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� Morphological changes of a Si/C paper electrode are investigated by in-situ XRCT.
� The reductive electrolyte decomposition induces the formation of gas channels.
� The electrode cracking initiates during the 1st charge (delithiation).
� The cracks close during the subsequent discharge.
� The volume change of the electrode is larger and less reversible in its bottom part.
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a b s t r a c t

The evolution of the three-dimensional (3D) morphology of a Si-based electrode upon cycling (1st
discharge, 1st charge and 2nd discharge) is studied by in-situ synchrotron X-ray tomography. The Si-
based electrode is constituted of silicon/carbon black/carboxymethylcellulose (Si/CB/CMC) embedded
in a commercial carbon fiber paper, acting as a flexible 3D current collector. Its initial areal discharge
capacity is 4.9 mAh cm�2. A reconstructed volume of 293 � 293 � 137 mm3 is analyzed with a resolution
of ~0.3 mm. Three phases are identified: (i) the solid phase (C fibers þ Si þ CB þ CMC), (ii) the electrolyte
phase (pores filled with electrolyte) and (iii) the gas phase (electrolyte-free pores). Their respective
volume fraction, size distribution and connectivity, and also the dimensional changes of the electrode
along the three axes are quantified during cycling. At the beginning of the 1st discharge (lithiation), the
formation of gas channels attributed to the reductive electrolyte decomposition is observed. During the
1st charge, large cracks are formed through the electrode, which reclose during the subsequent
discharge. The electrode expansion/contraction due to the Si volume change is partially irreversible,
occurs mainly in the transverse direction and is much larger in the bottom part of the electrode.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

One of the biggest technological challenges facing the human
race is probably to secure its future access to carbon free energy.
Renewable energy is part of the solution to secure this access
provided that we improve our ability to store this energy. The Li-ion
battery is one of the most efficient technologies for electric energy
storage. However, the energy density needs to be enhanced,
ire), lionel.roue@emt.inrs.ca
especially for transport applications, and for that purpose alterna-
tive electrode materials must be considered. In this context, silicon
is a very promising anode material due to its high theoretical
gravimetric capacity of 3579 mAh g�1 (Li15Si4) compared to the
372 mAh g�1 of graphite (LiC6) [1,2]. However, it is very challenging
to obtain stable Si-based anodes due to the large volume change of
silicon during its lithium alloying (up to ~280% for Li15Si4) [1,3],
which induces the disintegration (cracking, peeling-off) of the
electrode, and leads to the instability of the solid electrolyte
interphase (SEI). In the last years, different strategies have been
evaluated to solve these issues, especially by using nanosized Si
materials (nanoparticles, nanowires, nanocomposites, nanoporous
structures, thin films …) [4e6], which are able to accommodate a
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large volume change without extensive cracking. The production of
such materials at low cost and large scale as required for com-
mercial implementation is however challenging. Moreover, their
high surface area, which enhances SEI reactions and related irre-
versible Li consumption, and their low compactness resulting in
low volumetric and areal electrode capacities are major drawbacks
for their practical application.

We have recently shown that the cycle life and power perfor-
mance of micrometric Si-based electrodes with large Si mass
loadings (up to 10 mg cm�2) can be greatly improved by using a
copper foam (3D geometry) instead of conventional copper foil (2D
geometry) as the current collector [7]. The small thickness of the
composite Si coating on the Cu foam walls compared to that on a
flat Cu substrate is assumed to favor a better preservation of the
electronic wiring upon cycling. As a result, we have shown that an
areal electrode capacity as high as 10 mAh cm�2 can be maintained
for more than 400 cycles. However, our calculation based on a
virtual stack consisting of a Si/Cu foam negative electrode and a
LiFePO4-based positive electrode indicates that thinner and lighter
Cu foam (e.g. �125 mm thick rather than the 300 mm thick Cu foam
that was used) is required to get a significant gain in gravimetric
and volumetric energy densities compared to the traditional
LiFePO4/graphite cell. However, the production of thin (<300 mm)
and highly porous (>80%) Cu foams is not an easy task.

