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Abstract

SiOx electrodes are promising for high-energy-density lithium-ion batteries (L1Bs) due to
their ability to mitigate volume expansion-induced degradation. Here, we investigate the
surface dynamics of SiOx thin film electrodes cycled in different carbonate-based
electrolytes using a combination of ex situ X-ray photoelectron spectroscopy (XPS) and
operando synchrotron X-ray reflectivity analyses. The thin film geometry allows us to
probe the depth-dependent chemical composition and electron density from surface to
current-collector, through the solid-electrolyte interphase (SEI) and the active material, and
the thickness evolution during cycling. Results reveal that SiOx lithiation initiates below
0.4 V vs Li*/Li, and indicate a close relationship between the SEI formation and SiOx
electrode lithiation, likely due to the high resistivity of SiOx. We find similar chemical
compositions for the SEI in FEC-containing and FEC-free electrolytes but a reduced
thickness in the former case. In both cases, the SEI thickness decreases during delithiation
due to the removal or dissolution of some carbonate species. These findings give insights
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into the (de)lithiation of SiOx, in particular during the formation stage, and into the effect

of the presence of FEC in the electrolyte on the evolution of the SEI during cycling.

Keywords: SiOx thin film electrodes, surface dynamics, lithium-ion batteries, X-ray
photoelectron spectroscopy (XPS), operando synchrotron X-ray reflectivity (XRR), solid-
electrolyte interphase (SEI).

1. Introduction

Since its commercialization by Sony in 1991%, lithium-ion batteries (LIBs) have
proven to be a reliable and high-performance energy storage system, widely used in
portable electronic devices such as laptops, mobile phones, and other digital electronics.
However, despite their use in electric vehicles (EVs), the required energy density for an
EV to match the performance of internal combustion vehicles is 2-5 times greater than the
energy offered by the state-of-the-art LIBs (~ 150 Wh/kg)?. To address this gap, substantial
efforts have been devoted to developing active materials with higher energy density that

are also naturally abundant and less expensive.

Si-based materials are considered among the most promising negative electrode
materials for next-generation LIBs due to their high specific capacity up to ten times higher
than that of the conventional graphite anodes (3579 mAh/g for LiwsSis vs 372 mAh/g for
LiCs). However, the alloying process of Si and Li during lithiation causes a volume
expansion of the electrode of ca. 300 %°°, which can lead to the cracking and pulverization
of Si particles, eventually resulting in capacity fading®’. In this context, silicon oxide-based
electrodes (SiOy, where 0 < x < 2) are of particular interest since the O stoichiometry can
mitigate the relative volume change after the first lithiation by forming irreversible
products (e.g. Li,O and Li.SiO,) that, in turn, can act as a buffering matrix to reversibly
host the lithium insertion/deinsertion in Li.Si,®°. Many studies have reported innovative
syntheses of nanostructured SiO, materials (nanoporous film° nanotube!**?,
composite’3...), demonstrating promising electrochemical performance and cyclability of
SiO,-based materials'®. Others focus on unraveling the irreversible and reversible
processes®® during cycling and providing a lithiation mechanism*%-2°, Nevertheless, only
a few of them address the evolution of the SiO, surface upon lithiation?*2, in particular the
formation and evolution of the solid electrolyte interphase (SEI) layer.



The formation and evolution of the SEI are key phenomena that influence the
electrochemical performance, irreversible capacity and the cycle life of the battery.
However, in the case of Si-based materials, the large and repeated volume changes
occurring during cycling prevent the formation of a stable SEI layer and therefore the actual
passivation of the negative electrode. Indeed, the large volume expansion of the Si anode
generates cracks in the SEI and exposes fresh SEl-free areas to the electrolyte. This leads
to continuous formation of SEI and capacity fading!®?22® due to both Li consumption and
increase of the cell impedance. To improve the stability of SEI, introduction of electrolyte
additives, such as vinylene carbonate (VC) and fluoro-ethylene carbonate (FEC)?*2%, was
found to be beneficial. Specifically, Chao et al.?” and Veith et al.?8 investigated the role of
FEC in the improvement of the SEI forming on Si nanoparticles and amorphous Si thin
films, respectively. To date there has been no published investigation using operando X-
ray reflectivity (XRR) of the formation and evolution of SEI on SiOx-based electrodes
during cycling and on the role of electrolyte additives, up to our knowledge. Significant
differences can be expected with respect to Si, in particular due to the lower conductivity
and to the presence of irreversible products described above. Besides, the unambiguous
characterization of the thickness and composition of the SEI and the tracking of their
evolution upon cycling are challenging issues. Even under careful cell disassembly and
electrode rinsing protocols, the structure and the chemical composition of the SEI can still
be altered?®®, which makes the precise characterization of SEI by ex situ techniques

extremely challenging.

In recent years, synchrotron XRR has emerged as a powerful technique to
investigate the electrode surface in situ and operando. The high flux of X-rays generated
by a synchrotron facility allows one to perform fast XRR measurements during the cycling
of flat, model electrodes, reflecting the processes taking place in a battery. Cao et al.
investigated the lithiation mechanism of crystalline Si wafers by employing synchrotron
XRR3:32 revealing a layer-by-layer lithiation process and proposing a three-stage lithiation
model. Additionally, they explored the dynamics of SEI formation at atomic scale through
operando synchrotron XRR coupled with ex situ X-ray photoelectron spectroscopy
(XPS)*, highlighting that the SEI consists of two distinct regions. The top-SEI region was
found to mainly contain LiF, while the bottom-SEI region was formed via the lithiation of
the native oxide. The lithiation mechanism and SEI formation of amorphous Si deposited

on Si substrate have been analyzed by operando neutron reflectometry. In particular, Jerliu



et al.>* observed the expected volume change of the active material during cycling. Veith
et al.?® focused on the SElI itself, observing a thinner SEl when FEC was used as an additive.
Surprisingly, it was observed that the SEI becomes thicker during delithiation and thins out
again during lithiation in the absence of FEC, while the opposite was found with FEC. An
important open question is whether the presence of additional oxygen in silicon suboxide-
based (SiOx) electrodes will modify these phenomena of formation and evolution of the

SEI compared to the case of Si.

In this study, we aim at investigating the dynamics of surface modifications of SiOx
thin films electrodes during cycling in carbonate-based electrolytes with a focus on the role
of additives on the SEI composition. This is in contrast to previous Si studies, in particular
given the insulating nature of the relatively thick silicon oxide layer of interest. To achieve
this, we combine ex situ XPS and operando XRR experiments on SiOy (x~1) thin films to
get a comprehensive record of the SEI formation at the surface of this active material. Ex
situ XPS depth profiling measurements, conducted on samples prepared at different cut-
off voltages, provide a chemical map of the electrode across its thickness, and an insight
into its evolution as a function of the state of charge. Complementary to this, operando
XRR measurements track in real-time the spatial modifications of the electrode surface
with nanometer scale resolution during cycling. To fit the unique requirements of each
technique, different sample setups were designed and different electrochemical cycling

protocols were also employed, as detailed in the experimental section.

