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Abstract 

In the present work, combined synchrotron X-ray tomography/diffraction analyses are 

performed along the 1st and 10th cycles of a Si-based anode made with 

nanocrystalline/amorphous Si particles synthetized by ball-milling. We are using a porous C 

paper as a current collector instead of a conventional Cu foil and graphene nanoplatelets as a 

conductive additive instead of usual carbon black. It is shown that this specific formulation has 

a major impact on the structural changes of the electrode occurring upon cycling by (i) 

preventing its macroscopic cracking and related electrical disconnections, (ii) limiting its 

volume expansion and improving its reversibility, indicative of limited permanent damage in 

the electrode architecture, (iii) preventing the formation of c-Li15Si4 which is known to be 

detrimental for the electrode cyclability. However, the capacity fade with cycling remains 

significant. It can result from the accumulation of SEI products with cycling, progressively 

obstructing the porous network of the electrode, as supported by a significant decrease of the 

electrode porosity from 48 to 21% between the 1st and 10th cycle. The displacement and/or 

micro-cracking of the Si particles can also induce some electrical disconnections and 

irreversibility of the lithiation reaction. However, this degradation process occurring at the 

particle scale cannot be clearly identified from the present in-situ XRCT measurements due to 

spatial resolution limitation. 

 

Keywords: Li-ion batteries; silicon anode; in-situ X-ray tomography; in-situ X-ray diffraction. 
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1. Introduction 

Lithium-ion batteries (LIB) are presently the best performing technology for powering 

electrical vehicles (EVs). However, the energy density, charge rate and cost of the LIB need to 

be improved to compete with internal-combustion engine vehicles. Indeed, although the cost of 

the LIB pack for EVs has been reduced from $1000 to $268 per kWh with a simultaneous 

increase in their energy density from 55 to 295 Wh L-1 between 2008 and 2015, the current LIB 

pack cost is still >2 times higher than the United States Advanced Battery Consortium 

(USABC) target ($125 kWh-1) 1. A promising and moderate risk pathway to meet this target 

is to use a high-capacity silicon anode paired with a high-capacity/voltage cathode (e.g. Li and 

Mn-rich (LMR) layered oxide) instead of the common graphite anode / lithium-nickel-

manganese-cobalt-oxide (NMC) cathode system 2. 

Silicon is a very attractive LIB anode material due to its specific capacity 10 times higher 

than graphite (3579 mAh g-1 for Li15Si4 versus 372 mAh g-1 for LiC6). However, the use of Si-

based anodes for LIBs remains a challenge. This is related to the huge volume change of Si 

upon its lithiation (up to 280% for Li15Si4 versus 10% for LiC6), which causes deterioration 

of the architecture of the electrode (rupture of the conductive network) and destabilizes the solid 

electrolyte interphase (SEI).  Despite significant progress in recent years to solve these issues 

3,4, the implementation of Si in commercial LIBs is presently limited to low Si contents (a 

few wt% in graphite anodes) and for electronic devices that do not require a long cycle life. 

To optimize the electrochemical performance of Si-based anodes, it is highly relevant to 

characterize in detail their morphological evolution upon cycling, and how this depends on their 

composition and manufacture. For this purpose, X-Ray computed tomography (XRCT) is 

certainly one of the most powerful analytical tools 5. This technique permits non-destructive 

3D imaging of objects with complex and porous morphologies such as LIB electrodes. Using 

appropriate image processing, segmentation and analysis procedures, quantitative parameters 
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can be extracted such as the volume fraction, the size distribution, the connectivity and the 

geometrical tortuosity of the constitutive phases of the LIB electrodes. The differentiation 

(segmentation) of the individual phases (e.g. active material, carbon additive, binder, 

electrolyte) within LIB electrodes can be however difficult due to their small size or when they 

have low and/or similar X-ray attenuation coefficients. To accentuate their differentiation, 

phase contrast can be used, which requires a synchrotron X-ray source. A spatial resolution of 

a few tens of nm can be reached with a synchrotron X-ray source compared to a few µm with a 

conventional laboratory X-ray source. Moreover, the acquisition time of synchrotron XRCT is 

typically 2-3 orders of magnitude faster than with a laboratory source, enabling imaging of a 

dynamically evolving system. 

Recently, in situ XRCT has been successfully used for studying Si-based anodes [6-13]. 

These studies have given qualitative and quantitative information (with a voxel size ranging 

from 9.3 µm [6] to 0.16 µm [12]) on various morphological changes occurring upon cycling 

such as the electrode delamination [6], Si particle volume change and cracking [7], formation 

of gas channels [8], Si particle disconnection [9], electrode volume change and lithiation extent 

of the Si particles [10], fracture propagation in Si particles [11], variation of the size, 

connectivity and volume fraction of the solid, electrolyte and gas phases [12]. XRCT analyses 

can also be combined with other characterization techniques like X-ray diffraction (XRD) in 

order to have complementary information about the lithiation mechanism of the electrode [13]. 

Note that all these XRCT studies on Si-based anodes have been focused on the first cycle. 

In the present work, combined synchrotron XRCT / XRD analyses are performed along 

the 1st and 10th cycles of a Si-based anode made with nanocrystalline/amorphous Si particles 

and using a porous C paper as a current collector instead of a conventional Cu foil and with 

graphene nanoplatelets as a conductive additive instead of usual carbon black.  It is shown that 
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this specific electrode formulation has a major impact on the structural changes of the electrode 

occurring upon cycling. 

