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Abstract

In the present work, an alternative to the standard ex-situ and destructive focused ion beam
scanning electron microscopy (FIB/SEM) analysis procedure is demonstrated for monitoring the
morphological degradation of a single Si/graphite (1/1 mass ratio) blended electrode for Li-ion
batteries. For this purpose, a FIB milled microcavity is created in the pristine electrode, which is
observed in FIB- polished cross section by SEM at different cycling periods (pristine, 1%, 9" and
50™ cycles). This allows studying the same cycled electrode as for an in-situ method. Its cycling-
induced morphological change is characterized at the electrode and particle scales by monitoring
the evolution of the electrode thickness, mass and porosity, the Si particle morphology, Si
interparticle distance, surface fraction and twisting of the graphite flakes. This is correlated to the
evolution of the electrode discharge capacity and impedance. As a result, a more comprehensive

view of the degradation phenomena of the Si/graphite blended electrode is established.
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1. Introduction

The demand for electric vehicles with a large driving range (+500 km) has pushed forward
the requirement to increase the energy density of Li-ion batteries. For that purpose, various
anode and cathode materials are under development for replacing the common commercial NMC
and NCA/graphite systems [1-3]. In this context, silicon with its very high specific capacity
(3579 mAh g?) has drawn a lot of interest as anode active material [4,5]. In spite of this
attractive aspect, silicon based anodes have faced multiple hurdles on the way to their
commercialization, such as a severe capacity fading and high initial irreversible capacity loss,
resulting from important volume variations undergone by the silicon particles upon (de)alloying
with lithium [6]. The different degradation mechanisms identified, such as the pulverization of
the active material [7], continuous formation of an unstable solid electrolyte interphase (SEI) on
the Si particles [8], and electrode macro-cracking and delamination from its current collector [9],
have been extensively studied in order to overcome their detrimental consequences on the cycle
life of the electrode. A large panel of strategies have been proposed [6], partially solving these
problems, but the implementation of Si-based anodes in full cell configurations remains
problematic [10,11].

The blending of Si particles with graphite is a simple and efficient way to improve the
electrode performance, while still providing a higher capacity than graphite alone [12]. In fact,
the graphite has a beneficial role by mitigating the mechanical and electrical degradation of the
electrode resulting from the volume change of silicon, and furthermore increases the initial
coulombic efficiency. The weight ratio of silicon to graphite in the electrode formulation has
been increased over the years from 5-10% [13,14] to 40% [15] in order to maximize the

electrode capacity. According to the calculation of Andre et al., an increase of about 20% in



gravimetric and 25% in volumetric energy density can be achieved using a silicon content of
30% [3]. Higher Si/graphite ratios deliver a minor increase in volumetric energy density, on one
hand because of the increased porosity demand to accommodate the Si volume expansion
together with the increasing anode potential, and on the other hand because the anode volume
stands for only typically a third of the total cell volume [3]. However, in present commercial Si-
graphite electrodes, the Si amount is typically around 2-5 wt.% and the implementation of Si-
richer anodes in commercial Li-ion batteries remains challenging.

The electrochemical behavior of Si, but also that of graphite, is likely to be affected by
the overall volume change of the Si/graphite electrode upon cycling. Better understanding of the
failure mechanisms of both Si and graphite components and their possible interrelation (not yet
clearly elucidated) is thus required for optimizing their formulation and processing. To date,
even if the panel of characterization techniques used for studying the morphological evolution of
Si/graphite electrodes is wide, they are either ex-situ (and destructive) methods such as scanning
electron microscopy (SEM) [15] or scanning transmission electron microscopy (STEM) [16], or
they require access to a synchrotron facility when considering X-ray computed tomography
(XRCT) as ex-situ [17,18] and in-situ [19] characterization methods.

In the present work, we propose an alternative to the standard ex-situ and destructive
focused ion beam scanning electron microscopy (FIB/SEM) analysis procedure by monitoring
the morphological degradation in the bulk of a single Si/graphite electrode thanks to a FIB milled
microcavity created in the pristine electrode which is observed in FIB-polished cross section by
SEM at different cycling periods (pristine, 1%, 9™ and 50" cycle). This investigation technique
leads to reduced implementation cost compared to 3D FIB/SEM tomography and allows

following the same electrode along different steps of its cycling, as for any in-situ method.



Meticulous image analysis allows on the one hand following the degradation at the electrode
scale, with its thickness, mass and porosity evolution, and on the other hand, monitoring the
evolution of the Si particle morphology, Si inter-particle distance evolution, surface fraction and
twisting of the graphite flakes. This thorough characterization allows a deeper understanding of
the degradation phenomena of the Si/graphite blended electrode. This is correlated to the
evolution of the electrode resistance determined from electrochemical impedance spectroscopy

(EIS).

