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Formation and Evolution of the Solid Electrolyte Interphase
on Silicon Electrodes from Fluorine-Free Electrolytes

Zijie Lu, Tamara Patranika, Andrew J. Naylor, Jonas Mindemark, Samuel Tardif,*
Guiomar Hernández,* and Sandrine Lyonnard*

With the increasing attention to energy storage solutions, a growing emphasis
has been placed on environmentally compatible electrolytes tailored for
lithium-ion batteries. This study investigates the surface behavior of Si wafers
as model systems cycled with a fluorine-free electrolyte based on lithium
bis(oxalato)borate (LiBOB), with and without the additive vinylene carbonate
(VC). By utilizing operando X-ray reflectivity (XRR) and ex situ X-ray
photoelectron spectroscopy (XPS), the intricate processes involved in solid
electrolyte interphase (SEI) formation is elucidated, SiO2/Si (de)lithiation, and
the impact of the VC additive. Three distinct stages in SEI evolution during
lithiation and delithiation are identified: SEI formation, subsequent
densification and growth, and decrease in SEI thickness during delithiation,
which collectively demonstrate the breathing behavior of the SEI during
cycling. The addition of VC is found to mitigate LiBOB decomposition during
cycling and promote a smoother SEI layer. Moreover, lithium trapping within
the Si wafer post-delithiation is observed for both electrolytes but to a lesser
extent with the addition of VC. This study offers structural and chemical
insights into the fundamental processes governing SEI formation and Si wafer
(de)lithiation in LiBOB-based electrolytes, with implications for designing
environmentally friendly lithium-ion batteries.
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1. Introduction

The increasing production of lithium-ion
batteries (LIBs) to meet the growing de-
mand for energy storage in electric ve-
hicles, portable electronics, and the elec-
tricity grid emphasizes the need for safe,
sustainable, and environmentally friendly
battery technologies. In this regard, there
is much emphasis on replacing electrode
active materials and improving the pro-
duction process; however, the electrolyte
is often left behind and its main com-
ponents have remained the same since
the initial commercialization of LIBs. This
electrolyte is composed of a fluorinated
salt, lithium hexafluorophosphate (LiPF6),
dissolved in a mixture of carbonate sol-
vents with many different additives, some
of them fluorinated as well. Although a
highly fluorinated electrolyte is considered
a requirement for high performance,[1] it
poses significant challenges to the sus-
tainability and environmental impact of
batteries.[2] LiPF6 is prone to defluorination
reactions resulting in toxic and corrosive
compounds, such as HF and PF5, which

may result in detrimental reactions with other cell
components.[3–5] Furthermore, they pose problems for the
recycling of such batteries as their toxicity remains a safety
hazard, they can corrode the reactors during recycling and
fluorine remains easily as impurity in the recycled materials.[6–8]

Additionally, the poor thermal stability of LiPF6 leads to rapid cell
performance deterioration at high temperatures (>60 °C),[9] com-
promising safety during operation and in the recycling process.
In response to these challenges, the exploration of alternative
fluorine-free salts in recent decades has led to the emergence of
lithium bis(oxalato)borate (LiBOB) as one of the most promising
and well-studied candidates.[10–15] Despite its lower solubility
(0.8 m) and conductivity (8 – 9 mS cm−1) in carbonate-based
solvents compared to LiPF6 (>1 M and >10 mS cm−1),[16]

LiBOB presents compelling features to address these lim-
itations. It exhibits higher thermal stability, up to 300 °C,
and decomposition products with lower toxicity than the fluori-
nated counterparts (B2O3 and CO2).[10,17] Furthermore, LiBOB
has gained environmental recognition, being classified as readily
biodegradable in water by the European Chemicals Agency.[16]

This classification ensures rapid and complete biodegradation
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in aerobic aquatic environments, aligning with the Organisation
for Economic Cooperation and Development guidelines.[18]

Moreover, the utilization of LiBOB has been widely reported to
enhance battery performance by forming a stable solid electrolyte
interphase (SEI) on the graphite electrode[10,12,15,19,20] and being
able to further suppress electrolyte reduction and associated
gas evolution.[21] This SEI predominantly consists of oxalates,
semicarbonates, and ethers with polymer-like species,[11,13,22,23]

further emphasizing the multifaceted advantages of LiBOB in
enhancing both the safety and performance aspects of LIBs.