 

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. As a result of the repeated particle fracturing and cold-welding 

events occurring during the ball-milling process, the as-milled Si powder consists of 

micrometric agglomerates made of sub-micrometric particles more or less welded together (Fig 

1a).  The ball-milling also results in a partial amorphization of the Si powder as confirmed from 

Raman spectroscopy analysis (Fig. 1b). The Raman spectrum of the Si powder before milling 

displays only a narrow peak centered at 520 cm-1 characteristic of crystalline silicon whereas 

after 20 h of milling two peaks are discernable, one related to crystalline Si (c-Si) at 520 cm-1 

and a second broader peak centered at about 470 cm-1 characteristic of amorphous Si (a-Si) [14]. 

From the integrated intensity of these two peaks determined after appropriate deconvolution of 

the spectrum and according to the calculation procedure detailed in ref. [14], the fraction of 

amorphous Si in the milled powder was estimated at 63%. From the XRD patterns of the as-

received and milled Si powders (see supplementary Fig. S1) and using the Scherrer-Wilson 

formula [15], the crystallite size and the lattice strain of the c-Si phase were estimated at 15 nm 

and 0.11% for the milled Si powder versus 37 nm and 0.015% for the as-received Si powder. 

The amorphization of Si originates from the high density of defects such as deformation twins, 

stacking faults and lattice dislocations generated by the high-energy ball milling process [16]. 

Graphene nanoplatelets (GnP) (M grade from XGSciences, average diameter = 15 µm, 

average thickness = 6-8 nm, surface area = 120-150 m² g-1 according to the supplier’s data) was 
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used as conductive additive (Fig. 1c). For comparison, some electrodes were also prepared with 

carbon black (CB) (Super P grade from Imerys Graphite & Carbon, particle size 40 nm, SBET 

= 62 m2 g-1 according to the supplier’s data) as conductive additive. Carboxymethyl cellulose 

(CMC) (DS = 0.7, Mw = 90 000 g mol-1, Sigma-Aldrich) was used as binder. A carbon paper 

(AvCarb EP40 from Fuel Cell Store) was used as 3D current collector (Fig. 1d). It consists of 

non-woven carbon fibers (10 µm diam.) bound by a binder filled with micrometric carbon 

particles. Its mean thickness is 163±2µm, its areal weight is 3.37±0.05 mg cm-2 and its mean 

porosity is 82% with a median pore diameter of 36 µm [12]. Citric acid and KOH salts (Sigma-

Aldrich) were used to prepare a pH3 buffer solution (0.17 M citric acid + 0.07 M KOH) as 

slurry medium.  

 

Figure 1 (a) SEM image of the milled Si powder.  (b) Raman spectra of as-received and 

milled Si powder. (c) SEM image of the graphene nanoplatelets. (d) SEM image 

of the C paper. 

 

2.2. Electrode preparation and cell assembly 
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A slurry was prepared by mixing 200 mg of 80 %wt Si, 8 %wt CMC and 12 %wt GnP in 

0.5 ml pH3 buffer solution. The use of a buffered pH3 solution instead of neutral water as slurry 

medium promotes covalent bonding between OH groups present on the Si particles and COOH 

groups of CMC, which improves the mechanical strength and cycling performance of the 

electrode 17,18. 150 µL of isopropanol was added to the slurry, which favors a homogeneous 

impregnation of the hydrophobic C paper by the aqueous slurry. This is highlighted in 

supplementary Fig. S2, which compares the volumetric distribution profiles of the Si particles 

along the x, y and z axes of the electrode prepared with or without isopropanol in the slurry.  

The slurry mixing was performed at 500 rpm for 1 h using a Fritsch Pulverisette 7 mixer 

with 3 silicon nitride balls (9.5 mm diameter). During this mixing step, there is a de-

agglomeration of the as-milled Si powder, resulting in a significant decrease of the Si particle 

size with a median diameter of 0.8 µm versus 6 µm in the as-milled state (see their respective 

particle size distribution curve in supplementary Fig. S3). In order to have a larger fraction of 

Si particles discernible by in situ XRCT (i.e. having a diameter larger than the present XRCT 

resolution of 1.3 µm), a less intensive slurry mixing procedure consisting in a magnetic stirring 

at 500 rpm for 1 h was used for the preparation of the electrode analysed by in situ XRCT/XRD. 

The resulting Si powder has a median diameter of 2.4 µm and about 70 vol.% of the particles 

have a diameter >1.3 µm (see curve c in supplementary Fig. S3). 

The composite electrode was obtained by successive soaking (typically 2-3 times) of 

the carbon paper (3 or 10 mm diam. disc) in the slurry. Slurry excess was removed from the 

carbon paper surface by using an absorbent paper followed by a short drying period of 2 min 

in air at each step of impregnation. The electrode was dried at room temperature for 12 h and 

then at 100°C under vacuum for 2 h. The Si areal mass loading was 2-2.6 mg cm-2. For a loading 

of 2.6 mg Si cm-2, its weight composition was 47.4% C paper, 38.5% Si, 5.8% GnP, 3.8% CMC, 
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4.0% citric acid (CA) and 0.5% KOH (the two latter are the residual salts from the pH3 buffer 

solution).  