2. Experimental

Materials. The active material was a mixture of Si powder and commercial graphite in a
weight ratio of 1:1. The commercial synthetic graphite was SFG-6 grade from Imerys Graphite
& Carbon (specific BET surface area of 17 m? g, platelet-like shape with a median size of 3.5
pm and a thickness of about 0.4 pum, according to the supplier’s data). The Si powder was
obtained from commercial Si powder (99.96%, -325 mesh, Materion) ball-milled using an
attritor (HD-01 model from Union Process, USA) at 600 rpm under argon atmosphere for 20 h in
a 1400 cm?® stainless steel vessel with 3 kg of stainless steel balls (diam. ¥ inch) with a ball-to-
powder weight ratio of 10:1. The as-milled Si powder is ~90% amorphous as determined by
Raman spectroscopy [20]. It consists of micrometric agglomerates with a median size around 10
pm (determined by a laser scattering method) made up of sub-micrometric particles more or less
welded together. During the slurry homogenization step (see below) the Si agglomerates are
broken resulting in a particle median size reduced to ~0.8 um. Graphene nanoplatelets (GnP,
M15 grade from XGSciences, average diameter = 15 um, average thickness = 6-8 nm, surface

area = 120-150 m? g™ according to the supplier’s data) were used as a conductive additive.



Polyacrylic acid (PAA, M,, = 450 000, Sigma-Aldrich) was used as binder. LiOH.H,O salt
(Sigma-Aldrich) was used to partially neutralize the PAA.

Electrode preparation and cell assembly. A binder solution of PAAH,Li1.x was prepared by
stirring the dried PAA powder and an adjusted quantity of LiOH.H,O in deionized water for at
least 5 hours until the pH stabilized at 4. The electrode slurry was obtained by mixing all the
constituents (a total of 400 mg of dry matter: 43%"" Si, 43%"" graphite, 4 %" GnP, 10%""
PAAH;LIi14) in the binder solution (1 mL) for 1 h at 500 rpm in a silicon nitride bowl! (80 mL)
with 3 silicon nitride balls (9.5 mm diameter) using a Fritsch 7 Pulverisette planetary mixer. The
homogenized slurry was tape cast onto a 25 um thick copper foil using a doctor blade and dried
for one night with limited airflow at ambient temperature and then at 120°C under vacuum for 2
hours. The electrode was not calendared. The areal mass loading of the electrode (1 cm diam.)
was 3.8 mg of active material per cm?, which corresponds to a theoretical areal capacity of 7.5
mAh per cm?. Prior to the cell assembly, a cavity was created in the center of the electrode by
FIB milling as detailed below. The electrode was mounted in a two-electrode Swagelok-type
cell, facing a lithium metal (1 mm thick) electrode, acting as a reference and counter electrode.
The electrodes were separated with a borosilicate glass-fiber membrane (Whatman GF/D)
soaked with an electrolytic solution of 1 M LiPFg in ethylene carbonate (EC) and dimethyl
carbonate (DMC) (1:1) with 10 wt.% fluoroethylene carbonate (FEC). A spring was placed on
the counter electrode side to ensure good contact between the different components of the cell by
slightly compressing the cell (load ~ 6 N).

Electrochemical measurements. The electrode was cycled at room temperature in
galvanostatic mode using an Arbin BT2000 cycler between 1 V and 5 mV vs Li*/Li at a current

density of 120 mA g™ of active material (~C/16) for the discharge (lithiation), and 240 mA g™



(~C/8) for the charge (delithiation). The capacities are given per gram of active material (i.e. Si +
graphite). Electrochemical impedance spectroscopy (EIS) measurements were also carried out on
a sister electrode just after battery assembly and at different lithiation states from the 1% to the
50™ cycles. EIS measurements were performed with a three-electrode Swagelok cell, with
lithium metal as reference and counter electrodes. Before the EIS measurement, the potential was
maintained at the desired value until a very low current was obtained (< 10 mA g%). EIS
measurements were performed at room temperature, with a 5 mV amplitude excitation and a
frequency range from 981 kHz to 10 mHz. Between the different EIS acquisitions, the cell was
cycled under the same conditions as above. All data acquisitions were performed by using a Bio-
Logic electrochemical workstation and the EIS results were fitted with the Zfit of the EC-lab
software.

FIB/SEM. The Si/graphite electrode was studied through FIB/SEM analysis in its pristine
state and at the end of its 1%, 9™ and 50" cycles. The FIB/SEM investigation was carried out
using a FIB/SEM workstation (Tescan LYRA 3 XMH) combining an FIB column (Ga source)
and SEM angled at 55° from each other (Fig. 1a). The station was also equipped with a multi-
nozzle gas injection system (5-GIS, Orsayphysics). The systematic procedure is detailed

according to the scheme of Fig. 1b.
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Figure 1. (a) Scheme of the trench milled area and polished surface of the Si/graphite electrode
with the FIB/SEM configuration; (b) procedure for FIB/SEM observation at different steps of the
electrode cycling.

(1) Prior to cell assembly, a trench of 45x75 um? was milled to a depth of 50 um in the
electrode (i.e. down to the Cu substrate). The schematized view of this trench is depicted in Fig.
la. This step was performed with a coarse ion beam current of 20 nA with an acceleration
voltage of 30 kV. This coarse milling allows for quick removal of material but results in uneven
milling. Subsequently a gentler polishing step was performed using sequentially a 10 nA ion
beam current and finally a current of 860 pA for good cross section rendering and SEM analysis
purposes. These steps remove typical artifacts (redeposition of Ga and FIB curtaining) and allow
a clear view of the cross section. The video of the trench milling process is available in the
supplementary information (see Video S1).