In the development of higher-performance LIBs with greater
energy density, substantial efforts have additionally been devoted
to the implementation of active materials with higher specific ca-
pacity and cycle life. Silicon stands out as one of the most promis-
ing candidates for the next generation of anode materials due to
its exceptionally high theoretical capacity (3579 mAh g−1), ten-
fold larger than the state-of-the-art graphite anode (372 mAh g−1).
However, the transformative potential of Si electrodes is hin-
dered by its substantial volume expansion of up to 300% dur-
ing lithiation.[24–26] This drastic expansion induces mechanical
stress, leading to the pulverization of Si particles, loss of electri-
cal contact, and the continuous growth of the SEI.[27] This draw-
back can be mitigated by introducing electrolyte additives, such
as fluoroethylene carbonate (FEC)[28–31] and vinylene carbonate
(VC)[32] to form a robust SEI layer. Furthermore, Si-based an-
odes have shown promising cyclability and electrochemical per-
formance in LiBOB-based electrolytes. Investigations on the sur-
faces of Si thin films cycled in LiBOB-based and LiPF6-based
electrolytes using FTIR and XPS by Choi et al. revealed that the
LiBOB-based electrolyte resulted in a less porous structure, con-
trasting with the moss-like, porous structure observed in LiPF6
due to Si cracking.[33] Li et al. explored the electrochemical per-
formance of Si/Graphite composite electrodes cycled in LiBOB
and LiPF6 mixed electrolytes, highlighting the role of LiBOB
in forming an intact SEI layer and enhancing electrochemical
performance.[34] However, other studies have shown the prefer-
ential degradation of LiBOB on graphite particles compared to
silicon particles, which suggests that the formation of an SEI
on graphite could leave the silicon particles unprotected.[23] Mov-
ing toward high-energy-density full cells (NMC111/Si-Graphite),
Hernández et al. demonstrated that using a LiBOB-based elec-
trolyte provided favorable electrochemical performance.[16] The
LiBOB-based electrolyte showed higher cycling stability com-
pared to a LiPF6-based electrolyte without additives and at lower
C-rates (C/10). However, at higher C-rates (C/2) the fluorine-free
electrolyte featured lower performance due to its higher cell re-
sistance. Collectively, these studies underscore the pivotal role of
LiBOB in forming a robust and stable SEI on graphite, contribut-
ing significantly to improving battery performance. However, a
thorough investigation dedicated to understanding the formation
and growth of the SEI on silicon electrodes in LiBOB-based elec-
trolytes and the role of additives remains noticeably absent in the
current literature.

Indeed, the study of the SEI is crucial for advancing bat-
tery technology. However, obtaining reliable experimental data
poses significant challenges. Traditional ex situ techniques of-
ten struggle to capture the dynamic nature of SEI evolution
during cycling, leading to uncertainties in the obtained data.
Synchrotron X-ray techniques are invaluable for operando bat-

tery characterization due to their ability to provide a dynamic
view of a battery and its components during cycling, reveal-
ing real-time electrochemical mechanisms and processes often
out of equilibrium.[35] A wide range of synchrotron-based tech-
niques, such as small-angle X-ray scattering,[36] X-ray absorption
spectroscopy,[37] and X-ray diffraction,[38] have been employed for
battery characterization under operando or ex situ conditions. Ad-
ditionally, X-ray reflectivity (XRR) and X-ray photoelectron spec-
troscopy (XPS) are particularly well-suited for SEI characteriza-
tion due to their surface-sensitive nature, making them ideal for
analyzing the physical and chemical responses at battery sur-
faces and interfaces. By combining their strengths, the integra-
tion of operando synchrotron XRR with ex situ XPS emerges
as a powerful strategy.[39] The high intensity of X-rays gener-
ated by a synchrotron radiation facility enables fast XRR ac-
quisition, facilitating operando experiments in battery research.
Operando XRR provides real-time insights into interfacial phe-
nomena, providing thickness, roughness, and electron density
evolution during cycling, while ex situ XPS offers detailed chem-
ical analysis post-cycling, creating a comprehensive approach for
SEI dynamics and composition. In 2016 and 2017, Cao et al. in-
vestigated the lithiation mechanism of crystalline Si wafers at
the atomic scale by the synchrotron XRR technique.[40,41] Fur-
thermore, in 2017 and 2019, Veith et al. and Cao et al. respec-
tively reported the investigation of SEI on Si anodes in LiPF6-
based electrolytes by performing operando neutron reflectivity
and synchrotron XRR coupled with ex situ XPS experiments.[42,43]