In this context, the use of carbon fiber papers as 3D current
collectors appears highly relevant since such materials are thinner
and lighter than Cu foams in addition to being commercially
available at low cost and large scale. For instance, these carbon
papers have been commonly used for decades as gas diffusion
layers for fuel cell applications. In the last years, various Si/3D
carbon substrate architectures have been evaluated as anodes for
Li-ion batteries but only a few studies have been published on Si
materials supported on commercial carbon papers [8e10]. More-
over, the morphological evolution with cycling of such complex 3D
microstructures has never been investigated in detail, which is
essential for a better comprehension of their failure mechanisms
and for optimizing their formulation and architecture.

In recent years, X-ray computed tomography (XRCT) has been
used to characterize the porous microstructure of various Li-ion
battery electrodes, including Si-based anodes [11e16]. However,
these latter have been performed with a conventional electrode
architecture (i.e. by casting the slurry on a 2D rigid current collector
such as a steel or Cu rod) in contrast to the present study in which
the slurry is embedded in a 3D and flexible C paper current col-
lector. The XRCT technique permits 3D imaging of the analyzed
electrodes with a quantification of key morphological parameters
of the constitutive solid and pore phases (tortuosity, connectivity,
volume fraction, size distribution …). Moreover, in-situ acquisition
can be performed with an appropriate setup in order to assess the
morphological evolution of the electrode upon cycling. In a conical
beam configuration, the XRCT spatial resolution is determined by
the X-ray spot size, which depends on the X-ray source and the
source-sample working distance. Micrometric spatial resolution is
usually obtained with a conventional laboratory X-ray source
whereas tens of nm resolution can be reached with a synchrotron
X-ray source. The main limitation of the XRCT technique is the
difficulty to distinguish materials having low and/or similar X-ray
attenuation coefficients. In that case, phase-contrast XRCT may be
required [17].

In the present work, synchrotron XRCT analyses are performed
to visualize and quantify the morphological changes occurring
during the first lithiation/delithiation stage of a Si/C paper elec-
trode. It is shown that major changes in the 3D structure of the Si/C
paper electrode occur upon cycling due to the electrolyte decom-
position, electrode volume expansion/contraction and electrode
cracking.

2. Experimental

2.1. Materials

Ball-milled Si powder was used as active material. Si powder
(99.999%, 20 mesh, Materion) was milled under argon atmosphere
for 20 h using a SPEX 8000 mixer with a ball-to-powder mass ratio
of 5:1. The as-milled Si powder consists of micrometric agglomer-
ates (median size ~6 mm) made of sub-micrometric particles more
or less welded together. More details on the characteristics of the
as-milled Si powder are presented elsewhere [18]. During the
slurry mixing for the electrode preparation (see below), the Si ag-
glomerates are broken, resulting in a Si powder with a median
diameter of ~0.2 mm [19]. Super P carbon black (CB) (particle size
~40 nm, Timcal) was used as the conductive additive. Carbox-
ymethyl cellulose (CMC) (DS ¼ 0.7, Mw ¼ 90 000 g mol�1, Sigma-
Aldrich) was used as binder. Citric acid and KOH salts (Sigma-
Aldrich) were used to prepare a pH3 buffer solution (0.17 M citric
acid þ 0.07 M KOH) as slurry medium. As previously shown, the
pH3 buffering promotes covalent bonding between eOH groups
present on the surface of the Si particles and eCOOH groups of
CMC, which improves the mechanical strength and cycling per-
formance of the Si electrode prepared on a conventional copper foil
[20,21]. AvCarb EP40 carbon paper (Fuel Cell Store) was used as 3D
current collector. The EP40 carbon paper consists of non-woven
carbon fibers bound by a binder filled with micrometric carbon
particles (see Supplementary Fig. S1). Its mean thickness measured
with a micrometer is 163 ± 2 mm and its areal weight is
3.37 ± 0.05 mg cm�2. According to its characterization by standard
laboratory XRCT, its mean porosity is ~82% with a median pore size
of 36 mm and a median fiber diameter of 8 mm (see Supplementary
Fig. S2).