(2) The electrochemical cell was mounted in an Ar filled glove box after the FIB/SEM

observation of the pristine state and subsequently cycled for its 1% cycle.



(3) At the end of the 1% cycle, the cell was dismantled and the electrode was rinsed in a DMC
solvent solution for electrolyte removal and then dried at room temperature in an Ar filled glove
box. The electrode mass gain was measured before transferring to the FIB/SEM workstation
thanks to a sealed transfer chamber. A similar procedure was performed after the 9" and 50"
cycles.

(4) The last steps of fine polishing (10 nA and 860 pA) were reproduced along a ca. 3 pm
depth after the 1%, 9™ and 50™ cycles to refresh the analysed surface. It is worth noting that after
the 9" cycle the lateral border on the left side of the trench collapsed (Fig. 4a) and thus required
a more advanced polishing step in order to recover the analysed surface. The trench was milled
with a 10 nA ion beam current and then polished with 10 nA and 860 pA along a ca. 5 um length
(Fig. 4b). After the 50" cycle, the electrode partially delaminated after positioning on the SEM
sample holder and thus a different observation zone was chosen (Figs. 4c and d). The milling
and polishing procedures were identical to those of the pristine state.

Image segmentation. The pores and solid phase of the electrode were separated by
thresholding on the greyscale values of the SEM images. Note that the difference in grey level
between the different solid components of the electrode (graphite, Si, PAA, GnP and SEI
products) was not sufficient to isolate precisely each of them, thus they are gathered in one
segmented part, labelled as the solid phase. In fact, two overlapping peaks were observable on
the histograms of the greyscale values of the SEM images (see supplementary Fig. Sla). This
allows the isolation of the pores by selecting the lower greyscale values. The result before and
after image segmentation is shown in supplementary Fig. S1b-c, where the pore edges are
highlighted in red in Fig. S1d. The electrode porosity was thus estimated as a surface porosity

considering the ratio of the segmented porosity by thresholding over the total image surface.



Subsequently the size distribution of the pores was determined thanks to a local thickness
measurement algorithm available in the ImageJ software [21]. The equivalent diameter of a pore
was identified as the diameter of the largest sphere that fits inside the pore. The graphite phase,
made up of the graphite active particles and the GnP conductive additive, was manually
identified in order to evaluate the structural evolution of this phase, i.e. surface fraction and
twisting of the graphite platelets, upon cycling. Some Si particles were also manually identified
to evaluate the inter-particle distance evolution with cycling by tracking their displacement on

different close-up SEM views.

3. Results and discussion
3.1. Electrochemical behavior

The evolution upon cycling of the discharge capacity and coulombic efficiency of the
Si/graphite electrode studied by FIB/SEM is displayed in Figs. 2a and 2b, respectively. The
FIB/SEM acquisition steps are labeled with green stars in Fig. 2a. The discharge/charge voltage
profiles and corresponding differential capacity plots for the 1%, 9" and 50" cycles are shown in
Figs. 2c and d, respectively. The initial discharge (charge) capacity is 2040 (1706) mAh g*,
which is close to the theoretical capacity of 1976 mAh g™ (calculated with 3579 mAh g* for
Li;sSis and 372 mAh g™ for LiCg), suggesting that all the Si and graphite particles in the
electrode are electrochemically accessible. One must however note that a fraction of this initial
discharge capacity is also related to the SEI formation, which consumes electrons through the
electroreduction of the electrolytic solution [22]. The initial coulombic efficiency (CE) is 83.6%,
corresponding to an irreversible capacity loss (ICL) of 334 mAh g™*. This ICL value is far below

those usually reported for graphite-free Si-based electrodes (e.g. ICL of 1610 mAh g™ for a
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Si/GnP/PAA (83/13/4 wt.%) electrode with a Si areal mass loading of 2.5 mg cm™ [23]). The CE
at the second cycle is 85.9%, which is surprisingly lower than other reported values for Si/Gr
composite electrodes. This difference is probably related on the one hand to the electrode
dismantling and rinsing procedure, which leads to partial dissolution/peeling of the previously
formed SEI layer, and on the other hand to the FIB milling step, which reveals fresh anode
material leading to eventual new SEI formation. This cost can be estimated at 242 mAh g™ given
the fact that a part of this value is also related to possible electrical disconnection in the
electrode’s bulk. The discharge capacity measured at the 50™ cycle is 1180 mAh g*,
corresponding to a capacity decay of 42%, which is indicative of major electrode degradation
upon cycling. The dismantling and electrode rinsing procedures for the FIB/SEM acquisitions
also induce a loss of capacity as highlighted by the CE drop of ~7% observed at the 10™ cycle
(Fig. 2b) resulting in a discharge capacity loss of ~100 mAh g* at the 11™ cycle (Fig. 2a).
However, the mean capacity decay rate per cycle is quite similar before and after this event (i.e.
~5 mAh g™ per cycle), suggesting that the FIB/SEM analyses do not affect significantly the
global behavior of the electrode. As a reference and in order to highlight more clearly the impact
of the acquisition procedure, a Si/Gr anode with similar active material loading has been cycled
in a coin cell. The comparative analysis is presented in the supplementary information (Fig. S2).
As seen in the voltage profiles (Fig. 2c), there is a decrease of the discharge potential as the
cycle number increases, which is indicative of an increasing electrode polarization with cycling.
As a result, the lithiation of the Si phase becomes less deep, limiting the formation of the c-
Li;sSi, phase as evidenced by the disappearance on the differential capacity plot (Fig. 2d) of the
sharp anodic peak at 460 mV, which is characteristic of the delithiation of the c-LiisSi4 phase