The cycling performance of the Si/C paper electrode was evaluated using a conventional 

two-electrode Swagelok® cell made of stainless steel, in which the electrodes have a diameter 

of 10 mm. For the in situ XRCT/XRD experiments, a smaller two-electrode Swagelok® cell 

with an electrode diameter of 3 mm was designed. A schematic representation of the cell is 

shown in supplementary Fig. S4. The cell was made of perfluoroalkoxy alkane (PFA) polymer 

with a wall thickness reduced to 2.5 mm near the electrode to ensure a lower X-ray attenuation 

and better image quality. In order to facilitate a good contact between the cell components, the 

cell was slightly compressed with a spring installed on the counter electrode side. A borosilicate 

glass-fiber (Whatman GF/D) was used as a separator and was soaked with an electrolytic 

solution of 1 M LiPF6 in ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1) with 

10 wt. % fluoroethylene carbonate (FEC). A lithium foil was used as the counter and reference 

electrode.  

The electrodes were cycled in galvanostatic mode at full capacity between 0.005 and 1 

V vs. Li/Li+ at a current density of 400 mA g-1 of Si (C/9) both in discharge (lithiation) and 

charge using an OrigaFlex OGF500 potentiostat/galvanostat for the in-situ XRCT/XRD 

experiments or an Arbin BT2000 cycler for the conventional cycling tests. All electrode 

capacities are given per gram of electrode (i.e. including the mass of the C paper current 

collector). 

 

2.3. SEM characterization 

Ion beam cross sectioning of the pristine electrode was performed using an Ilion+ II 

Gatan apparatus and then characterized by scanning electron microscopy (SEM) using a SEM 

FEG ZEISS Ultra 55 microscope.  
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2.4. In situ synchrotron XRCT/XRD measurements 

 In situ synchrotron XRCT/XRD measurements were performed on the Psiché beamline 

at the Soleil Synchrotron (Gif-sur-Yvette, France). The experimental setup is schematized in 

supplementary Fig. S4. XRCT and XRD analyses were successively carried out at regular 

intervals (typically every hour) during the 1st and 10th cycles. During these acquisition periods 

(1 min for XRCT and 2 min for XRD) plus 1 min for switching from the tomography to the 

diffraction configuration of the beamline (moving the detectors and changing the beam 

focusing), the cell was let to the open circuit potential.  

For the XRCT measurements, the synchrotron beam spectrum was restricted to 25±1 

keV using an x-ray mirror and Ag filters (see supplementary Fig. S5) [19]. A set of 1500 2D 

projections along a 180° cell rotation with 45 ms of exposure per projection was acquired for 

each XRCT scan, corresponding to a scan duration of 1 min. 3D tomographic volumes of 1333 

 1333  208 μm3 with an isotropic voxel size of 0.65 μm (corresponding to a true spatial 

resolution of around 1.3 µm) were reconstructed in 32 bit floating-point representation from 2D 

projections using the PyHST2 software [20]. An analyzed volume of 943  943  208 μm3 was 

extracted from the total volume. In the reconstructed volumes, the grayscale value represents 

the attenuation coefficient, so more attenuating (usually denser) regions are brighter. Image 

processing and analysis were performed with the Fiji software [21]. Image greyscale alignment 

was performed by taking the grey level of the separator as a reference. The image segmentation 

steps are presented in supplementary information (see Fig. S6 and related comments) and more 

details on the image processing can be found in our previous work [12]. 

For the XRD measurements, the tomography detector was moved out of the beam and 

the XRD detector was positioned at an angular position of 9.5° and 1 m away from the sample. 

The incident beam was defined using slits to give a FWHM of 50 µm. The entire thickness of 
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the electrode was exposed to the beam. The Ag filters were removed, to leave a broad band 

polychromatic beam. A germanium energy dispersive detector was used to acquire energy 

spectra. A pair of slits between the sample and the detector define the diffraction angle, and 

collimate the signal to a defined gauge volume located in the sample.  The energy spectrum was 

centered around 30 keV in the 15-60 keV range (see supplementary Fig. S5). The signal was 

integrated over 2 minutes during a 360° rotation of the electrochemical cell. The background 

signal measured without the electrochemical cell was fitted and then removed by subtraction 

from the XRD patterns as shown in supplementary Fig. S7. The XRD patterns, recorded as a 

function of energy at a fixed angle of 9.5°, were converted in d-spacing.  

 

3. Results and discussion 

3.1. SEM observation of the pristine electrode 

Fig. 2 presents cross-sectional SEM images in backscattered-electron (BSE) mode of 

the pristine electrode before cell assembly. At low magnification (Fig. 2a), the fibers (10 µm 

diam.) of the C paper current collector are discernible, between which the Si-based composite 

seems to be well dispersed.  Pores of various sizes (from several µm to <1 µm) can also be seen. 

At higher magnification focused on a Si-rich zone (Fig. 2b), Si particles with irregular shape 

and different sizes (from 5 µm to 0.1 µm in diam.) and the GnP conductive additive 

consisting of stacks of graphene sheets (5-15 µm in length and 0.1-1 µm in thickness) are 

well discernible. The latter form a 3D conductive network between clusters of Si particles. CMC 

binder aggregates are not visible, suggesting that it is finely dispersed in the electrode. 
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Figure 2 Cross-sectional SEM images (in BSE mode) at low (a) and high magnifications (b) 

of the pristine electrode before cell assembly.  