2.2. Electrode preparation and cell assembly

A slurry was prepared by mixing 200 mg of 80 wt% Si, 8 wt%
CMC and 12 wt% CB in a 0.5 ml pH3 buffer solution. Mixing was
performed at 500 rpm for 1 h using a Fritsch Pulverisette 7 mixer
with 3 silicon nitride balls (9.5 mm diameter). The Si composite
electrode was obtained by successive soakings (typically 2e3
times) of the carbon paper (0.3 cm diam. disc) in the slurry. Slurry
excess was removed from the carbon paper surface by using an
absorbent paper. This was followed by a short drying period of
~2min in air at each step of impregnation. Finally, the electrodewas
dried at room temperature for 12 h and then at 100 �C in vacuum
for 2 h. Electrodes with a Si mass loading of 1.39 mg cm�2 were
selected for the present study.

A two-electrode Swagelok® cell made of perfluoroalkoxy alkane
(PFA) polymer was designed for in-situ XRCT experiments. A
schematic representation of the cell is shown in Supplementary
Fig. S3. The cell was assembled in an argon-filled glove box and
included: (i) a Si/C paper (3 mm diameter disc) working electrode;
(ii) a Whatman GF/D borosilicate glass-fiber separator soaked with
20 ml of LP30 electrolyte made of 1 M LiPF6 in 1:1 ethylene car-
bonate/dimethyl carbonate (battery grade from BASF); (iii) a
lithium foil (3 mm diameter, 1 mm thick) as counter and reference
electrode. In order to ensure a better contact between the cell
components, the cell was slightly compressed with a spring
installed on the counter electrode side (load estimated at 6.2 N).

2.3. SEM characterization after ion polishing

Ion beam cross sectioning of the pristine Si/C paper electrode
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was performed using an Ilionþ II Gatan apparatus and then char-
acterized by scanning electron microscopy (SEM) using a SEM FEG
ZEISS Ultra 55 microscope.

2.4. In-situ synchrotron XRCT measurements

In-situ synchrotron XRCT analyses were performed on the SLS
TOMCAT beamline at the Paul Scherrer Institut facility (Villigen,
Switzerland). The synchrotron beam was monochromatized to
20 keV. The Si/C paper electrode was cycled at room temperature in
galvanostatic mode at full capacity between 0.005 and 1 V vs. Li/Liþ

at a current density of 400 mA g�1 of Si both in discharge (lith-
iation) and charge (delithiation) using an OrigaFlex OGF500
potentiostat/galvanostat. The electrode cycling was limited to the
first discharge, first charge and second discharge. Longer cycling
was not possible due to a limited amount of beam time allocated for
these experiments. XRCT analyses were performed at successive
intervals of 30 min. During these acquisition periods, the cell was
left at the open circuit potential. A set of 1001 2D projections along
a 180� cell rotation with 700 ms of exposure per projection was
acquired for each XRCT scan, corresponding to a scan duration of
~12 min 3D tomographic volumes of 417 � 417 � 170 mm3 were
collected with an isotropic voxel size of 0.163 mm (meaning a res-
olution of 0.326 mm). They were reconstructed in 32 bit floating
point representation from 2D projections using optimized software
based on Fourier methods and an ImageJ plug-in user interface
[22e24]. For each collected tomographic volume, a sub-volume of
293 � 293 � 137 mm3 was chosen in order to consider the exact
same volume during the cycling. The look up table (LUT) is inverted
on images, meaning that a voxel gets brighter when it attenuates
the beam. Image processing and analysis were realized with the Fiji
software [25]. The procedure is detailed in the Supporting
Information (SI).

3. Results and discussion

3.1. Morphology of the pristine electrode

Fig. 1 shows cross-sectional SEM micrographs at low and high
magnifications of the pristine Si/C paper electrode before cell as-
sembly. At high magnification (Fig. 1b), the carbon fibers and
irregular shaped Si particles are well discernable. The CMC binder
and CB particles are hardly identifiable. The Si particles seem to be
rather well dispersed within the C paper porous matrix and well
connected to the carbon fibers. Pores of various sizes are also
observed.