[24]. On the other hand, an increase of the broad anodic peak at ~0.3V attributed to the
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delithiation of a-LissSi to a-LiyoSi [25] is observed. Two anodic peaks related to lithium

deintercalation from graphite [26] are also observed around 140-180 mV (see insert in Fig. 2d).

It is worth noticing that their magnitude decreases with the increasing cycle number, especially

for the peak situated at 140 mV corresponding to the conversion of LiCg to LiC;,, which has

almost vanished at the 50™ cycle. This means that the electroactivity of the graphite component

in the Si/graphite electrode is also significantly affected with cycling, potentially linked with an

increase in the cell impedance thus hindering the reaction LiC;,>LiCg that occurs at the lowest

potential.
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EIS measurements were done on a sister electrode in its pristine state and with cycling, at
potentials selected according to the electrochemical activity of silicon and graphite [27], as
identified on the differential capacity plots (see supplementary Fig. S3a). Prior to cycling, a first
EIS measurement was taken at 3 V (vs. Li*/Li) as a reference. Then, in the course of lithiation,
EIS acquisitions were taken at 0.4, 0.15 and 0.005 V. A final acquisition was taken after
delithiation at 1 V, i.e. at the end of the 1% cycle. This was repeated for the 2™, 3 10™ 20",
30™ 40™ and 50™ cycles. Selected Nyquist plots are shown in supplementary Fig. S3b. As
usually observed, the spectra are composed of semicircular components in the middle-frequency
region (~10 Hz — 100 kHz) and a Warburg linear part in the low-frequency region (below ~10
Hz) [16,28,29]. The position of the high frequency intercept of the EIS spectra is influenced by
the experimental set-up (uncertain cable and connection resistance) and is thus not discussed
hereafter. Generally, the middle-frequency region of the Nyquist plot is fitted with one or two
resistance//pseudo-capacitance elements to model the charge-transfer and the SEI layer
contributions [16,28]. More complex circuit models are needed to take into account additional
contributions of the ionic and electronic path resistances across composite electrodes, including
the contact resistance at the electrode/current collector interface [29]. Furthermore, the
deconvolution of the spectra into these different contributions requires carrying out additional
hypotheses or experiments to ensure the results. Therefore, the analysis is done here by focusing
on the globalized resistance of the semi-circular arc in the middle-frequency region, defined by
the difference between its two intercepts with the x axis. This total resistance globalizes the four

contributions listed above. The results are plotted in Fig. 3.
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Figure 3. Evolution of the electrode resistance measured at the OCP in pristine state, at 0.4,
0.15, and 0.005 V in lithiation and 1 V in delithiation (a) over the three first cycles and (b) over
50 cycles.

Fig. 3a is focused on the first 3 cycles. From the pristine state, a decrease in resistance is
observed with lithiation. Indeed, its value drops from about 30 ohms at the OCV to 6.4 ohms at
0.005 V. This behavior has already been observed [28]. It could be attributed on the one hand to
an improvement in the electronic transfer in the electrode following the increase in pressure
inside the electrochemical cell, because the expansion of the electrode takes place in a closed
space, resulting in a decrease in contact resistance between the particles and the current collector.
On the other hand, there is an increase in the conductivity of silicon when the latter forms alloys
with lithium. With the delithiation and contraction of the electrode, it is observed that the total
resistance increases again. It is equal to 12.2 ohms at 1 V, i.e. at the end of the first cycle. During
the second cycle, we find again the same tendency. The resistance decreases during lithiation
from 1 V to 0.005 V, then increases again during delithiation. However, the values measured for
each potential are lower during the second cycle than those of the first cycle. It is possible to
attribute this result to a settlement of the electrode during the first cycle. The electrode was not
calendared after its manufacture. Thus, during the first expansion of the electrode (in the first
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cycle), as this is done in a restricted volume, it is possible that this is accompanied by a
reorganization of the arrangement of the particles submitted to compressive stress.