 

3.2 Electrochemical performance  

Fig. 3a-d compare the cycling performance of Si/C paper electrodes (2 mg Si cm-2) 

prepared with GnP (blue curves) and CB (black curves) as conductive additive. A much better 

capacity retention is observed with the GnP additive with a discharge capacity measured at the 

50th cycle of  800 mAh g-1 of electrode (4.3 mAh cm-2) compared to 330 mAh g-1 (1.7 mAh cm-

2) with CB additive (Fig. 3c). An improvement of the coulombic efficiency (CE) is also 

observed with an initial CE of 85%, reaching 99.2% at the 10th  cycle and stabilizes at 99.5% 

from the 25th cycle for the GnP-based electrode whereas for the CB-based electrode, its initial 

CE is 81% and needs about 40 cycles to reach a nearly stable value of 99.5% (Fig. 3d). As 

shown in a previous study on Si based electrodes prepared with a conventional Cu foil current 

collector and using different conductive additives (CB, GnP and carbon fibers), the better 

cycling stability obtained with GnP additive can be explained by its 2D morphology and 
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flexibility, forming a conductive network that is better able to withstand the high volume 

variations of Si particles. By acting as a lubricant, GnP is also likely to promote a more 

homogeneous deformation of the electrode during its expansion/contraction. The flaky 

morphology of the GnP additive, offering large contact surface areas, may also favor numerous 

interactions through the binder molecules with the silicon particles that increases the cohesion 

strength of the electrode. As a result, the mechanical degradation of the electrode and associated 

electrical disconnection of the Si particles are minimized with GnP additive [22]. This is also 

in agreement with the present data showing a significant decrease of the relative irreversible 

capacity associated with the disconnection (RICdiscon.) defined as [22]: 

𝑅𝐼𝐶𝑑𝑖𝑠𝑐𝑜𝑛. =
𝐶𝐶𝑛−𝐶𝐶𝑛+1

𝐶𝐶𝑛+1
                                               (1) 

where CCn and CCn+1 are the charge capacities at cycle n and n + 1, respectively. This 

calculation, as detailed in ref. [22],  is based on the assumption that the electrical disconnections 

mostly occur during the deflation (delithiation) of the SiLix particles inducing their irreversible 

displacement as well as the formation of cracks and delaminated zones in the electrode [12,23]. 

As shown in Fig. 3d, these disconnections are much lower with the GnP additive with a 

cumulated RICdiscon. value at the 50th cycle of 0.3 versus 1.2 with the CB additive. Note that 

both these RICdis values are about 2 times lower than those measured with Si-based electrodes 

of similar composition and Si loading (2 mg Si cm-2) but prepared with a conventional Cu foil 

current collector [22], meaning that the present 3D and flexible C paper current collector also 

helps to maintain the electrical connections during cycling.   
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Figure 3 Cycling performance of Si/C paper electrodes (2 mg Si cm-2) prepared with GnP 

(blue curves) and CB (black curves) as conductive additive: (a,b) discharge-charge 

curves at the 1st, 10th and 50th cycles and evolution with cycling of the (c) 

gravimetric and areal discharge capacities, (d) coulombic efficiency and cumulated 

relative irreversible capacity loss due to disconnection (RICdiscon.). 

 

3.3. In situ XRCT analyses  

In order to characterize the morphological changes occurring during the cycling of a 

Si/C paper electrode with GnP conductive additive, in situ XRCT analyses were performed 

during the 1st and 10th cycles. The Si areal mass loading of this electrode was 2.6 mg cm-2. 

After appropriate segmentation of the XRCT images as described in supplementary Fig. 

S6, four distinctive phases can be identified, namely (i) the C-rich solid phase (i.e. the C paper 

+ GnP + CMC + CA). This phase also includes Si particles having a diameter lower than 1.3 
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µm, which cannot be segmented due to their size lower than the present XRCT spatial 

resolution; (ii) the Si phase (i.e. Si particles or clusters with a diameter > 1.3 µm); (iii) the 

electrolyte phase (i.e. pores filled with the electrolyte) and (iv) the gas phase (i.e. electrolyte-

free pores). Pores with a diameter 1.3 µm cannot be accurately characterized here.  

Fig. 4 shows 3D views and distribution profiles along the x, y and z axes of these four 

segmented phases for the pristine electrode. Their spatial distribution appears rather 

homogeneous along the three axes of the electrode. Note that the pristine electrode is 

compressed in the cell since its thickness is 100 µm compared to 160 µm before cell 

assembly. The mean volume fraction of the segmented Si phase in the electrode is estimated at 

8.2%, which is lower than the value of 10.8% calculated from the electrode volume after cell 

assembly, the Si loading (2.6 mg cm-2) and the true density of Si (2.33 g cm-3). This tends to 

confirm that a fraction of the Si particles are included in the segmented C-rich solid phase due 

to their small size. The median diameter (D50) of the detected Si particles is 6.5 µm. The porosity 

of the electrode is estimated at 48.3%, which includes the electrolyte-filled pores (13.3%, D50 

= 7.3 µm) and the electrolyte-free pores (35.0%, D50 = 27.2 µm). The high volume fraction of 

electrolyte-free pores indicates that the impregnation of the electrode by the electrolyte is 

unfortunately incomplete. On the other hand, the volume fraction of electrolyte-filled pores may 

be underestimated due to resolution limitation, which does not permit the segmentation of the 

electrolyte phase located in the submicrometric interstices, e.g. between the Si particles or 

between the Si particles and the GnP flakes. 
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Figure 4 3D views and distribution profiles along the x, y and z (thickness) axes of the 

pristine electrode for the (a) C-rich solid phase, (b) Si phase, (c) electrolyte phase 

and (d) gas (electrolyte-free pore) phase. 
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Fig. 5a shows the evolution of the electrode potential along the 1st and 10th cycles 

performed during the in situ XRCT/XRD experiments. The numbers 1 to 24 indicated on the 

discharge/charge curves correspond to the XRCT/XRD acquisition periods, during which the 

electrode is let to the open circuit potential for about 3 min.  A discharge capacity of 1090 mAh 

g-1 of electrode and a CE of 68% are obtained at the 1st cycle. At the 10th cycle, the discharge 

capacity and CE are 580 mAh g-1 and 95%, respectively. These values are lower than those 

previously obtained using a conventional electrochemical cell (Fig. 3). The larger size of the Si 

particles (Fig. S3) as well as the incomplete impregnation of the electrode by the electrolyte 