In order to characterize the 3D morphology of the pristine Si/C
paper electrode, synchrotron XRCT analysis has been performed
Fig. 1. Cross-sectional SEM images at (a) low and (b) high
after cell assembly. According to the image segmentation procedure
as described in SI, three phases can be identified: (i) the solid phase
(i.e., C fibers þ Si þ CB þ CMC). Note that this phase also includes
some pores at the interstices between the Si and CB particles, which
cannot be segmented due to their size lower than the present XRCT
resolution of 0.3 mm; (ii) the electrolyte phase (i.e., the pores filled
with electrolyte); and (iii) the gas phase (i.e., the electrolyte-free
pores). 3D views of these 3 phases for a reconstructed volume of
about 300 � 300 � 100 mm3 are shown in Fig. 2a, b, and c,
respectively. Their respective volume fractions in the pristine
electrode are estimated to be 55, 44 and 1%. The median diameter
of the electrolyte-filled pores and electrolyte-free pores is 6.1 and
4.7 mm, respectively. The very low (1%) volume fraction of
electrolyte-free pores in the pristine electrode confirms its nearly
total impregnation by the electrolyte. Curves showing the distri-
bution of the total pore volume fraction along the x, y and z axes are
plotted in Fig. 2d. One can first note that the thickness (z axis) of the
pristine electrode is reduced to ~90 mm after the cell assembling (as
against ~160 mm before assembling), indicating that the Si/C paper
electrode is compressed by the cell spring. Some inhomogeneity in
the pore volume distribution is also observed, especially along the
electrode thickness. The increase of the porosity in the middle part
of the electrode thickness may be attributed to the inhomogeneous
filling of the C paper by the (Si þ CB þ CMC) slurry, which tends to
accumulate into the outermost parts of the C paper. This suggests
that further work should be done for optimizing the filling pro-
cedure (soaking) of the hydrophobic C paper by the water-based
(Si þ CB þ CMC) ink.

3.2. Qualitative analysis of the morphological evolution of the
electrode upon cycling

Fig. 3a shows the evolution of the potential of the Si/C paper
electrode upon cycling. During the first discharge, a potential
plateau ascribed to the Si lithiation is observed at ~0.1 V whereas a
more sloping curve centered at ~0.4 V corresponding to the Si
delithiation is observed during the first charge, as usually observed
with ball-milled Si-based electrodes [18]. During the second
discharge, the decrease of the potential is more gradual than during
the first discharge, indicative of a more progressive lithiation pro-
cess due to the amorphization of Si during the first cycle [2]. The
periodic slight increases (decreases) of the discharge (charge) po-
tential observed in Fig. 3a are due to the current interruptions
during the XRCT acquisition periods. From Fig. 3a, a capacity of
1030, 685 and 770 mAh g�1 of electrode is determined for the first
discharge, first charge and second discharge, respectively. The areal
and volume capacities of the electrode for the first discharge are
4.9 mAh cm�2 and 544mAh cm�3, respectively. After subtraction of
magnifications of the pristine Si/C paper electrode.



Fig. 2. 3D views of the (a) solid phase (C fibers þ Si þ CB þ CMC), (b) electrolyte filled
pores, (c) electrolyte-free pores and (d) distribution of the total pore volume fraction
along the x, y, and z axes.
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the capacity originating from the C paper (see the SI for more
detail), the first discharge capacity is estimated to be 2884mAh g�1

of Si, corresponding to 81% of the theoretical specific capacity of Si
(3579 mAh g�1 for Li15Si4). This suggests that initially, a large
number of the Si particles are electrochemically accessible in the 3D
C paper substrate. However, it decreases to ~55% during the sub-
sequent 1st charge and 2nd discharge because of the electronic or
ionic isolation of some Si particles associated with the morpho-
logical change of the electrode upon cycling as described below.

Fig. 3b shows XRCT slice images acquired at different cycling
times identified by the numbers 1 to 8 in Fig. 3a. For each of these
different lithiation or delithiation states, images in the transversal
(x,z) plane (i.e. thought the electrode thickness) and in the lateral
(x,y) plane are shown in Fig. 3b. At the bottom of the electrode, i.e.
at z ¼ 0, the stainless steel connector is recognizable as the bright
spot. The interface between the top of the electrode and the bottom
of the separator is represented by the red dashed line on the
transversal images. The green dashed line corresponds to the z
position of the lateral images presented below. The corresponding
XRCT video in the through-thickness plane is available in the SI (see
movie 1). On the basis on the XRCT analysis, the following phe-
nomena can be highlighted.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.jpowsour.2017.03.044.