The former study explored the influence of FEC on the thick-
ness and composition of the SEI, revealing that FEC decompo-
sition results in a thinner SEI composed of more flexible poly-
meric components. The latter study focused on SEI formation,
identifying two distinct layers: a top-SEI primarily composed of
lithium fluoride (LiF), and a bottom-SEI consisting of lithiated
species from the native oxide layer of the Si anode. Both stud-
ies integrated structural insights from reflectometry techniques
with chemical information from XPS, highlighting the emerging
trend of combining these methodologies for comprehensive SEI
investigations.

Herein, we employ a combination of operando XRR and ex
situ XPS to thoroughly investigate the formation and growth of
the SEI on Si wafers with fluorine-free LiBOB-based electrolytes
with and without vinylene carbonate (VC) as additive (illustra-
tion of the setup is shown in Figure 1). Hard X-ray Photoelec-
tron Spectroscopy (HAXPES) at 7.05 keV, 2.35 keV, and Soft X-
ray Photoelectron Spectroscopy (SOXPES) were used for prob-
ing different depths. The results are compared to investigate the
impact and degradation of the salt, as well as the impact of the
additive on the SEI formation and its dynamics. We find that
both the composition and morphology of the SEI formed with
LiBOB-based electrolytes differ from the SEI formed using LiPF6-
based electrolytes, and that the additive plays a subtle role that can
lead to a more stable interphase and improved electrochemical
performance.

2. Results and Discussion

To measure both the chemical and structural characteristics of
the SEI formed on a silicon wafer using a fluorine-free electrolyte,
two correlatively synchrotron experiments were performed, as
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Figure 1. Schematic illustration of the measurement setup for XRR and HAXPS/SOXPES. A correlative analysis of the datasets and results is performed
to determine the main structural and chemical characteristics of the SEI formed on silicon wafers using non-fluorinated electrolytes.

shown in Figure 1. XRR profiles and depth-resolved XPS spec-
tra provide key parameters that are integrated to fully establish
what are the properties of the SEI and how they are influenced
by the use of an additive.

2.1. Electrochemical Responses

The operando cell for XRR has a large physical distance between
the lithium foil and the working electrode, that is, the silicon
wafer, to allow beam entry and reflection. While this setup is es-
sential for obtaining XRR measurements, it compromises elec-
trochemical performance by introducing higher resistance and
reducing cell tightness compared to the pouch cells used for XPS.
Additionally, since this setup is not optimized for electrochem-
ical performance, maintaining consistent tightness of operando
cells across different cells is challenging. Consequently, the Li-
BOB cell exhibits a significant negative parasitic current during
both cathodic and anodic sweeps, which is less pronounced in
the LiBOB+VC cell.

The electrochemical performance of both electrolytes was
compared using cyclic voltammetry (CV), to control the time
during the operando synchrotron XRR experiments. The cell
setup for operando XRR (CV-XRR) is different from the cells
for ex situ XPS (CV-XPS), and therefore slight differences are
observed in the electrochemical response. Figure 2 shows the
cyclic voltammetry for CV-XPS and Figure S2 (Supporting In-
formation) shows it together with CV-XRR. All potentials are

given versus Li+/Li unless otherwise stated. The overall inten-
sity of the voltammogram is similar to the initial cycles for the
two electrolytes. However, upon continuous cycling, the differ-
ences increase and the current is lower for LiBOB+VC com-
pared to LiBOB (cycle 10 in Figure 2). This is an indication that
LiBOB+VC does not lithiate the wafer to the same extent as Li-
BOB alone. Hence, the presence of VC changes the electrochem-
ical response in the long term. Despite the differences between
CV-XRR and CV-XPS (Figure S2, Supporting Information) due
to the cell setup, performance is comparable and the focus of this
project is on the SEI formation and growth, and not lithiation of
the silicon bulk.