(Fig. 4) may explain this lower electrochemical performance. Note that the C paper and GnP 

are also electrochemically active as confirmed in our previous works with a 1st discharge 

(charge) capacity of 342 (222) mAh g-1 measured at 180 mA g-1 for the C paper 12 and 1268 

(336) mAh g-1 measured at 40 mA g-1 for the GnP additive 22. Considering that the electrode 

contains 47.4 wt% of C paper and 5.8 wt% of GnP (see Experimental section), this means that 

about 22% of the 1st discharge capacity of 1090 mAh g-1 results from the lithiation of the C 

paper and GnP. This value of 22% may be overestimated because of the higher C-rate used in 

the present study (400 mA g-1 of Si, corresponding to 324 mA g-1 of C paper and 2655 mA g-1 

of GnP), which must decrease the lithiation level of the C paper and GnP in the Si-based 

electrode as confirmed below from in-situ XRD analyses. On the basis of the theoretical 

capacity of Si (3579 mAh g-1) and its amount in the electrode (38.5 wt%), the weight fraction 

of electrochemical active Si particles can then be estimated in a first approximation at 62% for 

the 1st discharge and 45% for the 1st charge.  

Fig. 5b shows XRCT images in the transversal (i.e. orthogonal to the current collector) 

and lateral (i.e parallel to the current collector) sections of the electrode acquired at different 

periods of the cycling, namely at the steps 1 (initial state), 9 (end of the 1st discharge), 16 (end 

of the 1st charge), 17 (beginning of the 10th discharge), 21 (end of the 10th discharge) and 24 
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(end of the 10th charge). The red dashed line on the transversal images highlights the interface 

between the top of the electrode and the bottom of the separator (see Supplemental information 

on the segmentation procedure for details to determine the position of the separator/electrode 

interface). The green dashed line corresponds to the z position of the lateral images, which is 

localized in the middle zone of the electrode thickness. The yellow dashed line in the lateral 

images corresponds to the y position of the transversal images. The morphological evolution of 

the electrode is also presented in the movie made from the XRCT images (see Video 1 in 

Supplemental Information). As clearly evidenced by the displacement of the separator/electrode 

interface (red dashed line) on the transversal images, the electrode thickness increases during 

the discharge and decreases during the charge. This expansion/contraction of the electrode is 

not fully reversible since the dashed red line does not come back to its initial position.  By 

comparing the lateral images, one can see that the electrode porosity (dark areas are electrolyte-

free pores) varies a little during the electrode expansion/contraction. In contrast, a major 

decrease of the porosity is observed by comparing the images at the 10th cycle versus 1st cycle. 

Furthermore, no major cracking is observed upon cycling despite its significant volume 

variation. This strongly differs from our previous XRCT observations on a Si/C paper electrode 

with CB additive, showing the formation of large cracks during the charge (contraction) of the 

electrode [12].  This is highlighted in Fig. 6, which compares in-situ XRCT images of both 

electrodes at the end of the 1st cycle. Large cracks are formed in the Si-based electrode with CB 

additive whereas with GnP additive, the electrode is free of macrocracks. This is also evident 

by comparing XRCT movies recorded for a similar volume during the 1st cycle of Si/C paper 

electrodes made with CB or GnP conductive additive (see Video 2 in Supplemental 

Information). The fact that no macrocracks are observed upon cycling with the electrode 

prepared with GnP in contrast to the electrode prepared with CB additive tends to confirm that 

The the mechanical strength of the electrode is increased with GnP additive. This is also 
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supported by its lower and more reversible dimensional change (see below). This agrees with 

its higher capacity retention and lower electrical disconnections observed in Fig. 3c and 3d, 

respectively. This is also in accordance with our previous study performed on Si/Cu electrodes 

showing a significant positive impact of the GnP additive on the mechanical strength and 

cyclability of the electrode 22. 
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Figure 5  (a) Evolution of the electrode potential during the 1st and 10th cycles; (b) XRCT 

slice images in the transversal (x,z) and lateral (x,y) planes of the electrode for 

different cycling stages corresponding to the numbers 1, 9, 16, 17, 20 and 24 

indicated on the potential curve. The red dashed line on the transversal 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 images. The yellow 

dashed line in the lateral images corresponds to the y position of the transversal 

images. 

 

Figure 6 Transversal and lateral XRCT images at the end of the 1st cycle of Si/C paper 

electrodes prepared with (a) CB and (b) GnP as conductive additive. 