3.2.1. Electrode expansion/contraction
As seen in Fig. 3b, the displacement of the red dash line, indi-

cating the top of the electrode, allows us to visualize the electrode
thickness expansion/contraction resulting from its lithiation/deli-
thiation (this is also clearly observable in movie 1). One can note
that at the end of the first cycle (step 7), the red dash line does not
come back to its initial (step 1) position indicated by the black dash
line. This means that an irreversible expansion of the electrode
occurs. A precise quantification of the electrode expansion/
contraction is presented later. The darkening of the solid phase
upon discharging (steps 1e4) is also visible on the images, indi-
cating a decrease of the X-ray absorption of the solid phase which
becomes less dense as the electrode is lithiated. As expected, the
reverse is observed during the charge (steps 5e7).

3.2.2. Gas evolution
At the beginning of the discharge, darker zones (see yellow ar-

rows on step 2 images in Fig. 3b) appear in some porous regions
initially filled with the electrolyte. These low X-ray absorbing zones
may be attributed to the formation of gas bubbles (e.g., H2, C2H4,
CO2) related to the electrolyte decomposition [26,27]. The forma-
tion of gas bubbles and channels was also recently observed by Sun
et al. from in-situ synchrotron XRCT with a conventional Si/Cu foil
electrode [13]. As seen on the transversal images in Fig. 3b, the gas
channels seem to be essentially formed during the first stage of the
discharge, which is consistent with the fact that the reductive
electrolyte decomposition is well known to occur in this potential
range. They tend to accumulate in the middle part of the electrode
thickness, i.e. where the electrode is initially more porous (see
Fig. 2d). These gas channels can be observed during all the elec-
trode cycling in Fig. 3b, which suggests that the produced gas
bubbles do not escape from the electrode and thus are not replaced
with electrolyte. However, this may not occur at the edges of the
electrode (zones no imaged here), where the generated gas would
more easily migrate out of the electrode.

3.2.3. SEI formation
The electrolyte decomposition also results in the formation of

solid compounds, such as (CH2OCO2Li)2 and Li2CO3 [28]. These
products accumulate in the electrode pores at each cycle since the
SEI layer is mechanically unstable due to the Si volume change [29].
In order to visualize this process, XRCT images have been focused in
an electrode zone displaying large electrolyte-filled pores and for
different cycling stages as shown in Fig. 4aed. At 5% of lithiation
(Fig. 4b), the formation of a large gas pore is noticeable as reported
before. We can also observe the formation of a thin brighter
(denser) layer at the interface between the electrolyte and the Si-
based composite at the end of the 1st lithiation, indicated by the
green arrow on Fig. 4c. It is hazardous to give a precise value of its
thickness due to edge effects. However, it is possible to observe

http://dx.doi.org/10.1016/j.jpowsour.2017.03.044


Fig. 3. (a) Evolution of the potential of the Si/C paper electrode during the 1st discharge, 1st charge and 2nd discharge; (b) XRCT slice images in the transversal (x,z) and lateral (x,y)
planes of the Si/C paper electrode for different cycling stages corresponding to the numbers 1e8 indicated on the potential curve. The red dashed line on the transversal (x,z) images
sets the interface between the top of the electrode and the bottom of the separator. The green dashed line corresponds to the z position of the lateral (x,y) images shown below. The
images are in Paganin phase contrast mode, except for step (1) images which are in attenuation contrast mode. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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qualitatively the growth of this SEI layer between the 1st lithiation
(Fig. 4c) and the 2nd lithiation (Fig. 4d). A thin SEI layermust also be
formed around the Si particles dispersed in the solid phase of the
electrode but it is not visible here due to the insufficient resolution
of the present XRCT analysis.