In subsequent cycles (Fig. 3b), this same trend of decreasing resistance during lithiation and
re-increasing during delithiation is maintained. We observe, nevertheless, that the resistance at
0.005 V is slightly higher than that at 0.15 V. However, the most striking evolution is that from
the second cycle the resistance increases with the increase in the number of cycles, and this
whatever the potential at which it is measured. This increase in impedance is attributable to the
accumulation of electrolyte degradation products on the surface of the active material, more
particularly silicon, which penalizes the charge transfer reaction as well as electronic transfer and
the transport of lithium in the electrode [8,16,28,29]. The mechanical degradation of the
electrode, with the appearance of cracks, or the loss of adhesion with the current collector are
other reasons which can be at the origin of this increase in impedance [9]. The sudden increase in
the impedance between the 20™ and 30™ cycles could reflect an accentuation in
mechanical/morphological degradation of the electrode. However, it should be noted that this
increase in impedance is only marked at 1 V, and to a lesser extent at 0.4 V, whereas the
resistance evolution measured at 5 mV (i.e. in fully discharged state) is more progressive and
consistent with the steady discharge capacity decay previously reported in Fig. 2a. Thus, this
important resistance increase should be primarily considered as a sign of major degradation of
the electrode. Since many assumptions can be made to interpret the changes during cycling of the
electrode impedance studied here, the characterization of changes in its microstructure is clearly

necessary to validate these assumptions.
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3.2. Morphological evolution
3.2.1. At the electrode scale

Fig. 4a shows the Si/graphite electrode cross section (45x75 pm? x 50 um depth initially) in
its pristine state and after the cell dismantling at the end of the 1* and 9™ cycles. Fig. 4b shows
the Si/graphite electrode cross section of Fig. 4a after fine FIB polishing for restoring the
analyzed surface at the three first steps of cycling. In its pristine state, the electrode thickness is
44 um and its microstructure seems homogeneous on the large scale over the whole electrode
thickness. After the 1% cycle, the residual electrode inflation is visible on the trench walls,
especially on the left side. This is even more pronounced after the 9" cycle, where this
irreversible expansion can be seen on both sides accompanied with the collapse of the left trench
wall. In addition, a crack visible at the left corner of the polished cross section, formed after the
1% cycle, is then subsequently filled after 9 consecutive cycles, underlining the cumulated
irreversible changes. The electrode surface presents some separator fiber imprints after nine
cycles as evidenced by the image of Fig. 4a at the 9™ cycle (at its bottom right) and the
remaining fibers on the image at the 1% cycle, highlighting the important constraint applied on
the electrode and the separator while the lithiation is ongoing. With cycling, the electrode
thickness increases, to reach 120 um at the 50" cycle as a consequence of the cumulated
irreversible volume changes.

In order to quantify more precisely these changes, the mass of the electrode along with its
porosity and thickness have been followed over 50 cycles. Their relative evolutions are presented

in Fig. 5a and, the pore size distribution at each step is reported in Fig. 5b. Complementarily, the
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thickness, weight and porosity values of the electrode at the pristine state and after the 1%, 9" and

50" cycles are reported in Table S1 in supplementary information.

Delaminated area

Figure 4. SEM images of the FIB-milled trench of the Si/graphite electrode (a, ¢) before and (b,
d) after FIB fine polishing; At the 50" cycle, the electrode partially delaminated and thus a
different observation zone was chosen.
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Figure 5. (a) Relative variation with cycling of the electrode thickness, mass, and porosity and
(b) evolution of the pore size distribution with cycling

After the 1% cycle, there is no major change in terms of electrode thickness (+2%), mass
(+3%), porosity (-4%) and pore size distribution. This suggests that the morphological evolution
of the Si/graphite electrode is very limited after one cycle. This strongly differs from the
behavior of graphite-free Si based electrodes in which major irreversible expansion, macro-
cracking and delamination from the Cu current collector were observed during the 1% cycle by
in-situ X-ray tomography [9]. Thus, the decrease of the Si amount in the electrode (43 wt.% in
the present case vs. 73 wt.% in ref. 9), inducing a lower global volume expansion/contraction of
the electrode, prevents its decohesion/delamination during the 1% cycle. However, this does not
preclude major capacity decay (Fig. 2a) and low CE values (Fig. 2b) during the first cycle,
which must mainly originate from the initial formation of the SEI layer on the fresh active
material.

After 9 cycles, the irreversible increase of electrode thickness stays very limited (+4%). A
decrease of the electrode porosity is observed (-15%), with no major change in the pore size
distribution except a slight increase in the fraction of the small pores (see blue curve in Fig. 5b).
This implies a densification of the electrode inner structure. This can be correlated to the
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electrode mass gain (+9%) observed after 9 cycles. It is reasonable to assume that this mass gain
is mainly linked to the continuous accumulation of insoluble electrolyte degradation products in
the electrode pores due to the instability of the SEI layer on the Si particles [16-18,22]. As a
result, lithium ion diffusion in the electrode is restricted, as well as the electrons transfer,
inducing an increase of the electrode polarization and a decrease of the discharge capacity as
shown in Fig. 2.