 

Representative areas of 280  280 µm² with discernible Si particles (in white at the 

pristine state) are chosen across the electrode thickness (at zo  5, 50 and 100 µm) in order to 

track their lithiation/delithiation along cycling as shown in Fig. 7. As the depth-of-discharge 
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(DOD) increases, the brightness of the Si particles decreases since they become less dense due 

to their lithiation and thus they attenuate less the X-rays. At a DOD of 50%, only the larger Si 

particles are still discernible as they need a deeper discharge to be fully lithiated. The lithiation 

seems slightly slower at the bottom of the electrode as large Si particles are still visible at z = 5 

µm for 80% DOD. This might be due to the longer diffusion path (i.e. larger kinetic constraints) 

for the Li ions to reach the bottom part of the electrode. During the 1st charge, the Si particles 

become again progressively visible due to their delithiation, but at the end of the 1st charge, 

some of them appear darker than at the initial state. Additionally, these ones present an 

irreversible volume expansion of ~30±5% (highlighted by the red dash lines around the large 

particles before and after the 1st cycle). It may reflect their uncomplete delithiation. No cracks 

are observed through the large detectable Si particles but note that if present, these would be 

hard to see due to resolution limitation. Furthermore, it should be considered that their poorly 

crystallized state at the initial state is likely to limit their fracturing by favoring a more 

homogeneous deformation of the Si particles during their lithiation [24,25]. However, as 

highlighted by the arrows, the formation of very thin cracks can be noticed between the Si 

particles from 80% SOC, which may be due to their displacement associated with the electrode 

volume change (see below). After 9-10 cycles, the Si particles are almost no longer discernible, 

except for a few larger ones. This may be caused by the accumulation of SEI products in the 

electrode and/or the increasing amount of irreversibly lithiated Si (less dense) particles with 

cycling, making them less absorbent and then less distinguishable from the other components 

of the electrode. It is also possible that the size of the Si particles becomes smaller than the 

present XRCT resolution due to their pulverization upon prolonged cycling 26. No evident 

increase of the density or size of the cracks can be observed after 9-10 cycles from the present 

XRCT analyses. Actually, the particle micro-cracking can be clearly observed by in-situ XRCT 
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only when large active material particles are used in the electrode formulation (e.g. 50-100 

µm diam. Si particles 7,11, 20 µm diam. SnO particles 27). 

 

Figure 7 (a) Transversal XRCT image of the electrode at the pristine state. (b) Lateral XRCT 

images focused on an area of 280×280 µm² at z ~ 5, 50 and 100 µm for different 

stages of cycling. The numbers (1) to (24) correspond to those indicated on the 

discharge/charge curves in Fig. 5a. 

 

Fig. 8a presents the macroscopic dimensional variation of the electrode along the x, y 

and z directions during the 1st and 10th cycles. The relative transversal variation (dz/z0) was 

determined from the displacement of the electrode/separator interface and the relative lateral 

variations (dx/x0 and dy/y0) were determined from the displacement of several reference points 

taken in the electrode at different z values. The relative dimensional variation of the electrode 

upon cycling is much larger in the transversal (vertical) direction than in the lateral (horizontal) 

ones. This is expected because the fixed lateral dimensions of the electrochemical cell and the 

presence of the carbon fibers restrict the in-plane expansion of the electrode, whereas the 
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flexibility of the separator implies an easier out-of-plane expansion of the electrode. During the 

first discharge, the electrode thickness increases progressively but its expansion is more marked 

from 4.5 h (i.e. from a DOD of 60%), with a slope of 11.6% h-1 compared to 5.9% h-1 from 

0 to 4.5 h, as measured in Fig 8a. This may reflect an accentuation of the electrode decohesion 

due to the rupture of CMC chains. Its expansion reaches a maximum of 55% at the end of the 

1st discharge. During the subsequent charge, the electrode thickness variation (contraction) is 

more linear than during its expansion, with a mean slope of 8.5% h-1. At the end of the 1st 

charge, a residual thickness expansion of 11% is measured, which is indicative of irreversible 

changes in the electrode architecture (e.g. cracking, rearrangement/disconnection of some Si 

particles, SEI formation). However, this irreversible thickness expansion is two times lower 

than observed on a Si/C paper electrode with CB conductive additive and having a lower Si 

loading (1.4 mg cm-2) [12]. This confirms the key role of the GnP additive to limit the 

occurrence of permanent mechanical damage in the electrode associated with its volume 

expansion/contraction.  It must be noted that the flexibility and 3D geometry of the C paper 

current collector also favor a lower and more reversible expansion/contraction of the electrode 

since for a conventional Si/Cu foil electrode (2 mg Si cm-2) with GnP additive, a maximal 

electrode expansion of 400% and an irreversible expansion of 170% were measured during the 

1st cycle by operando dilatometry [22]. At the 10th cycle, the transversal expansion/contraction 

of the electrode is lower (35%) and more reversible (1.5% of irreversibility) than during the 1st 

cycle. However, a cumulated irreversible thickness expansion of 35% is observed after 10 

cycles. This may originate from the growth of the SEI layer as well as from the increasing 

amount of partially delithiated (i.e. electrically disconnected) SiLix particles with cycling.  