Looking closer to the initial cycle (Figure 2 inset) both voltam-
mograms show a broad peak starting approximately at 1.8 V, cor-
responding to the initial formation of the SEI. This decomposi-
tion only occurs in the first cycle, as it is not visible in subse-
quent cycles. The current response is slightly higher in the case
of LiBOB+VC which could be due to an initial decomposition of
VC additive followed by the decomposition of LiBOB taking place
also in the electrolyte without VC.[21,44] At the lower potentials
(0.05 V) a reduction peak is seen, attributed to the lithiation of the
crystalline silicon. As known from literature,[45,46] alloying mate-
rials, such as silicon become amorphous upon cycling. Hence,
the reduction peak in the third cycle, seen at ≈0.15–0.2 V is at-
tributed to the lithiation of the amorphous silicon.[47,48] This peak
appears slightly later for LiBOB, which could be due to slightly
higher resistance with this electrolyte compared to LiBOB+VC.
Throughout cycling, the 10th cycle shows mainly a reduction peak
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Figure 2. Cyclic voltammograms of the 1st, 3rd and 10th cycle of a) LiBOB and b) LiBOB+VC of the CV-XPS cell.
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Figure 3. Experimental Fresnel-normalized XRR data (markers) and the corresponding fits (red solid lines) of a) LiBOB cell and (c) LiBOB+VC cell during
the first cycle; (b) and (d) the corresponding fit-derived EDPs. All curves are vertically shifted for clarity. The left panel indicates the used XRR fitting
models with 1, 2, or 3 layers on top of the silicon wafer. The layer L1 is assigned to the SEI while the layers L2 and L3 are assigned to lithiated SiO2 and
Si. e) Cyclic voltammograms of the first cycle of LiBOB cell (black line) and LiBOB+VC cell (red line).

of amorphous silicon being lithiated, showing less crystalline sil-
icon remaining. The two oxidation peaks are also observed ≈ 0.3
and 0.5 V attributed to the delithiation of silicon.[48] These peaks
show a slightly lower current for LiBOB compared to LiBOB+VC,
indicating a lower delithiation degree or lithium being trapped.

Considering the CV-XRR cells in Figure S2 (Supporting Infor-
mation), the electrochemical response shares some key features,
aside from the parasitic current mentioned. A small negative cur-
rent bump is observed ≈ 1.3 V during the cathodic sweep, which
can be attributed to the formation of SEI, given that LiBOB de-
composition begins ≈ 1.8 V, as seen in CV-XPS and reported in
the literature.[14,21] Additionally, a reduction peak appears around
0.2 V in the cathodic sweep, and two oxidation peaks are observed
around 0.3 and 0.5 V in the anodic sweep corresponding to the
lithiation and delithiation of the silicon wafer as seen in CV-XPS.
Even though the LiBOB cell exhibits parasitic current, the XRR
datasets from both the LiBOB and LiBOB+VC cells show a high
degree of similarity. This suggests that the parasitic current does
not significantly influence the formation or evolution of the SEI
at the electrolyte/electrode interface, but rather affects the lithi-
ation of the bulk silicon, which is not the primary focus of this
study. Therefore, our analysis will concentrate on the formation
and evolution of the SEI and the (de)lithiation of the silicon sur-
face and not the bulk.