Through these complementary techniques, we aim to unravel the intricate processes
governing surface modifications during cycling, shedding light on the SEI characteristics

(thickness and composition) and the concomitant behavior of the SiOy active material.

2. Experimental section

2.1Sample preparation for XPS and XRR

The series of SiOx thin film samples were prepared by RF magnetron sputtering of
a Si:SiO2 (1:1) composite target (2°° diameter, Neyco) under pure argon atmosphere,
targeting a "SiO" film composition. This method was selected in preference to reactive
sputtering of a pure Si target in Ar:O atmosphere for sake of reproducibility. Samples were
prepared in a Plassys PM300 deposition tool connected to an Ar-filled glove box, which

allows to handle targets, substrates and thin film samples without any exposure to air. Three



positions are available for deposition in the chamber, which allows the preparation of three
sets of samples in a row without opening the chamber. Depositions were carried out at a
total pressure of 0.5 Pa, a power of 1.5 W-cm, a target-to substrate distance of 8 cm, an
Ar flow of 20 sccm, and with no intentional heating of the substrate. In these conditions,
the deposition rate was measured at 4.2 nm-min™ by stylus profilometry. Therefore, a
deposition time of 24 min was used to obtain 100 nm thick films. Before each series of
depositions, the chamber was evacuated to a background pressure of less than 6-1077 Pa,
filled with high purity argon (99.9999%), and the Si: SiO; target was then pre-sputtered

during 1 h in the conditions described above.

For XPS ex situ experiments, SiOx films (see corresponding Si 2p core-level peak
results in supporting information (Figure S1)) were deposited on copper foil discs (14 mm
in diameter x 0.01 mm thick). The experimental Si 2p spectrum is fitted using five pseudo-
Voigt peak distributions, highlighting the oxidation states of silicon in SiOx film. The
presence of the different silicon oxidation states (Si° to Si**) is assigned to silicon
surrounded with four silicon atoms, three silicon and one oxygen, two silicon and two
oxygen, one silicon and three oxygen, and four oxygen (Si-Si, Si-(Si-0), Si-(Si-O), Si-(Si-
03) and Si-(Si-04)). At the surface of the film, the O/Si ratio is found to be about 1.4 (see
supporting information).

The corresponding mass of SiOx was in the range 48-52 pg. The oxygen-free (O <
5 ppm), soft-annealed, degreased copper foil with low roughness (Ra < 0.4 pum) was
purchased from Schlenk Metallfolien. The XRR operando experiments required a much
lower roughness, typically below 1 nm. Thus, the substrates for XRR were 1x1 cm? pieces
of a 550 um thick, phosphorus-doped Si (001) silicon wafer with a 2 nm thick chromium
adhesion layer and a 200 nm thick copper layer coated on the back side for current
collection.

2.2 Electrochemical protocol for ex situ X-Ray photoelectron spectroscopy

Samples to be characterized by XPS were conditioned electrochemically in 2032 coin
cells, using the thin film sample as the positive electrode, a battery grade lithium foil as the
negative one, a microporous polypropylene separator (Celgard 3200), and electrolyte in
excess (200 pl). Two electrolytes were investigated with ex situ XPS: 1 M LiPFs in ethylene
carbonate (EC): dimethyl carbonate (DMC) (15:85 weight %) and 1 M LiPFs in fluoro-
ethylene carbonate (FEC): dimethyl carbonate (DMC) (15:85 weight %), labeled as



“EC/DMC” and “FEC/DMC?”, respectively. After assembly, the cells were placed in a
temperature-controlled chamber at 25°C. The electrochemical sequence imposed to the
cells comprised a stabilization step at a fixed potential (2 V vs Li*/Li) for several hours, a
voltage sweep at 5 pV-s™t down/up to the targeted voltage and a final step with the target
voltage imposed to avoid any voltage drift before dismantling the cell. Cell dismantling
was carried out in an Ar-filled glovebox using a specific tool to prevent short-circuiting.
Once removed from the cells, thin film electrodes were rinsed in fresh anhydrous DMC
three times and left drying at room temperature. Finally, each sample was placed in a dry,

airtight glass container for transfer to the XPS facility.

2.3 Ex-situ X-Ray Photoelectron Spectroscopy Measurements

The XPS measurements were performed using a Quantes spectrometer from Ulvac-
PHI equipped with dual micro-focused monochromatic X-ray beam, Al Ka (1486.6 eV)
and Cr Ka (5414.9 eV). In this study, we only used the Al Ka X-ray source with a beam
diameter of 100 um and 25 W of power. High-resolution spectral acquisition were
performed using a pass energy of 69 eV, which corresponds to a resolution of 0.8-0.9 eV
calculated from the full width at middle half (FWHM) of the Ag 3ds/2 peak. The survey
was recorded with a pass energy of 280 eV, corresponding to a resolution of 1.8 eV. All
XPS measurements were carried out in an ultrahigh vacuum chamber (<7.107'° mbar). The
spectrometer was calibrated using the photoemission spectrum of gold (Au4fz;, = 84.0 eV,
with reference to the Fermi level). The spectrometer is equipped with dual charge
neutralization, however the XPS measurements were taken without the use of charge
neutralization to avoid any lithium reactivity. All XPS spectra binding energies were
corrected using the C1s line of carbon contamination (usually present at the surface of the
sample) at 284.8 eV. The depth profiling was performed using 1 mm? raster Argon ion
beam with an energy of 1 keV with steps of 1 min. A sputtering rate of 14.3 nm/min was
measured in a reference SiOx thin film with a thickness of 200 nm. In contrast, in a pure 25
nm thin SiO> layer, the sputtering rate was measured at 2 nm/min, indicating that the

structure of our SiOx thin film sample is significantly different from SiO..

The samples were deposited on a dedicated sample holder for XPS measurement and
transferred from the Ar-filled glove box to the spectrometer through an air-protected

transfer vessel to avoid air oxidation.



2.4 Electrochemical cell design and cycling protocol for operando X-ray
reflectivity

Operando XRR measurements were performed on the BM32 beamline at the
European Synchrotron Radiation Facility (Grenoble, France), using a 27 keV X-ray beam
with a wavelength () of 0.4592 A. Throughout the XRR measurements, the incident angle
(0), representing the angle between the sample surface and the incident beam, was
systematically adjusted from O to 2.5 degrees, while the detector angle, representing the
angle between the detector and the incident beam, was correspondingly varied from 0 to 5

degrees.