As complementary information on the dimensional variation of the electrode with 

cycling, Fig. 8b compares the relative volume variation of the solid phase, pore phase 

(electrolyte-free pores + electrolyte-filled pores) and whole electrode during the 1st and 10th 
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cycles. As the Si phase cannot be differentiated from the C-rich phase (C paper + GnP + CMC 

+ CA) when it is lithiated due to the decrease of its X-ray attenuation coefficient (Fig. 7b), these 

two phases are included in the labelled ‘’solid phase’’. This latter also contains the insoluble 

SEI compounds formed upon cycling [28]. As shown in Fig. 8b, the expansion/contraction of 

the pore phase during the 1st discharge/charge is lower than for the solid phase, resulting in 

lower volume variation of the whole electrode. This suggests that the swelling of the Si particles 

is partially buffered by the electrode pores. This is also highlighted in Fig. 8c, which shows a 

decrease of the volume fraction of the pore phase (i.e. electrode porosity) during the 1st 

discharge. This decrease is accentuated at the end of the discharge, which may be due to the 

compression of the electrode against the separator when the electrode thickness expansion 

reaches about 50% (see Fig. 8a). One can also note a major decrease of the electrode porosity 

from 48 to 21% between the 1st and 10th cycle. This can be attributed to the continuous growth 

of the SEI layer with cycling, progressively obstructing the porous network of the electrode. 
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Figure 8 (a) Relative variation of the lateral and transversal dimensions of the electrode, (b) 

Relative volume variation of the solid phase, pore phase and whole electrode, and 

(c) Variation of the electrode porosity during the 1st and 10th cycles.  

 

3.4. In situ XRD analyses  
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Fig. 9a-c present the in situ XRD analyses performed during the 1st and 10th cycles. 

Fig. 9a is a color map representing the evolution of the XRD peak intensities upon cycling. On 

the left side, the discharge/charge curves are presented with the position of the successive XRD 

acquisition steps (1 to 24) for greater clarity. The XRD patterns acquired during the 1st cycle 

(steps 1-16) and 10th cycle (steps 17-24) are shown in Fig. 9b and 9c, respectively. From these 

XRD patterns, the evolution with cycling of the relative integrated intensity of the Si(111) peak 

and the d-spacing of the C(002) peak are highlighted in Fig. 10a-d.  

At the initial state (step 1), three peaks of the crystalline Si phase can be detected at 

0.164 nm (Si(331)), 0.192 nm (Si(220)) and 0.314 nm (Si(111)), in accordance with JCPDS 00-

005-0565. Note that a large part of the Si material cannot be easily characterized from the XRD 

measurements, as the milled Si powder is 63% amorphous (Fig. 1b). Several peaks attributed 

to the graphitic phase of the C paper and GnP additive are also detected at 0.337 nm (C(002)), 

0.213 nm (C(100)), and 0.204 nm (C(101)), in accordance with JCPDS 00-056-0159. Note that 

the relative intensities of the C(100) and C(101) peaks detected around 0.20 nm are higher than 

expected from the JCPDS data because the incident intensity of the polychromatic X-ray beam 

is maximal in this region corresponding to an energy of 30 keV (see Experimental section). 

The broad bump at 0.23-28 nm comes from the PFA polymer of the electrochemical cell as 

confirmed from XRD analysis of the PFA polymer alone (not shown). 

As the DOD increases, one can see in Fig. 9a-b a decrease of the intensity of the c-Si 

peaks without modification of their position, whereas a broad bump in the 0.20-0.25 nm region 

increases in intensity and width, which can be related to the formation of a-LixSi from c-Si and 

a-Si 29,30. As seen in Fig. 10a, the decrease of the intensity of the Si (111) peak becomes 

significant from a DOD of 50%. This suggests that the lithiation of a-Si is initiated before that 

of c-Si, i.e. occurs at higher potential. Similar behavior has been recently observed with 

crystalline embedded amorphous Si nanoparticles 31. This can be explained by the lower 
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kinetic barrier for breaking Si-Si bonds in a-Si than in c-Si, which is the lithiation rate-

determining step for both materials 24. The Si peaks are still visible at the end of the 1st 

discharge (a remaining normalized integrated intensity of 0.4 is observed for the Si (111) peak 

as shown in Fig. 10a). This confirms that some Si particles are not electrochemically accessible. 

This observation agrees with the value of only 62 wt% of active Si particles estimated 

previously from the 1st discharge capacity of the electrode (Fig. 5a), which is mainly attributed 

to incomplete impregnation of the electrode by the electrolyte.  

At the end of the 1st discharge (step 9), two small peaks emerge on the broad bump at 

about 0.214 nm and 0.234 nm. They cannot be assigned to c-Li15Si4 phase, which should display 

3 intensive peaks at 0.208 nm (431), 0.227 nm (332) and 0.376 nm (220), according to JCPDS 

01-083-9094. Moreover, they begin to appear from step 3 (DOD 20% and E 130 mV) 

whereas it is well known that c-Li15Si4 is formed at the end of the discharge (typically below 

50 mV) 29,30. Actually, these two peaks could be rather related to the lithiation of the C paper 

and GnP additive or to the degradation of the PFA polymer of the cell (see below). The 

assumption that there is no formation of c-Li15Si4 in the present case is also supported by the 

shape of the 1st charge curve (see Figs. 3a and 5a) and corresponding dQ/dV curve 

(supplemental Fig. S8), displaying no discernible plateau (narrow peak on dQ/dV curve) at 

about 0.45V characteristic of the c-Li15Si4 phase 32. This can be explained by the 

amorphous/nanocrystalline structure of the present ball-milled Si powder, favoring its more 

progressive and homogeneous lithiation likely to prevent the formation of the c-Li15Si4 phase 

33. It is well known that the formation of c-Li15Si4 phase has a detrimental effect on the 

electrode cyclability 32. This is also in accordance with in situ TEM experiments on a-Si thin 

film electrode showing that the final stage of lithiation (from a-Li2.5Si) sets in without a visible 

interface, resulting in the formation of a-Li3.75Si instead of c-Li15Si4 as final product 34. No 

c-Li15Si4 phase was also observed by in situ synchrotron XRD with Si nanoparticles in contrast 
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to micrometric Si particles discharged under the same conditions 35. Despite its micrometric 

size (D50 = 6 µm in as-milled state, Fig. S3), and thanks to its initial nanocrystalline/amorphous 

structure, the present ball-milled powder presents thus the benefits of nanosized Si powder but 

without the drawbacks as it is easy to handle and it can be produced at low cost and large scale 

33.   
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Figure 9  (a) Color map displaying the evolution of the XRD peak intensities upon cycling. 