The electrode morphological aspect has drastically changed at the 50" cycle, given the fact
that it has not been possible to investigate the same area as for the nine first cycles because of
important electrode delamination. Consequently, a different zone has been chosen for the FIB
milling/polishing as shown in Fig. 4c and Fig. 4d (after coarse and then fine polishing). One can
note the appearance of a large cavity at the bottom right of the imaged zone (Fig. 4d), which is
most probably due to the electrode tearing and not to cycling-induced degradation. However,
except for this large cavity, the remaining porosity of the electrode is strongly decreased (-40%)
(Fig. 5a) with the appearance of smaller pores (green curve in Fig. 5b). This observation
confirms the extensive accumulation of SEI products in the porous network of the electrode with
cycling as already observed at the 9™ cycle to a lesser extent. This is also supported by the
important mass gain of 86% reported at the 50" cycle. Additionally, there is a very large increase
of the electrode thickness (+170% or +75 pum). This increase originates not only from the SEI
layer thickening and the electrode decohesion as highlighted by the presence of a large cavity
and cracks in the electrode (Fig. 4d), but also from an irreversible morphological evolution of
the Si particles, as will be seen in the next section and in agreement with [16]. Wetjen et al.
observed indeed the progressive transformation upon cycling of initially dense Si particles into

nanoporous structures with a high surface area and large void spaces, resulting in a considerable
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irreversible particle expansion, accumulation of liquid electrolyte degradation products at the
surface and within the nanopores, and irreversible electrode thickness increase.

It is worth noticing that the irreversible electrode thickness expansion rate from the 10" to
the 50™ cycle is about 10 time higher than from the 1% and 9" cycle (4.0 and 0.4% per cycle,
respectively) whereas its mass gain rate is quite stable (1-2 % per cycle over 50 cycles). This
dramatic increase in the thickness of the electrode is concomitant with the dramatic increase in
the impedance of the electrode between the 20™ and the 30™ cycle in the delithiated (1.0 V) or
weakly lithiated (0.4 V) states as highlighted in Fig 3b. A possible explanation is that during
prolonged cycling, the SEI layer becomes too thick to be buffered in volume by the electrode
porosity and then its growth induces the rupture of the PAA binder bounds, diminishing the
mechanical strength of the electrode, which results in its decohesion and an accentuation of its
irreversible expansion. The poor residual mechanical strength of the electrode was also
evidenced by its partial delamination during its manipulation after dismantling the cell at the 50"
cycle. However, despite the loss of electrode cohesion and adhesion during prolonged cycling,
there is no significant increase in the capacity decay rate from the 11" to the 50" cycle (Fig. 2a).
This implies that the cell compression must have a key role in maintaining the electrical contacts
in the Si/graphite electrode in spite of its major morphological variation and decreased
mechanical strength. This is also in agreement with the slight changes of the electrode resistance

measured at 5 mV (Fig. 3b).

3.2.2. At the silicon/graphite particle scale
In order to provide a deeper understanding of the irreversible morphological changes

undergone by the electrode, the evolution of the inter-particle distance is estimated by tracking
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the Si particle displacement on different close-up views of the FIB-polished cross section. Three
different observation areas have been chosen (Fig. 6b-c): two at the same electrode height (zones
1 and 2), and one closer to the current collector (zone 3), on which four different Si particles
have been selected at the pristine state (labeled A to D accordingly to their initial height
position). At each step of the cycling, the distances between the four Si particles, i.e. da-s, ds-c,
dc-p, dp-a, ds-p and dc.a are measured and averaged for each of the three areas in the electrode.
Note that recording the milling procedure of the cycled electrode is mandatory for tracking the
position of the selected silicon particles as shown in Video S2 and Fig. S4, in which the Si
particles previous positions upon the milling step are highlighted. In fact, even if the Si particles
appear to be largely eroded during the polishing step, their current position can be traced back
according the provided video at the analyzed steps of the cycling. In addition, their direct
surroundings (especially pores and graphite sheets) are used for identifying the same spots in the
images. As an illustration, the pore at the interface with the current collector below the yellow
particle of the Fig. 6¢ (zone3) has been useful to get back to the same area and recover the
particle positions. This methodology is sufficient according to our view to monitor reliably the
evolution of the inter-particle distances but cannot be applied in order to estimate the volume
changes at the particle scale, which is difficult to estimate from the present FIB/SEM
observations. The evolution of the averaged distance variation with cycling is reported in Fig.
6a. In order to depict the entire electrode behavior, a mean inter-particle value along the
electrode and its standard deviation is also estimated and plotted in Fig. 6a (black diamond).
Nonetheless, reserved should be taken while considering these relative inter-particle
displacements. Indeed, the absence of constraint and possible changes in the local electric field

due to the micro-cavity formed by the FIB milling for the electrode bulk observation might affect
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the particle rearrangements and distance changes evaluated in the present case. However, as the
electrode morphological changes manifest mostly along its height, one could be confident about
the conclusions draw from the inter-particle displacements evaluated here.