3.2.4. Electrode cracking
As seen in Fig. 3b, cracks first appear in the bottom part of the
electrode after 40% of delithiation (see blue arrows on step 5 im-
ages). Additional XRCT images acquired for different delithiation
states at the top, middle and bottom parts of the electrode (Fig. 5)
confirm that the cracks are initially formed in the bottom part of the
electrode. This may be due to the nearby presence of the rigid
stainless steel connector and to the larger volume change in the
bottom part of the electrode (see Fig. 6b), accentuating the me-
chanical constraints on this part of the electrode. After 75% of



Fig. 4. XRCT slice images in the (x, y) plane of the Si/C paper electrode at different cycling stages: (a) pristine state; (b) after 5% lithiation; (c) at the end of the 1st lithiation; (d) at the
end of the 2nd lithiation The images are in X-ray attenuation contrast mode.

Fig. 5. XRCT images acquired for different delithiation states at the top, middle and bottom parts of the Si/C paper electrode. The dash lines on the transversal (x,z) images (at left)
set the different z positions of the lateral (x,y) images (at right). The images are in Paganin phase contrast mode.
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delithiation, the cracks spread across the entire volume of the
electrode and their density increases drastically until reaching a
significant part of the total electrode volume at the end of the
charge. Noticeably, cracks are either filled with electrolyte (in dark
gray) or with gas (in black). However, in the top area of the elec-
trode, all the cracks are filled with electrolyte (Fig. 5) as the latter
can easier percolate from the separator. After the second discharge
(see step 8 images in Fig. 3b), the electrode has expanded again and
the cracks formed during the previous charge are reclosed by the Si
volume expansion. Such a behavior has also been observed from
post-mortem SEM observations on some conventional Si/Cu foil
electrodes [30]. Actually, the electrode cracking observed during its
delithiation (volume contraction) can be interpreted as the conse-
quence of the rupture of Si-CMC bonds upon its lithiation (volume
expansion). The resulting less cohesive electrode then becomes
unable to mechanically resist the Si volume contraction and its
cracking occurs upon charging. Nonetheless, it is important to
stress that this cracking process is reversible since the electrode
recovers the same morphology after the 1st and 2nd lithiation (see
step 8 images versus step 4 images in Fig. 3b). However, it must be
noted that the irreversible cracking of the Si particles (assumed to
mainly occur during the first discharge from acoustic emission
measurements [31]) as well as their irreversible disconnection from
the C fibers and CB particles (electrical network rupture) are not



Fig. 6. Relative change with cycling of (a) the lateral and transversal dimensions of the
electrode, and (b) the electrode volume for different zones along its thickness repre-
sented in (c) from a transversal (x,z) image of the electrode in its initial state.
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discernable here due to the insufficient resolution of the present
XRCT analyses.

3.3. Quantitative analyses of the morphological evolution of the
electrode upon cycling

3.3.1. Electrode dimensional changes
As reported before, the Si/C paper electrode undergoes impor-

tant thickness variation during cycling. Fig. 6a describes the
dimensional change of the Si/C composite electrode along the three
Cartesian axes. The relative changes in lateral (x, y) directions are
calculated from the displacement of reference points taken inside
the electrode volume at different z values. The relative change in
the transversal (z) direction is calculated from the displacement of
the separator/electrode interface. First, it appears that the dimen-
sional change of the electrode is anisotropic. At the end of the 1st
lithiation a relative expansion dz

z0 ¼ 64% in the transversal direction,
compared to dx

x0
¼ 21% and dy

y0
¼ 11% in the lateral directions. The

lower lateral expansion of the electrode can be explained by the
fixed lateral dimensions of the electrochemical cell restricting the
electrode in-plane displacement. By contrast, the out-of-plane
expansion of the electrode is easier due to the flexibility of the
separator. This can also be partially explained by an anisotropic
structuring effect of the carbon paper fibers as they are primarily
parallel to the plane of the carbon paper (see Fig. S2). This can
strengthen the electrode in the (x, y) plane and thus lower the
dilatation in these directions. At the end of the 1st delithiation, a
residual expansion of dz

z0 ¼ 24%, dxx0 ¼ 11% and dy
y0 ¼ 6% is observed,

confirming that the electrode expansion is partially irreversible.
However, it must be noted that the expansion/contraction of the
presence 3D Si/C paper electrode is lower and more reversible than
with a conventional 2D Si/Cu foil electrode configuration. Indeed,
from electrochemical dilatometry measurements, the latter dis-
played a maximal thickness expansion of ~170% and an irreversible
thickness expansion of ~50% for the first cycle, despite its ~40%
lower Si areal mass loading (0.9 mg cm�2) [21].