On the left side, the discharge/charge curves are presented with the position of the 

successive XRD acquisition steps 1 to 24, (b, c) XRD patterns acquired during the 

1st cycle (steps 1-16) and 10th cycle (steps 17-24). 



29 

 

Regarding the C peaks of the graphitic phase, they are broadened and shifted towards 

higher d-spacing values from step 3 (DOD20%) as highlighted in Fig. 10b for the C(002) 

peak. This confirms the lithiation of the C paper and GnP additive during the electrode 

discharge as this lithiation is an insertion reaction inducing an increase in the d-spacing of the 

carbon lattice. The (002) d-spacing reaches a maximum value of 0.353 nm at the end of the 1st 

discharge, corresponding to x = 0.5 in LixC6 36,37. This means that the final stage-1 LiC6 

reaction does not occur here, probably because of kinetic limitation due the present high C-rate 

for the graphite phase as previously discussed from Fig. 5a. As shown in Fig. 10b, the C(002) 

peak goes back to its initial position (d= 0.337 nm) during the first charge steps (10-12), 

indicating that the delithiation of the LixC6 phase occurs nearly completely in the first stage of 

the charge.  

No notable change is visible for the intensity of Si peaks during the 1st charge (Fig. 10a), 

which is expected since these remaining peaks are associated with still inactive Si particles. On 

the other hand, a decrease of the intensity of the broad bump at 0.20-0.25 nm is observed in 

Fig. 9b, in accordance with the delithiation of a-LixSi in a-Si 29,30.  The peaks at 0.204 and 

0.213 nm correspond to C(101) and C(100) of the graphite phase as previously argued. 

However, their intensity is higher than at the initial state, especially for the C(101) peak. This 

higher intensity may reflect some irreversible structural rearrangement of the C paper and/or 

GnP additive induced by their lithiation and/or by their deformation and high strain generated 

by the volume change of the surrounding Si particles. This microstructural change of the carbon 

phase may also be at the origin of the broad peak at 0.234 nm, which becomes more visible as 

the SOC increases and which was already detected from step 3 in discharge. 

At the 10th cycle, the XRD patterns show numerous and intensive peaks in the 0.19-0.25 

nm region (Fig. 9c). New peaks appear at 0.218, 0.246 and 0.249 nm. They may correspond to 

crystalline SEI products accumulated with cycling. However, these peaks do not correspond to 
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usual SEI products such as LiF (main peaks at 0.201 and 0.232 nm according to JCPDS 00-

004-0857) or Li2CO3 (main peaks at 0.281 and 0.292 nm according to JCPDS 00-022-1141). 

The peaks of the c-Si phase attributable to inactive Si particles are still visible and do not change 

significantly in intensity upon discharge and charge (Fig. 10c). The electrode capacity is 

assured by the electrochemically accessible a-Si particles, which are not detectable by XRD. 

The C(002) peak of the graphite phase is also visible but its position (d = 0.336 nm) does not 

vary with cycling (Fig. 10d). This is unexpected and difficult to explain. Moreover, this is in 

contradiction with the dQ/dV curve at the 10th cycle, displaying a peak at 0.18 V characteristic 

of the delithiation of the graphitic phase (see supplementary Fig. S8), and thus suggesting that 

the graphitic phase is still active. One can also note that the intensity of the C(002) peak largely 

increases during the discharge whereas the intensities of the C(100) and C(101) peaks seem to 

be unchanged. The origin of this behavior is presently unclear.  

 

Figure 10 Evolution of the relative integrated intensity of the Si(111) peak (a, c) and of the d-

spacing of the C(002) peak (b, d) during the 1st cycle (a, b) and 10th cycle (c, d). 
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4. Conclusion 

This study has shown that relevant qualitative and quantitative information on the structural 

variation of Si-based anodes induced by cycling can be obtained from in situ combined 

synchrotron XRCT/XRD analyses performed at different stages of the 1st and 10th cycles. It has 

been demonstrated that the use of graphene nanoplatelets as conductive additive instead of usual 

carbon black particles prevent the macroscopic cracking at the electrode upon cycling. In 

addition, the flexibility and 3D geometry of the C paper current collector favor a lower and 

more reversible expansion/contraction of the electrode compared to a conventional Si/Cu foil 

electrode. From the XRD data, it was established that the lithiation of amorphous Si is initiated 

before that of crystalline Si. Moreover, no formation of c-Li15Si4 was observed. However, the 

capacity fade with cycling remains significant. It may originate from the displacement and/or 

microcracking of the Si particles due to their volume change, inducing some electrical 

disconnections and irreversibility of the lithiation reaction. However, this degradation process 

occurring at the particle scale cannot be clearly identified from the present in-situ XRCT 

measurements due to spatial resolution limitation. The capacity fade may also result from the 

accumulation of SEI products with cycling, progressively obstructing the porous network of the 

electrode, as supported by a significant decrease of the electrode porosity from 48 to 21% 

between the 1st and 10th cycle. 
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