The experimental set-up and the design of the operando electrochemical cell is
shown in Figure 1 (a). The operando cell consists of stainless-steel flanges (top and bottom)
and a polyether ether ketone (PEEK) body. The sample (Figure 1 (a) (3)) was fastened on
the bottom flange with stainless steel screws and the Li metal was attached on the top
flange. We used a half-cell with SiOj thin film as the working electrode and Li as counter
electrode. As in the XPS measurements, SiO, electrodes were cycled in the EC/DMC
electrolyte. However, due to the observed high roughness of the SiOy electrodes cycled in
the FEC/DMC electrolyte, an alternative electrolyte composition was employed to study
the effect of FEC: 1 M LiPF; in ethylene carbonate (EC): dimethyl carbonate (DMC) :
fluoro-ethylene carbonate (FEC) (15:70:15 weight %), labeled as “EC/DMC/FEC”. During
the operando XRR measurements, the cell was cycled in intermittent constant current mode
that consists in applying current steps to reach the selected voltage values. For
EC/DMC/FEC, the current density was 25 pA/cmz2, while, due to beam time constraints,
EC/DMC was cycled at 50 pA/cmz2 The SiOy electrode potential was held until two
identical XRR curves were acquired consecutively to avoid any kinetic effects. At the end
of the delithiation, the voltage was held at 2 V vs Li*/Li for 2 h. Two XRR curves were

measured respectively at the beginning and the end of this voltage plateau.
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Figure 1. (a) Schematic of the experimental setup: (1) stainless steel, (2) PEEK cylindrical shell and (3) SiOx working
electrode. (b) Stacking of the SiOx working electrode.

2.5 Principle of operando X-ray reflectivity
In an XRR experiment, one measures the specular reflection as a function of the
incidence angle (0), i.e. where the incidence angle is equal to the reflected angle. In this

case, the momentum transfer q is perpendicular to the surface in z-direction (¢ = q, =

—4"5;"9). The reflectivity curve obtained in the experiment is proportional to the square of

the Fourier transform of the electron density gradient % (Figure 2). Essentially, it provides
information about the changes in electron density as a function of depth or position along
the z-direction. In practice, to analyze the XRR curve, an electron density profile (EDP) in
the z-direction p,(2) is initially built up by arbitrary layers, each characterized by variable
parameters: thickness d; and electron density P However, in real systems, the boundaries

between these layers are not usually perfectly atomically flat, resulting in blurred interfaces.
To account for this effect, a Gaussian distribution of the interface position is assumed and

modeled by the Névot-Croce factor, which is mathematically represented as e™% of , With
o; the Gaussian roughness. The corresponding XRR curve is then calculated and compared
with the experimental curve. An iterative process is performed by varying the layers
parameters until the calculated XRR curve closely matches the experimental one. Note that
the bottom metal layers (Cr and Cu) of the Si substrate are too far from the surface to be

probed in the XRR experiments. They are therefore disregarded in our analysis.
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Figure 2. Principle of X-ray reflectometry.

3. Results and discussions

3.1 Ex situ XPS study

SiOx /I Li coin cells are cycled using a single sweep/cyclic voltammetry (CV) protocol
(sweep rate 5 puV-s?) and stopped at different cut-off voltages: 0.4 V, 0.15 V, 0.01 V (full
lithiation) and 0.8 V (delithiation) vs Li*/Li (Figure 3). For every cut-off voltage we cycled
two coin cells, showing reproducible electrochemical curves, with minimal differences
between the two groups, suggesting that they mainly reflect redox processes within the
material. To minimize the effects of relaxation or surface reactivity, after cycling the cells
are immediately disassembled in the glove box and washed with DMC for XPS analysis.
The first reduction curve shows two main stages taking place in the 400-150 mV and 150-
10 mV ranges respectively. Comparison of this curve with those obtained on amorphous
Si thin films cycled in an all-solid system®® or in a liquid electrolyte shows that the first
stage involves a much greater charge transfer compared with the second stage than in the
case of pure silicon. Furthermore, this stage seems to be the result of a single process,
whereas in the case of Si, it is possible to distinguish two stages at this level, the first
resulting from the reduction of oxidized silicon on the surface, followed by a second

corresponding to an initial electrochemical alloying stage. There is therefore every reason



to believe that the stage taking place between 400 and 150 mV almost simultaneously
involves the reduction of a majority fraction of the oxygen-bound Si within the material,
followed by the transformation of the latter into a LixSi alloy. Once this transformation has
taken place, the electrochemical behavior of the SiOx electrode becomes very similar to
that of Si, both for the rest of the reduction and during further delithiation, which takes
place in two stages, the first between 10 and 350 mV, the second above 350 mV. Only a
slight difference can be noticed on the curves related to EC/DMC compared the ones
related to FEC/DMC at the early stage of the electrode reduction that is related to a step

occurring around 0.8 V vs Li*/Li.
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Figure 3. Cyclic voltammetry curves corresponding to the preparation of 4 samples conditioned in EC/DMC and in
FEC/DMC 15:85 weight %, LiPFs 1M at 25 °C at different voltages: 0.4 V vs Li*/Li (blue), 0.15 V vs Li*/Li (green), 0.01
V vs Li*/Li (pink) and 0.8 V vs Li*/Li (orange).

3.1.1. Study of the effects of lithiation and delithiation processes on the internal
composition and structure of resulting lithiated SiOx (Li:SiOt-LixSiy) thin films

Pristine and cycled thin film electrodes are characterized by XPS depth profiling,
using fixed sputtering conditions. By examining the evolution of the Si 2p peak relative
intensity as a function of the sputtering time (Figure 4), it is possible to follow the gradual
changes in electrode thickness in both EC/DMC and FEC/DMC electrolytes.

In the early stage of reduction, at 0.4 V vs Li*/Li, the thickness of SiOx electrodes is
unchanged compared to the pristine SiOx reference electrode up to our experimental
accuracy, for both electrolytes used. Then, the volume has clearly increased for electrodes
stopped at 0.15 V vs Li*/Li, i.e. after the first main electrochemical step at 0.2 V, since the
sputtering time to remove all the lithiated SiOx layer is estimated to ~13 minutes compared
to 5 min for the pristine film. Electrodes cycled in EC/DMC and FEC/DMC exhibit a
similar volume expansion. An initial delay of about 0.5 min is observed before the intensity

of Si 2p starts to increase, which corresponds to sputtering of a thin layer composed of SEI
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remnants. The swelling is even more significant at 0.01 V vs Li*/Li, i.e after the second
main electrochemical step at about 0.1 V, since the sputtering time to remove all the
lithiated SiOx has increased to ~18 min. Again, it is almost the same for the two electrolytes.
The delay related to the SEI sputtering has also increased to ~ 2 min for FEC/DMC, which
also suggests a noticeable thickening of the SEI compared to EC/DMC (~ 0.5 min) and
constitutes the main difference observed between the two electrolytes. An estimation of the
sputtering times and equivalent thicknesses is given in Supplementary Table S1. At the end
of oxidation (0.8 V vs Li*/Li), the thickness of SiOx thin film electrodes, cycled in both
electrolytes, decreases to ~ 240/260 nm. Therefore, the lithiation induce volume expansion
of the thin-film electrode, which is only partially reversible during delithiation in the first
cycle. Furthermore, the delay attributed to the SEI sputtering is much reduced (< 1 min),

indicating a thinning of the surface layer upon delithitation. There is therefore a similarly
partially reversible volume expansion of the SEI.
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Figure 4. XPS Si 2p intensity depth profiling on SiOx thin films electrodes cycled in EC/DMC (solid lines) and in
FEC/DMC (dashed lines), and stopped at 0.4, 0.15, 0.01 (lithiation) and 0.8 (delithiation) V vs Li*/Li.