Fig. 6b shows the relative change with cycling of the electrode
volume for different zones along its thickness as shown in the
transversal (x, z) image of the electrode at the initial state in Fig. 6c,
namely (i) a bottom zone (i.e. between z0 ¼ 0 and ~25 mm), (ii) a
middle zone (i.e. between z0 ¼ ~25 and ~65 mm), and (iii) a top zone
(i.e. between z0 ¼ ~65 and ~90 mm). Their pore volume fractions in
the initial state are ca. 20, 50 and 20%, respectively. The volume
change with cycling of these different parts of the electrode is
determined from the displacement of the reference planes z0 ¼ 25,
65 and 90 mm identified from the characteristic shape of some
objects (e.g. C fibers) present in these reference planes. Displace-
ments in the x and y directions are also considered for calculation of
the volume changes in these three zones. The total volume change
of the electrode is also presented in Fig. 6b. It appears that the
relative volume expansion of the bottom part of the electrode
during the 1st discharge is much larger than for the middle and top
parts, with maximum volume expansions of 151, 73 and 73%,
respectively. The higher volume expansion of the bottom zone may
be due its low initial porosity of 20% (meaning a higher volume
fraction of Si active material) but also because of the nearby pres-
ence of the rigid stainless steel connector, which constrains its
transversal expansion only towards the top of the electrode. In
contrast, the volume expansion of the initially more porous (50%)
middle part of the electrode can be significantly buffered by the
surrounding large pores. Regarding the top part of the electrode, its
transversal expansion is probably limited by the compressive strain
exerted from below by the electrode expansion and from above by
the presence of the separator. This limitation is highlighted by the
presence of a plateau in the volume expansion of the top zone from
~8 h of discharge. At the end of the 1st charge, an irreversible
expansion is observed for the three zones but it is larger for the
bottom zone (71%) than for the middle and top zones (~33%). This
suggests that irreversible change in the electrode structure and the
related disconnections of the Si particles (preventing their deli-
thiation) are more intense in the bottom part of the electrode.

3.3.2. Phase volume fraction changes
Fig. 7 shows the evolution upon cycling of the volume fractions

of the solid, electrolyte (electrolyte-filled pores) and gas (electro-
lyte-free pores) phases in the Si/C electrode. During the first 30 min
of discharge, one can observe an abrupt decrease of the electrolyte
volume fraction from 44 to 23%, while the volume fractions of the
gas phase and solid phase increase from 1 to 11% and from 55 to
66%, respectively. As previously discussed, this can be attributed to
the reductive electrolyte decomposition occurring in this potential
range (i.e. between 1 and 0.25 V) that induces the formation of
gaseous and insoluble products. Nearly no change in the volume
fraction of the gas phase is observed during the rest of the 1st
discharge, confirming that the electrolyte decomposition mainly
occurs during the initial stage of the discharge. On the other hand,
the volume fraction of the solid phase progressively increases
during the discharge due to the Si volume expansion induced by its
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Fig. 7. Evolution with cycling of the volume fractions of the solid, electrolyte and gas phases in the Si/C paper electrode.
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lithiation. The reverse is observed for the electrolyte phase,
reflecting the decrease of the electrode porosity by the swelling of
the Si particles. Note that an abrupt increase (decrease) of the solid
(electrolyte) volume fraction is observed at t ~7.5 h (E ~50 mV).
However, the reproducibility of this event needs to be confirmed. If
significant, it may originate from an intensification of the Si particle
cracking due to the formation of the well-known crystalline Li15Si4
phase at 50 mV [2]. However, it should also result in a sudden in-
crease of the gas volume fraction due to the formation of fresh
reactive Si surface, which is not observed here.

