation (red
symbols in Fig. 3), but no other clear differences compared to the
electrode with 1.3 mAh cm�2.

When increasing the areal capacity even more to
9.6 mAh cm�2 with 50% Si the maximum a-axis value was
significantly larger (amax = 3.61816(3) Å) and was followed by a
rapid drop back to its original value (green symbols in Fig. 3).
During the subsequent delithiation, the changes observed in
the unit cell were negligible. This behaviour repeated itself

during the second cycle, but with a significantly lower increase in
lattice parameter (amax = 3.61675(3) Å). In another example, with
the same experimental areal capacity but with 30% Si, a slightly
different behaviour was observed (blue symbols in Fig. 3). The
increase in the Cu lattice parameter in this electrode was slightly
larger (amax = 3.61934(9) Å) and there was no significant change in
a-axis value after the first lithiation. This observation indicates
that stretching of Cu over a certain threshold (B3.619 Å)
decreases the tendency of repeated stretching/relaxation in sub-
sequent cycles. The difference between these two electrodes with
9.6 mAh cm�2 areal capacity could be explained by influence of
thickness on the lithiation processes in the electrodes and the
deformation of Cu.

These changes in lattice parameter can only be explained by
stretching of Cu current collector along the plane due to
expansion of the active materials within the electrode. Because
of a positive Poisson’s ratio of Cu this stretching along the
plane should also lead to a contraction perpendicular to the
plane. However, due to the geometry of the operando XRD
measurements the sets of atomic planes that contract will likely
not fulfil the Bragg condition and will therefore be invisible in
our XRD measurements.

While the increase of the a-axis unit cell parameter of Cu
corresponds to stretching of the current collector, the subsequent
decrease (observed in Fig. 3) is most likely driven by a loss of the
chemical connection between the active components and the
current collector, allowing the current collector to relax back into
its original state. The subsequent stretching and relaxation beyond
the first cycle is an indication of the severity of this process: the
contact loss is more severe for electrodes showing no changes in
the unit cell parameters of Cu after the first lithiation (blue curve
in Fig. 3) compared to electrodes showing repeated stretching and
relaxation (green curve in Fig. 3). The maximum lattice strain
observed in this dataset is 0.0012, which corresponds to an applied
stress of B160 MPa using a Youngs modulus of 130 GPa.25

Fig. 2 Maximum lattice strain of the Cu current collector during the first
lithiation as a function of experimentally measured areal capacity. The data
is extracted from 19 operando XRD measurements of electrodes cycled in
half cell configuration at either C/10 and 0.01–1 V vs. Li/Li+ (open symbols)
or C/20 and 0.05–1 V vs. Li/Li+ (closed symbols). The correlation between
theoretical and experimental capacity and the maximum lattice strain vs.
active mass loading is shown in Fig. S5 (SI).

Fig. 3 Correlation between the unit cell parameter of Cu and lithiation/
delithiation extracted from operando XRD measurements of four different
cells cycled at C/20 and 0.05–1 V vs. Li/Li+, showing different Cu expan-
sion behaviours related to the experimental areal capacity of the 1st
lithiation. The relative Si amount and experimental areal capacity are
provided in the figure legend.
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Hence, this method could be used as an estimate for the adhesion
strength between the current collector and the active components
of the electrode. The loss of contact could lead to higher resistance,
inactive areas of the electrode and could be a contributor to the
poor cycling stability of Si-based anodes in addition to the already
known problems of particle cracking and excessive SEI formation.3

To avoid this loss of contact, surface modifications and morphol-
ogy control of the current collector can be considered for future
electrode optimization.16–18

We expect that deformation of current collectors will occur
in most batteries during cycling. However, the magnitude and
development of the lattice strain will depend on type and
orientation of active material, electrode formulation, binder,
solvent, mixing procedure, coating thickness, current collector
thickness and morphology.16,17 For example, lattice strain of Al
and Cu current collectors has previously been observed in a
commercial pouch cell with NMC cathode and graphite anode,
but the measured values were significantly lower than what we
observed in our Si/graphite electrodes.19 This is explained by
the larger volume expansion of Si compared to graphite and
NMC and the higher capacity loadings used in this study, which
are significantly higher than commercially relevant anodes.

In conclusion, we have demonstrated that the Cu current
collector in Si/graphite electrodes undergoes mechanical deforma-
tion during electrochemical cycling. These observations were made
based on 19 operando XRD measurements. The stretching is caused
by the expansion of the active materials deforming the Cu foil and
inducing a lattice strain observed as peak shifts in XRD. When the
expansion of the active material becomes too large it can lead to loss
of contact between the current collector and the active components
allowing the Cu current collector to relax. We also demonstrated a
correlation where the maximum lattice strain increases with areal
capacity of the electrodes during the first lithiation. These findings
highlight a potential limitation for electrodes based on active
materials with large volume expansion during cycling.
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