To study the chemical composition of the internal structure of cycled SiOx, we use
the Si 2p XPS depth profiling spectra (Figure 5). In the pristine electrode, before the cycling
process, the Si 2p peak is assigned to two main environments: Si-Si at lower binding

energies (Si% ~ 99 eV) and a broad peak at higher binding energies assigned to oxidized
silicon (Figure S1 in supporting information).

While cycling to 0.4 V vs Li*/Li, the Si 2p peak shape does not change (Figure 5).
However, upon lithiation below 0.4 V, the peak shape changes and the previous peak fitting
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model, where peaks were explained by Si® and SiOx contributions, does not apply any
more. We assign the Si 2p region to two main contributions: LixSiy at ~ 97 eV and Li,SiO¢
at ~ 101 eV (Figure 5). The Si 2p depth profile exhibits three stages: close to the top surface
(interface with SEI), in the bulk of the electrode and at the bottom of the electrode, near
the copper current collector (Figure 5). Since the XPS spectra were recorded without charge
compensation to avoid lithium self-diffusion under electron flood-gun exposure, the Si 2p
spectra are down shifted. Therefore, the spectra are shown without peak calibration and
may show a small shift due to the varying chemical composition and electronic properties

of the under-layers.

At 0.15 V and 0.01 V vs Li*/Li, the Si 2p core level peaks beneath the SEI layer
(Figure 5) in both electrodes still display two main contributions at ~ 97 and ~ 101
eV assigned to LixSiy alloys and Li,SiO silicates. The insertion mechanisms seem to be
similar no matter the electrolyte (EC/DMC and FEC/DMC) used. This suggests that the
electrochemical process at 0.2-0.25 V, indicated by the large current in CV (Figure 3), takes
place at the same voltage as the first alloying step of pure a-Si thin films®®. This reaction
process combines: (i) cascading electrochemical conversion and alloying reactions leading
to LixSi as a final product, and (ii) chemical reactions forming silicates. The onset of
electronic transport through the SiOx matrix is likely to be the trigger for this global step,
and for the initiation of the SEI formation. The initial electronic conductivity of un-
annealed SiOx (x~1) thin film is indeed rather low, in the range of 10°-10"1° Secm™ which
is 10° times lower than that of pure silicon. However, it can increase significantly as a
function of the electric field***’. The final reaction step during lithiation at ~ 0.1 V vs Li*/Li
leads to the formation of lithium-rich LixSi phases as in pure a-Si films, but this seems to
take place also partly at the expense of the silicate matrix. At 0.01 V, the peak intensity
related to LixSi alloys becomes higher than that of Li.SiO near the electrode surface in
contrast with the 0.15 V spectra, where the peak of Li,SiOy is higher than that of LixSi. This
indicates that LixSi phases evolve as the lithiation proceeds, while the Li,SiO: phases
remain. Previous studies suggest that such LixSi phases can grow in the Li,SiO¢ matrix. The
detailed identification of Li,SiOy is out of the scope of this article, but based on the literature
review, they should include LisSiOs, LisSi>O7, Li»SiOs and LiSi»0s33340, We also note
that close to the interface with the copper current collector, the signal attributed to lithiated

oxide phases is enhanced. This means that the level of lithiation is different depending on
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the distance from the electrode surface, reflecting the slow dynamics of Li diffusion in the

SiOx electrode and its heterogeneity across the thickness of the electrode.
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Figure 5. XPS depth profiling spectra of Si 2p core levels of SiOx thin films electrodes cycled in EC/DMC and FEC/DMC
and stopped at 0.4 V, 0.15 V, 0.01 V and 0.8 VV vs Li*/Li. The time interval between each curve corresponds to 1 min of
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sputtering. Going from the top of the figure to the bottom corresponds to layers from the surface to the bulk, sometimes
down to the current collector, at which a strong deformation or disparition of the spectrum can be observed.

Since the XPS probing depth is ~5 nm from the surface, the absence of intensity of
the Si 2p spectra at the surface at 0.15 V and 0.01 V, and the low intensity at 0.8 V vs
Li*/Li, indicates the formation of a SEI whose thickness increases during lithiation and

decreases during delithiation.

The chemical composition of the SEI formed at the surface of the electrodes cycled
in EC/DMC and FEC/DMC is examined through the analysis of C 1s, F 1s and P 2p core
peak depth profiling (Figure 6).

The sputtering rate of the SEI formed on the electrode surface differs from the
sputtering rate of the bulk. After the lithiation process, the SEI sputtering rate is about 2
nm/min. This result is attributed to the structure and chemical composition of this layer,

which is entirely different from that in the bulk.

Since we do not observe Si 2p peak at the top surface after lithiation at 0.01 V
(Figure 4 and Figure 5) and no SEI related peak in the bulk of the electrode (Figure 6), we
evidence that the SEI is constituted of a thin film located at the top surface of the electrode,
without permeation into the bulk. This observation underscores the dense structure of the

thin film electrode, affirming the absence of porosity during volumetric expansion.

3.2.2. SEI evolution upon lithiation and delithiation processes

Figure 6 shows a comparison between the evolution of C 1s, F 1s and P 2p core
levels of SiOx thin films cycled in EC/DMC and FEC/DMC and stopped at 0.01 V (fully
lithiated) and at 0.8 V vs Li*/Li (fully delithiated). Depth profiling analyses were conducted
from the surface down to the first detected Li-(SiOx) layer to gain insight into the structure
of the SEI formed in both media. As mentioned in the experimental section, this study was
performed without charge compensation, to avoid surface reactivity under electron or argon

flood gun, used for surface charge compensation.

Figure 3 shows that there are two formation steps around 0.2 V and 0.08 V during
lithiation. The XPS results at 0.4 V (Sl Figure S2), 0.15 V (Sl Figure S3) and 0.01 V (Figure
6) suggest significant changes in the SEI components at these formation potentials. At 0.4

V, a thin layer of LiF and free carbonate organic components were formed, then at 0.15 V
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vs Li*/Li, other organic components identified as alkyl-lithium carbonates (ROCOOL.) are

formed (Figure S2 and Figure S3 in supporting information).