After the 1% cycle, a reduction of the inter-particle distance is observed, reflecting a
compressive behavior along the global electrode (-6%) and more particularly in zones 1 (-8%)
and 3 (-10%). Nonetheless, the opposite trend is observed in zone 2 with a 1% inter-particle
distance elongation, thus underlining the heterogeneity of the morphological changes in the
electrode. This can be correlated with the inherent heterogeneity of the electrode in the pristine
state at a smaller scale, given the fact that the second area shows a higher initial graphite fraction
(24%) compared to the other analyzed areas (18.5%). In fact, thanks to their platelet shape and
lubricant properties, the graphite particles might favor the sliding of the Si particles, relaxing the
mechanical stress within the electrode. The reduction of the inter-particle distance, on average, is
very likely the cause of the decrease in the impedance of the electrode seen at the very start of
cycling (Fig. 3a). As suggested above, this settlement of the electrode is likely to occur during
the first cycle while the expansion of the silicon particles takes place in a space confined by the
edges of the electrochemical cell and against the pressure exerted by the spring, which presses on
the stack formed by the separator and the two electrodes [30]. Then after reaching nine cycles,
the electrode presents an overall elongation of the Si inter-particle distances of 12%, which is
exacerbated in zone 2 (23%) compared to the rest of the electrode (6-7% for zones 1 and 3). This
can be explained through the progressive decrease in the electrode mobility linked to the
irreversible porosity decrease of -15% reported in Fig. 5a, which hinders the rearrangement of
the silicon particles in the electrode and results in a thickness increase (4%) and inter-particle

distance growth. This could also be explained by the breaking of the bridges formed by the
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polymer binder following the repeated volume variations of the Si particles. The accumulation of
tensile-contraction cycles would damage the binder bridges, reducing the capacity of the
electrode to recover its initial dimension.

Overall, the tendency suggests an important inner mobility of the electrode, which might be
favored by the graphite sheets. This is also highlighted in Fig. 6d, which presents the changes in
the orientation of the diagonal lines ds.c (red) and dp.a (green) for the first cycles. It appears
strikingly that the diagonal main orientation tends to become horizontal with cycling, suggesting
a shearing movement in the electrode enhanced by the increased mobility of the electrode, which
may be as a result of the binder bridge breakage. This implies that local displacements in the

lateral directions of the electrode play a key role in the general arrangement of the Si particles.
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Figure 6. (a) Evolution of the Si interparticle distance with cycling; (b) Cross-section image of the
electrode and (c) close-up views of the three different zones of (b) with the tracked Si particles and
(d) 2D mapping of the orientation evolution of the BC (red) and AD (green) segments of (c) with
cycling.

Moreover, the aspect and size of the Si particles change drastically during cycling. In fact, as
the aging of the electrode progresses, the mean diameter of the Si particles at first decreases and

then increases as shown in Fig. 7a. For supporting this, Figs. 7b and ¢ present the different cross
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sections of the electrode upon cycling with close-up views of the Si particles. After the first
cycle, no significant change is observed in the mean diameter of the Si particles (0.79 to 0.81
pm). This may be related to the 90% amorphous structure of the pristine ball-milled Si powder,
which is likely to increase its cracking resistance [31]. However, at the end of the 9" cycle, the
mean diameter of the Si particles is reduced to 0.66 um, which represents a decrease of nearly
16% compared to the pristine state. This could be a result of the particle cracking after repetitive
cycles of tensile stress and compressive constraint under lithiation/delithiation as reported in the
literature [31-33]. This phenomenon is reversed during the cycling as evidenced by the 86%
increase in the mean particle size after 50 cycles, and the fact that the dispersion of the Si particle
size distribution narrows with cycling and seems to tend to a limit value of 1.5 um. In fact, the
clearly discernable segmented aspect of the Si particles is no longer observable, as the particles
consist more of macro-aggregated nanoparticles with nanoporous channels around 0.05-0.1 pm,
counting for 14% of the residual porosity. Such a morphology was also observed by Radvanyi et
al. [34] who attributed it to a possible sintering of the nanosized Si particles during prolonged
cycling. Wetjen et al. [16] explain it differently. The roughening of the particle surface and
formation of void spaces is intrinsic to the dealloying of silicon and lithium. “Dealloying is a
common corrosion process which involves the selected dissolution of the more electrochemically
active element, here lithium, from an alloy and results in the formation of a nanoporous
structure of the more noble alloy constituent, here silicon”. The formation of this nanoporosity
results indubitably in an irreversible expansion at both the particle and electrode scales, as we
also see here. However, in the present case, the increase of the Si “’particle’” size should be

predominantly associated with the Si particle sintering with cycling with a volume expansion of
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~560% at the 50" cycle estimated from their median diameters (Fig. 7a), even so both

phenomena are playing a role.
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In order to study the electrode mobility through the displacement of the graphite platelets,
Fig. 8a presents qualitatively the evolution of the graphite content in zone 2 (except at the 50™
cycle). On the SEM images in Figs. 7b and c, the platelet-shaped graphite particles are