During the charge, one can observe as expected an overall
decrease of the volume fraction of the solid phase (from 72 to 57%)
as the Si particles deflate with their delithiation while the opposite
is observed for the electrolyte phase (increase from 19 to 29%).
However, sudden variations in the volume fractions of the elec-
trolyte and solid phases can be detected, especially around half of
the charge. An increase of the gas volume fraction is also observed
from half of the charge. These variations may be related to the
electrode cracking inducing major changes in the electrode
morphology as previously discussed. At the second discharge, the
solid volume fraction increases again (from 57 to 82%) concomi-
tantly to the decrease of the electrolyte volume fraction (from 29 to
11%).

3.3.3. Evolution of the pore size and connectivity
As previously shown, major changes in the porous structure of

the Si/C paper electrode occur upon cycling due to the electrolyte
decomposition (gas evolution), electrode volume change and
electrode cracking. In order to characterize the morphological
evolution of the electrode porous network, the size (diameter) and
connectivity of the electrolyte-filled and gas-filled pores have been
evaluated at different cycling stages as summarized in Table 1. Pore
Table 1
Median size, connectivity and volume fraction of the electrolyte-filled and electrolyte-fr
charge and 2nd discharge.

Electrolyte-filled pores

Median size (mm) Connectivity (%) Vol. fraction

Pristine 6.1 93 44
1st discharge 2.7 80 20
1st charge 3.4 98 29
2nd discharge 2.4 83 10
size and connectivity were calculated according to the procedure
detailed in SI. Remember that this characterization is limited to the
pores having a diameter � ~0.3 mm. Fig. 8 presents the size distri-
bution curves and corresponding 3D views of the electrolyte-filled
pores (Fig. 8aeb) and electrolyte-free pores (Fig. 8ced) of the Si/C
paper electrode before cycling and after the 1st discharge, 1st
charge and 2nd discharge. Regarding the electrolyte-filled pores,
they maintain a high connectivity (�80%) upon cycling despite
major changes in the electrode morphology. However, a significant
decrease of their size and volume fraction can be observed with
cycling. For the electrolyte-free pores, their connectivity is lower
(�61%) and thus a significant part of these pores are closed in
contrast to the electrolyte-filled pores. Their size stabilizes at ~9 mm
from the 1st discharge whereas the size of the electrolyte-filled
pores fluctuates with cycling.

4. Conclusion

This study has shown that valuable information on the
morphological changes upon cycling of a flexible 3D Si/C paper
electrode can be obtained by in-situ XRCT. For the pristine elec-
trode, it appears that the (Si þ CB þ CMC) loading is lower in the
center part of the electrode thickness, the electrode is compressed
in thickness during the cell assembling, and the filling of its porous
network by the electrolyte is nearly complete. The formation of gas
channels attributed to the reductive electrolyte decomposition is
observed at the beginning of the 1st discharge. The growth of an SEI
layer is also discernable. The electrode cracking initiates during the
1st charge from the bottom of the electrode. These large cracks,
filled with electrolyte or gas, close during the subsequent
discharge. The dimensional expansion/contraction of the electrode
is anisotropic with a much larger variation in the transverse
ee pores in the Si/C paper electrode before cycling and after the 1st discharge, 1st

Electrolyte-free pores

(%) Median size (mm) Connectivity (%) Vol. fraction (%)

4.7 14 1
8.9 61 9
8.9 45 14
8.9 53 8



Fig. 8. (a, c) Size distribution curves and (b, d) corresponding color-scale 3D views of the electrolyte-filled pores (a, b) and electrolyte-free pores (c, d) of the Si/C paper electrode
before cycling and after the 1st discharge, 1st charge and 2nd discharge.
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direction. Moreover, it is larger and less reversible in the bottom
part of the electrode, suggesting that irreversible change in the
electrode structure and the related disconnections of the Si parti-
cles are more intense in this part of the electrode.

The cracking of the Si particles and their disconnection from
the electronic or ionic network could not be characterized here
due to the insufficient spatial and phase-contrast resolutions of
the present XRCT experiments. Further work at higher XRCT
resolution is planned in the near future for this purpose. Multi-
scale XRCT data will be highly useful for optimizing the Si elec-
trode formulation and processing as well as the electrolyte
composition.
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