At 0.01 V vs Li*/Li, the SEI formed at the electrode cycled in EC/DMC is
constituted of LiF (F 1s peak at 685 eV), phosphates groups (POx like species at 133 eV)
and a minor composition of lithium carbonates (as only a contamination carbon peak is
detected at 285 eV). Similar compositions are seen in the electrode cycled in FEC/DMC,
however, the amount of ROCOOLI and Li.COs is higher in this case****. This can be
attributed to the decomposition of FEC by ring opening to form Li2COz and/or ROCOOL..
After one minute of sputtering, an increase of LioCOs, LiF, and POy related species is
revealed in the C 1s, F 1s and P 2p peaks at 290, 685 and 133 eV, respectively. These
species result mainly from LiPFe, salt decomposition to form LiF and phosphates groups
and FEC and EC decomposition through bi-electronic process**’ forming Li.COs. At this
stage of the study, the decomposition kinetics of the salts and solvents are not trivial, but it

appears that the SEIs have similar composition but slightly different thicknesses.

At 0.8 V vs Li*/Li after delithiation, the SEI appears to be composed entirely of LiF
and of free lithium carbonate organic components in the first 5 nm, which implies a partial

dissolution of the SEI during the delithiation process.
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Figure 6. XPS depth profiling spectra of Cls, F1s, O1s and P2p of SiOx thin films electrodes cycled in EC/DMC and
FEC/DMC and stopped at 0.01 V vs Li*/Li (pink lines) and at 0.8 V vs Li*/Li (orange lines). The time interval between
each curve corresponds to 1 min of sputtering.

In summary, the XPS depth profiling analysis of the SiO thin films at different voltages
revealed a partially reversible volume expansion in the SiO electrode cycled with two
different electrolytes. The lithiation process transforms the chemical composition from
SiO, to a combination of LiSiO, and Li,Siy, persisting through delithiation with a

proportional evolution.
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Despite expectations from literature associating the addition of FEC with the formation
of a more robust SEI, decomposed from FEC into LiF and polymeric FEC?"%48 our XPS
results show similar SEI compositions in EC/DMC and FEC/DMC. This could be linked
to our observation that SEI formation initiates only below 0.4 \ vs Li*/Li for both EC/DMC
and FEC/DMC electrolytes, likely due to the insulating behavior of the thin film before
lithiation. On the other hand, aligning with another reported influence of FEC, our results
indicate a thinner SEI in FEC/DMC-based electrolyte. This aligns with the notion that
polymeric FEC species enhance SEI flexibility*®, preventing cracks and hindering

excessive growth?,

While providing valuable insights into the evolving chemical compositions of SiOy
and SEI during cycling, the XPS results raise questions about the specific effects of FEC.
To delve deeper into the structural evolution of the SiOy electrode and to unravel the
dynamics of the SEI forming on the active material, particularly regarding the influence of
FEC, we performed operando XRR measurements. This technique uniquely offers real-
time, atomic-scale resolution of spatial modifications on the electrode surface during
cycling, without the need of dismantling the cell and rinsing the electrode, allowing us to
address these questions and gain a more comprehensive understanding of the surface

evolution of SiOy thin films during cycling.

3.2 Results of operando XRR

3.2.1 Fitting models of XRR data

The XRR curve of pristine SiOx electrode in the EC/DMC-based electrolyte at open
circuit voltage (OCV) is presented in Figure 7 (a). It exhibits distinct oscillations in the
range of 0.03 A to 0.08 A%, which are known as Kiessig fringes. These fringes arise due
to the constructive and destructive interference of X-rays partially reflected from two
distinct interfaces: the SiOy/electrolyte and the SiOx/substrate interface. The Kiessig
fringes can provide essential structural characteristics of the probed layer. The width of

these fringes indicates the thickness of the probed layer. In this case, the thickness of the

SiOx layer can be estimated by the formulad = Z—Z, resulting in a value of 103 nm, close

to the nominal value. Moreover, their form and amplitude are indicative of the electron

density contrast between the probed SiOx layer and its adjacent layers. The asymmetry and

the low amplitude of these Kiessig fringes suggest an inhomogeneity of the SiOx layer.

This observed inhomogeneity in the SiOx matrix may arise from the presence of different

(nano-)domains, as evidenced in the Si 2p XPS spectrum of the pristine SiOx electrode
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(Figure S1), where distinct peaks corresponding to Si-Si and SiO, were identified.
Consequently, a four-layer model was employed to fit the XRR curve of the pristine SiOx
electrode at OCV, as illustrated in Figure 7. The XRR data and the fit-derived electron
density profile (EDP) are depicted in Figure 7 (a) and (b), respectively. Proceeding from
the Si wafer to the electrolyte, the four layers of the model are: a native oxide layer, denoted
as "SiO2", two intermediate oxide layers, labeled as "SiOx-1", "SiOx-2", and a "bulk SiOx"
layer. We note that a rapid variation of the oxygen content in SiOx in the vicinity of the
current collector is also suggested from the XPS results. Detailed rationalization for this
fitting model is available in the supporting information. Similarly, for the EC/DMC/FEC

based electrolyte, we used the same four-layer model to fit the XRR curve at OCV.
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Figure 7. (a) Experimental (grey dots) and simulated (red line) XRR data (the inset is a zoom to the low-g region) and
gg) Ct(m/;fit-derived electron density profile (EDP) of SiOx electrode in EC/DMC based electrolyte at open circuit voltage

The XRR fitting models evolve during the lithiation process due to changes at the
electrode/electrolyte interface. For the EC/DMC-based electrolyte, a SEI layer, denoted as
“L1” layer, is incorporated into the fitting model from 0.5 V vs Li*/Li. Starting at 0.15 V
vs Li*/Li, as the electrode lithiation progresses, a single bulk SiOx layer is not sufficient to
describe the electron density gradient in the electrode due to the lithiation. Consequently,
two lithiated SiOx layers, denoted as “L.2” and “L3” respectively, are used to describe the
previous bulk SiOx layer. Additionally, the SiO, layer is also divided into two distinct
layers, denoted as "SiO.-1" and "SiO,-2". A schematic representation of this modified
fitting model and its corresponding EDP are presented in Figure 8 (a) and (b), respectively,

with detailed justifications provided in the supporting information.

In the case of the EC/DMC/FEC-based electrolyte, a SEI layer, denoted as “L17, is
introduced into the fitting model from 1 V vs Li*/Li. Beginning from 0.15 V vs Li*/Li,
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similarly to the EC/DMC-based electrolyte, the bulk SiOx is also replaced by two lithiated
SiOx layers, denoted as “L2” and “L3”. However, as for the SiO- layer, a single layer is
sufficient for the fitting. Figure 8 (c) and (d) depict the schematic representation and the

corresponding EDP for this specific case.
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Figure 8. Schematic illustrations of XRR fitting models at the 0.15 V vs Li*/Li of (a) EC/DMC based, (b) EC/DMC/FEC
based electrolytes and the corresponding fit-derived electron density profiles. In the fitting model of the EC/DMC-based
sample, the SiO2 layer is divided into two lithiated SiO2 layers (labeled as SiO2-1 and SiO2-2) due to the lithiation of
SiO2. The rationalization of this fitting model is detailed in the supporting information.