discernible via their darker grey level in the pristine state. The GnP conductive additive,
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consisting of stacks of graphene sheets (~5-15 pum in length and ~0.1-1 pum in thickness)
[35,36], is hardly identifiable as their shape, dimensions and grey level are close to those of the
graphite particles. Thus they are analyzed as a unique “graphite phase”. Then, the evolution of
the graphite surface fraction with cycling has been quantified (Fig. 8b) as well as the twisting of
the graphite platelets (Fig. 8c). The latter is expressed as the ratio of twisted graphite sheets,
which present an absolute curvature angle superior to 90°, over the total amount. A global
displacement of the graphite flakes is observed, as evidenced by the ~5 pm right shift of the large
graphite particle after one cycle, which was initially located in the upper left part of zone 2
shown in Fig. 8a. On the contrary, on the left side of the electrode (zone 1, not shown in Fig.
8a), a ~3 um left shift is estimated from the graphite displacement. These opposite displacements
tend to accentuate with cycling, suggesting the important shearing movement taking place in the
electrode as previously reported in Fig. 6d. In the meantime, an important change of their
morphology (size, shape) occurs as their surface fraction decreases from 20% (pristine) to 14%
(9" cycle) and subsequently to 6.5% (50" cycle), and the twisting increases from 6% (pristine) to
23% and then 29% at the 9™ and 50™ cycle, respectively. The important decrease of the graphite
fraction might be associated with the large irreversible expansion of the silicon particles and the
huge cumulated irreversible thickness expansion of the electrode (+170% after 50 cycles). It can
also be related to the fact that silicon particles and graphite flakes are hardly distinguished
because they are both embedded in the SEI degradation products (see close-up views of Fig. 7c),
especially after 50 cycles considering the important mass gain of 86%. On the other hand, the
twisting increase is a direct consequence of the important electrode rearrangement, thus
showcasing the important mechanical constraints endured upon cycling. This tendency attenuates

progressively with a limited increase of 6% from the 9" to the 50" cycle, compared to the two
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times higher value of 11% reported between cycles 1 and 9. This can be paired with the inner
mobility decrease of the electrode as its porosity decreases and its mass increases (-40% and
+86% at the 50™ cycle, respectively). This phenomenon has a direct impact on the percolation
path of the electrode and on the total resistance as was observed in the EIS experiments with
their dramatic increase between the 20" and the 30™ cycles, especially when silicon is in the
delithiated state, i.e. the non-electrically conducting state (Fig. 3b). The very weak evolution of
the electrode resistance measured at low potential, when the silicon is in a lithiated state, is an
indirect proof of the increase in the electrical conductivity of silicon when it forms an alloy with

lithium. Because then, electronic transfer can be ensured via the percolation of silicon particles.
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Figure 8. (a) Segmented binary images of the graphite flakes at each step of the cycling in zone
2 of the electrode (excluding the 50" where the analysed zone has been changed); (b) associated
evolution of the surface fraction and (c) twisting rate of the graphite sheets.
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4. Conclusions
In the present study, an alternative procedure based on an FIB/SEM investigation of a single
Si/graphite electrode at different steps of its cycling is demonstrated. This allows reducing the
implementation cost compared to 3D FIB/SEM tomography and allows following the same
electrode along different steps of its cycling, similar to an in-situ method. This ex-situ sequential
FIB/SEM experiment is thus an efficient method for evaluating both qualitatively and
quantitatively the degradation phenomena occurring in a Si/graphite blended electrode, for
monitoring the morphological changes during its cycling and correlating them to its
electrochemical behavior. This method has been demonstrated in a “worst-case scenario”,
considering the large electrode changes and rearrangements exhibited by the Si/graphite
electrode, due to the Si intrinsic huge expansion/contraction upon lithion/delithiation. Despite the
fact that the absence of constraints in one direction due to the FIB-milled micro-cavity might
facilitate the local displacement of the Si particles, several striking observations have been
highlighted:
() The electrode morphology (porosity, thickness and mass) stays barely unchanged
after the 1% cycle; this is major difference compared to a common Si-based electrode.
(i) A contraction of the Si inter-particle distance is observed on average during the 1%
cycle, resulting in a decrease in the total resistance of the electrode. This contraction
is attributed to the compressive effect exerted by the other components of the
electrochemical cell on the Si/graphite electrode when the latter expands during

lithiation.
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(ii)  The graphite particles have a key role in releasing the inner constraints of the
electrode and allowing structural rearrangement, which is important for the good
cyclability of the electrode.

(iv)  During the first 9 cycles, the lateral displacements of the silicon and graphite particles
testify to shear (laminar) deformations within the electrode layer.

(V) The average size of the Si particles at first decreases and its dispersion narrows with
the electrode cycling as a consequence of particle cracking; it then increases after 50
cycles, due to an important particle sintering along with their nanoporosification. At
this point, the Si particles present a wrinkled structure with nanoporosity of 0.05 to
0.1 pm.

(vi) A major irreversible increase of the electrode thickness and an accumulation of
electrolyte degradation products happen between the 10" and the 50" cycles,
concomitantly with a dramatic evolution of the silicon from dense and small particles
to large and nanoporous ones.

(vii)  When silicon is alloyed with lithium (in the 0.15 — 0.005 V range), over 50 cycles the
electrode resistance remains low reflecting the high electrical conductivity of LiySi
alloys. When silicon is not alloyed with lithium (in the 1.0 — 0.4 V range), the
electrode resistance increases dramatically with cycling as the percolation of graphite
particles is lost due to the presence of electrolyte degradation products and an
irreversible increase of the electrode thickness.

Finally, this sequential FIB/SEM method could obviously be applied to other types of

positive/negative electrodes for Li, Na, K, Ca, Mg, S... batteries to characterize their cycle-
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induced morphological evolution and to achieve a better understanding their degradation

mechanisms.
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