3.2.2 Qualitative analysis of XRR data

Figure 9 and Figure 10 depict normalized operando XRR data, both measured and
simulated, along with fit-derived EDPs and the electrochemical data of SiOx electrodes.
Each of these figures is divided into three sub-figures, showing (a) the XRR data, (b) the
corresponding EDPs obtained from fitting, and (c) the experimental electrochemical data.
At the OCV, both datasets were analyzed using a four-layer model, as previously
mentioned. The fitting models are adapted as the lithiation process progresses as described

in section 3.2.1 and Figure 7.

Electrode cycled in EC/DMC based electrolyte

For the EC/DMC dataset, no evolution of the XRR profile is observed until 0.5 V
vs Li*/Li (Figure 9). At 0.5 V, Kiessig fringes of the XRR curve have a lower amplitude
compared to that at 1 V vs Li*/Li, revealing the blurring of the bulk SiOx/electrolyte
interface, suggesting the onset of a solid electrolyte interphase (SEI) formation. Therefore,
the corresponding SEI layer (L1) is introduced into the fitting model. At 0.3 V vs Li*/Li,
the fit-derived EDP shows that both the thickness and electron density of the SEI increase.
At 0.15 V, the raw XRR signal shows a drastic change (Figure 9 (a)) and it was found out

19



that the SiOx phase is split into two layers (Figure 9 (b)). The first layer, L2, located at the
interface with electrolyte shows a relatively high electron density, while the second layer,
L3, adjacent to the substrate, shows a significant decrease of electron density due to the
lithiation. This phase segregation remains below 0.15 V and even after the delithiation
process. It is noted that the thickness of the electrode layers (L2 and L3) decreases during
the delithiation. The XRR curve does not change much while the SiOx potential is kept at
2 V vs Li*/Li, suggesting that the delithiation process is completed before this potential.
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Figure 9. The first cycle of SiOx in EC/DMC based electrolyte: (a) Experimental (dots) and fitted (lines) log-log XRR
data of SiOx at different lithiation and delithiation stages, (b) the corresponding best fit-derived electron density profiles
and (c) the corresponding electrochemical data.

Electrode cycled in EC/DMC/FEC based electrolyte

The XRR curves recorded using EC/DMC/FEC between OCV and 1.3 V vs Li*/Li
do not show any change (Figure 10). From 1 V to 0.5 V vs Li*/Li, the slope around q =
0.04 A becomes steeper, indicating the increase of interface roughness or the formation
of a rough SEI. Hence, a layer above the bulk SiOx labeled as “L1” is introduced to the
fitting model from 1 V. From 0.3 V to 0.1 V vs Li*/Li, the fit-derived EDPs shows the
densification and growth of SEI. Simultaneously, the density of the bulk SiOx drops while
the thickness increases, indicating the lithiation of SiOx. During delithiation, the bulk SiOx
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shrinks with a gradual increase of electron density. Concurrently, a decrease of SEI
thickness is observed as well. No change in the SEI or bulk SiOx is observed at the 2 V vs

Li*/Li plateau.
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Figure 10. The first cycle of SiOx in EC/DMC/FEC based electrolyte: (a) Experimental (dots) and fitted (lines) log-log
XRR data of SiOx at different lithiation and delithiation stages, (b) the corresponding best fit-derived electron density
profiles and (c) the corresponding electrochemistry. All potentials are given vs Li*/Li.

3.2.3 Quantitative fitting results of XRR data

In this section, we will discuss the quantitative fitting results of XRR for three key
layers: L1, L2 and L3. It was found out that the XRR results can be reasonably explained
by assuming that L1 represents the SEI while L2 and L3 correspond to lithiated bulk SiOx.

Electrode cycled in EC/DMC based electrolyte

Figure 11 provides a concise summary of the quantitative fitting results for three
main layers observed during cycling in the EC/DMC based electrolyte: L1, L2 and L3.
Figure 11 (a)-(d) show respectively the thickness, the electron density, roughness and the
density-thickness product of the L1 layer while Figure 11 (I) shows the corresponding
voltage of each measurement. Specifically, the density-thickness product of the layers
during cycling are plotted, which unveils the electron content of the layer. This parameter
is more reliable for tracking the dynamics of the target layer compared to using a single

fitting parameter, such as thickness or electron density.
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L1 layer (SEI)

The results show that the SEI forms at 0.5 V vs Li*/Li with a thickness of 154 A
and a density of 0.63 e-A3. It is worth noting that the SEI consists of two sub-regions, an
inner inorganic SEI which is adjacent to the electrode and an outer porous organic SE[I3,
Since the organic components have a similar electron density to that of the electrolyte,
XRR is usually more sensitive to the inorganic region where the electron density is higher.
Given that the electron density of LiF is 0.74 e-A, the SEI at this voltage likely comprises
LiF with other organic components. As the voltage decreases from 0.5 to 0.004 V vs Li*/Li,
the SEI thickness consistently increases to 274 A, accompanied with a rise in electron
density to 0.74 e-A3. These findings align with XPS analysis, which supports the presence
of LiF and carbonate components in the SEI layer. During the delithiation process, we
observe a partial dissolution of the SEI, as its thickness decreases to 247 A while
maintaining an electron density of 0.74 e-A3. This suggests the persistent dominance of
LiF in the (inorganic) SEI composition, as corroborated by XPS spectra at 0.8 V vs Li*/Li
during delithiation indicating the presence of LiF and free carbonate organic components.
Furthermore, the density-thickness product of the SEI, which reveals the electron content
of the layer, shows a similar trend to that of SEI thickness. The roughness of SEI fluctuates
between 70 A and 87 A during the cycling.

L2 layer (bulk SiOx — LixSiy and Li:SiOt)

As mentioned previously, the lithiation of the bulk SiOx increases the electron
density gradient with the electrode. In the previous fitting model, L3, which has a uniform
electron density and was located just below L1 (SEI), was the only layer used to describe
the bulk SiOx layer from OCV to 0.3 V vs Li*/Li. However, starting from 0.15 V, the phase
gradation within bulk SiOx necessitates a refined approach. In the modified fitting model,
both L2 and L3 are introduced to better describe the lithiated bulk SiOx layer.

The thickness, electron density, roughness and density-thickness product of the L2
layer are depicted in Figure 11 (e)-(h). As lithiation progresses, from 0.15 V to 0.004 V vs
Li*/Li, the thickness of L2 exhibits a slight increase from 110 A to 192 A, followed by a
gradual decrease to 82 A during the delithiation. The electron density concurrently
decreases from 0.63 e-A to 0.56 e-A- during lithiation and gradually rebounds to 0.7 e-A-
% during delithiation. The roughness of this layer varies between 45 A and 70 A during the
cycling.
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L3 layer (bulk SiOx — LixSiy and Li:SiO)

The evolution of the thickness, the electron density and the roughness of L3 layer
are illustrated in Figure 11 (i)-(k). In Figure 11 (i), the grey dots indicate the thickness of
the L3 layer while the black dots represent the total thickness of the lithiated bulk SiOx
layer (L2 + L3). The thickness and the density of the L3 layer remain constant from OCV
to 0.5 V vs Li*/Li, indicating that the lithiation of bulk SiOy begins at a voltage lower than
0.5 V. From 0.5 V to 0.3 V vs Li*/Li, the thickness of L3 increases gradually from 823 A
to 867 A, suggesting the onset of SiOx lithiation. From 0.15 V vs Li*/Li, the lithiated bulk
SiOxy is represented by both L2 and L3 layers. During lithiation, both the L3 thickness and
the total thickness of L2 and L3 increase, reaching maximum values of 1001 A and 1193
A respectively. Concurrently, the electron density of L3 decreases to 0.5 e-A. This lower
density indicates that the compositions of L3 layer comprises Li,SiO: along with other low-
density compounds, such as LixSiy and amorphous Li.SiO:. During delithiation, both the
L3 thickness and the total bulk SiOx thickness gradually decrease. The L3 thickness returns
to 926 A, while the total bulk SiOy thickness returns to 1008 A. The results reveal a
breathing behavior of bulk SiOx during the cycling process. Meanwhile, the electron
density of L3 increases back to 0.57 e-A- at the end of the delithiation, which is lower than
the initial electron density of the bulk SiOx layer, suggesting the presence of irreversible
lithiated products.
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Figure 11. XRR fit-derived quantitative results of the sample cycled in EC/DMC based electrolyte: (a)-(d) Thickness,
electron density, roughness and electron density-thickness product of L1 layer; (e)-(h) Thickness, electron density,
roughness and electron density-thickness product of L2 layer;(i)-(k) Thickness, electron density and roughness of L3
layer; Black dots represent the total thickness of bulk SiOx. (I) The corresponding voltages vs Li*/Li of each XRR dataset.

Electrode cycled in EC/DMC/FEC based electrolyte

The quantitative fitting results of the EC/DMC/FEC cell are summarized in Figure
12.

L1 layer (SEI)

In Figure 12 (a)-(d), we present respectively the thickness, the electron density,
roughness and the density-thickness product of the L1 (SEI) layer while Figure 12 (I)
corresponds to the voltages for each XRR dataset. It is known from the literature that FEC
undergoes reductive decomposition at a voltage higher than 1 V vs Li*/Li to form an initial
SEI on the Si-based electrode?’?8. As a result, we introduce the L1 layer, representing the
SEI layer, into the XRR fitting model starting from 1 V. Initially, at 1 V, the L1 layer
exhibits a thickness of 75 A with a density of 0.44 e-A= and a roughness of 50 A. This low
density, close to that of the electrolyte, along with the high roughness, suggests that at this
voltage, the SEI layer is not yet well-constructed and is primarily composed of organic
species. This finding aligns with the XPS results. As the voltage drops to 0.3 V vs Li*/Li,
the thickness of the SEI increases rapidly to 205 A, and its electron density increases to

0.74 e-A during lithiation. This high electron density indicates that the L1 layer is
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predominantly composed of LiF at this voltage. In connection with the previous ex situ
XPS results, we interpret these findings as indicating the formation of a well-defined solid
electrolyte interphase (SEI) at 0.3 V vs Li*/Li in the EC/DMC/FEC-based electrolyte. From
0.3V t0 0.1V vs Li*/Li, L1 experiences a slight growth to 218 A, with an electron density
remaining at 0.74 e-A“. During delithiation, L1 demonstrates a breathing behavior as its
thickness shrinks to 185 A, while its density remains around 0.74 e-A=, showing good
stability during the delithiation process. Additionally, the roughness of L1 varies from 50

A to 90 A during the cycling process.
L2 layer (bulk SiOx — LixSiy and Li:SiOt)

Similar to the EC/DMC system, we found out that including a L2 layer is not
necessary down to 0.3V in order to fit the raw XRR signal, but should be included after
0.3V to obtain a precise fit. Quantitative fitting results of the L2 layer are shown in Figure
12 (e)-(h). From the emergence of the L2 layer at 0.15 V vs Li*/Li in lithiation stage until
the start of delithiation at 0.3 V, L2 maintains stability in both thickness and electron
density, with a thickness around 140 A and an electron density around 0.6 e-A. During
the further delithiation process, L2 gradually shrinks to 94 A, accompanied by a

progressive increase of electron density to 0.68 e- A3,
L3 layer (bulk SiOx — LixSiy and Li:SiOt)

The quantitative fitting results of the L3 layer in the EC/DMC/FEC system are
summarized in Figure 12 (i)-(k). Like what was observed in the EC/DMC system, from
OCV to 0.5 V vs Li*/Li, L3 represents the total bulk SiOx layer and exhibits no evolution
in thickness or electron density. However, from 0.3 V, the thickness of the bulk SiOy layer
increases from 815 A to 1000 A accompanied by a drop in electron density from 0.68 to
0.6 e-A3. Starting from 0.15 V, the bulk SiOx layer is described by both L2 and L3 layers.
In Figure 12 (i), grey dots represent the thickness evolution of L3, while black dots show
the evolution of the total lithiated bulk SiOx layer. Both thicknesses increase during
lithiation, reaching maximum values of 954 A and 1094 A respectively. Simultaneously,
the electron density of L3 drops to 0.54 e-A. These results signify the lithiation of SiOj,
causing the expansion of the L3 layer. During delithiation, both the L3 thickness and the
total bulk SiOx thickness decrease. At the end of delithiation (2 V vs Li*/Li), the L3
thickness drops to 855 A, while the total thickness of the delithiated bulk SiOx layer drops
to 948 A. Concurrently, the electron density of L3 rises back to 0.63 e-A-3. While slightly
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higher than the 0.57 e- A3 observed in the EC/DMC system, it remains lower than the initial
electron density of the bulk SiOx layer, suggesting the presence of some irreversible
compounds within the L3 layer after delithiation.
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Figure 12. XRR fit-derived quantitative results of the sample cycled in EC/DMC/FEC based electrolyte: (a)-(d) Thickness,
electron density, roughness and electron density-thickness product of the L1 layer. (e)-(h) Thickness, electron density,
roughness and electron density-thickness product of the L2 layer. (i)-(k) Thickness, electron density and roughness of the
L3 layer; black dots represent the total thickness of bulk SiOx. (I) The corresponding voltages vs Li*/Li of each XRR
dataset.

3.2.4 Comparison between different electrolytes and discussion

The quantitative fitting results of the L1, L2 and L3 layers for the EC/DMC and
EC/DMC/FEC systems reveal some similarities and differences in the evolution of the SiOx

surface during cycling.

In both EC/DMC and EC/DMC/FEC systems, the SEI and bulk SiOx layers exhibit
a breathing behavior, growing during lithiation and partially dissolving during delithiation,
indicating common structural dynamics. However, notable differences emerge: the SEI
thickness in EC/DMC (reaching 274 A) surpasses that in EC/DMC/FEC (peaking at 218
A), suggesting that FEC influences SEI layer growth. In addition, the density-thickness
product suggests that the SEI is more stable in EC/DMC/FEC. This is because the density-

thickness product is an indicator of the electron content within the layer, and its values vary
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less in EC/DMC/FEC, indicating that the reactions are more modest in this FEC containing

system.

3.3 (De)lithiation model/SEI model

In this section, we integrate the insights from ex situ XPS analysis and operando
XRR analysis to provide a comprehensive description of the SiOx thin film evolution
during lithiation/delithiation. Figure 13 summarizes the surface evolution of the SiOx
electrode during cycling. Initially, the ex situ XPS analysis reveals that, for both
electrolytes, no significant changes in the SiOx electrode thickness or Si 2p spectra occur
before 0.4 V vs Li*/Li, suggesting the beginning of SiOx lithiation after this voltage.
Furthermore, no significant signals of SEI are detected before 0.4 V. At 0.4 V, LiF signals
are detected in both electrolytes. This indicates an intimate relationship between the
formation of SEI and the lithiation of the SiOx electrode, a notion corroborated by operando
XRR results. Indeed, operando XRR results confirm that, for both electrolytes, the electron
density and the thickness of the bulk SiOx layer only start evolving from 0.3 V vs Li*/Li,
affirming the initiation of SiOx lithiation below 0.4 V vs Li*/Li. In the FEC containing
system, the thickness of L1 layer significantly increases between 0.3 and 0.5 V although
the L1 layer was introduced already at 1 V vs Li*/Li (Figure 12(a)). In the FEC free system,
the L1 layer starts to grow around 0.5 V (Figure 11(a)).

This observation suggests that the additional FEC did not form a SEI prior to the
decomposition of EC. We hypothesize that the delayed decomposition of FEC is due to the
high resistivity of SiOx that restricts electron transport from the electrode to the
electrode/electrolyte interface. This hypothesis aligns with the findings of Steinriick et al.
in their investigation of the lithiation of native oxide-terminated Si°%. In their study, they
observed that the formation of SEI and LiF starts only after the lithiation of the native oxide
layer. This layer, characterized by a high resistivity, serves as a protective barrier,

expanding the electrochemical stability window of electrolytes down to 0.7 V vs Li*/Li®.

In addition, ex situ XPS reveals a thickness expansion of SiOx during lithiation and
a shrinkage during delithiation for both electrolytes. Operando XRR confirms this
“breathing behavior”, indicating that the addition of FEC does not significantly affect the

lithiation of SiOx. Regarding chemical compositions, ex situ XPS reports the evolution of

27



the electrode’s chemical composition from SiOx to Li.SiOt and LixSiy during lithiation, and
these compositions remain unchanged during delithiation, indicating irreversibility. This is
further supported by operando XRR results, that detail the lithiation-induced
transformation of the initial bulk SiOx layer into two lithiated layers (L2 and L3), with L2
mainly consisting of Li,SiO¢ located close to the surface and L3 primarily composed of

LixSiy below.

Regarding SEI evolution, ex situ XPS finds similar chemical compositions of the
SEI in both FEC-containing and FEC-free electrolytes. For example, LiF is the main
component in L1 (top-SEI) layer for both systems, and Li.COs is found only at 0.01 V and
disappears during the delithiation. However, the SEI formed in the FEC-containing
electrolyte exhibits a lower thickness both at the end of lithiation and at the end of
delithiation. Additionally, for both electrolytes, ex situ XPS observes a partial dissolution
of the SEI, findings further validated by operando XRR results. The XRR results track SEI
evolution during cycling, revealing that, at the end of lithiation, the FEC-containing system
results in a thinner SEI (218 A) compared to the FEC-free system (274 A). Moreover,
regardless of FEC presence, the SEI undergoes partial dissolution during delithiation, as
seen in the XPS and XRR results.

o uF
Li,Si, Li,SiO, Li,Sio,
FEC-free Bulk SiO, Bulk Si0, (Li,Si0,) (+Li,Si,) (+Li,Siy)
ocv 0.4-0.5V 0.01V 1V 2v
BT Lithiation Delithiati_
S S
FEC-containing . .o Li,Si0,/Li,Si, ( +t::|'6 ) Li SO, Li,Sio,
ulk SiO, 31U (+Li,Si,) (+ Li,si,)
ocv 03V 0.01V 1v 2V
BT Lithistion Delithiation . M

Figure 13. Schematic summary of SiOx thin film surface evolution during cycling. Note that the organic SEI is omitted.
Voltages are referred vs Li*/Li. The color of bulk SiOx phases qualitatively reflects its electron density.
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4. Conclusion

In conclusion, we have provided the first combined ex situ XPS and operando XRR
study of SiOx thin film electrodes, allowing to probe both the chemistry and the thickness
evolution of the SEI and the active material. This study provides a thorough investigation
into the dynamic evolution of SiOx thin film electrodes during the first
lithiation/delithiation cycle. We obtain a combined view of local atomic environments and
electronic density variation through the thickness of the SEI and of the bulk material. We
find that the SEI is mainly composed of LiF and lithium carbonates, of different proportion
depending on the electrolyte composition. The integrated insights unveil that SiOx lithiation
initiates below 0.4 V vs Li*/Li, with an intimate correlation between SEI formation and
SiOx electrode lithiation. Despite similar SEI chemical components in FEC-containing and
FEC-free electrolytes, the former displays a thinner SEI. In the lithiation process, both the
SEI and the SiOx thicken. In the delithiation process, the SiOx becomes thinner as expected,
but its final thickness is larger than that of pristine sample. Chemical composition analysis
underscore irreversible lithiation processes, transitioning from SiOx to Li,SiOt and LixSiy.
It was also found out that the thickness of the SEI decreases during delithiation for both
electrolyte compositions, which may be due to a partial dissolution of the SEI. These
observations provide valuable insights into the understanding of electrode lithiation and
surface evolution during the early formation cycles of SiOx, a material currently being

considered for next-generation lithium-ion batteries at the industrial level.

Supporting information: Si 2p core level spectrum of the pristine SiOx thin film, Sputtering
time of Si-free layer formed on the electrode surface after cycling, Si atomic concentration
relative to the oxidation states of silicon atoms, XPS depth profiling spectra of C 1s, F 1s,
O 1sand P 2p core levels of SiOx thin films electrodes cycled in EC/DMC and FEC/DMC,
XPS quantification of SEI composition depending on the electrolyte, Rationalization of
XRR fitting models for the pristine electrode, Electron density profiles of pristine
electrodes in different electrolytes, Rationalization of XRR fitting models for the EC/DMC
cell, SEM images of the cross-section of SiOx thin film are supplied as Supporting

information.
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