2.2. Structural Characterization with Operando XRR

2.2.1. Qualitative Analysis

Figure 3a,c shows the measured Fresnel normalized XRR data
(markers) at different selected potentials and their best fits (red
lines) of the LiBOB cell and LiBOB+VC cell, respectively, during
the first cycle. The fits-derived electron density profiles (EDPs)
are present in Figure 3b,d. The cyclic voltammograms of the first

cycle of LiBOB and LiBOB+VC cells are shown in Figure 3e. The
full dataset is shown in Figures S3 and S4 (Supporting Informa-
tion).

To gain further insights into the working electrode surface evo-
lution, different XRR fitting models have been used throughout
the cycling as shown in the left panel in Figure 3. From 2 to 1.4 V,
the XRR data is fitted by a one-layer model sandwiched between
the substrate (Si wafer) and the ambient (electrolyte). Here, this
single layer corresponds to the native SiO2 layer at the surface
of the Si wafer. Note that it is reported in the literature that a
thin layer should be added between the native SiO2 layer and the
Si wafer to have a precise simulation of the Si/SiO2 interface for
high q range XRR measurement (qmax up to 0.8 Å−1).[49] Since the
q range in this study is only up to 0.4 Å−1, a single-layer model is
sufficient to fit the Si/SiO2 interface.

From 1.3 to 0.7 V, a minimum of intensity appears around
qmin = 0.15 Å−1, which corresponds to a thickness of 𝜋

qmin
≈ 21

Å. These curves are well described by a two-layer model. The top-
most layer represents the initially formed SEI at the interface be-
tween the surface of the SiO2-terminated Si wafer and the elec-
trolyte. The underlying layer, designated as L2, corresponds to the
lithiated SiO2 layer (LixSiOy) on the Si substrate. This interpre-
tation is consistent with the electrochemical response observed
in the cyclic voltammograms (Figure 3e), where a small negative
current bump is evident, indicating the formation of the SEI.

From 0.7 to 0.4 V, the previous qmin shifts to q = 0.1 Å−1 ac-
companied by the appearance of another minimum around q =
0.2 Å−1. This indicates the appearance of another layer within
the electrode, attributed to the further lithiation of SiO2 and Si
wafer.[41,42,50] It is important to note that in XRR fittings, the elec-
tron density profile is constructed by several layers, each with
uniform electron density. To better describe this evolution of elec-
trode surface, a more complex three-layer model is necessary to
fit the XRR data from this stage. Assigning chemical components
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to each layer based solely on their electron densities is challeng-
ing, even with prior information from the literature. The top-
most layer remains representative of the SEI. Beneath the SEI,
two additional layers designated as L2 and L3 are attributed to
describing the increased variation of electron density above the
intact bulk Si, corresponding to species with different degrees of
lithiation. The L2 layer can be assigned to a portion of the more
highly lithiated LixSiOy, while the L3 layer can be assigned to the
other side products of SiO2 that are less lithiated and/or the dif-
fusion of lithium into the bulk Si as proposed by Toney et al.[40–42]

This three-layer model is extended to fit the XRR data for the re-
mainder of the cycling process, covering the cathodic sweep from
0.4 V to complete anodic sweep as indicated in the left panel of
Figure 3.

From 0.4 V to the end of the first cathodic sweep (≈0.01 V),
the qmin shifts toward the lower q region, which suggests an in-
crease in the thickness of the layers as the lithiation progresses
further. This evolution in thickness correlates with the reduction
peak around 0.05 V observed in the cathodic sweep of the cyclic
voltammograms, signifying the lithiation of Si. The trend of in-
creasing thickness persists until reaching 0.2 V during the subse-
quent anodic sweep. The observed hysteresis phenomenon can
be attributed to the fact that, at the onset of the anodic sweep,
the current to the working electrode remains negative. During
the subsequent anodic sweep from 0.2 to 2 V, the qmin shifts back
toward the higher q region, indicating the shrinkage of layers.
This shrinkage correlates with the two oxidation peaks observed
in the cyclic voltammograms around 0.5 V, which correspond to
the delithiation of Si. The shrinkage continues until ≈1 V, where
a second minimum emerges around q = 0.15 Å−1, resulting in
two fringes with different widths. This suggests that the probed
surface presents two distinct electron contrasts. Indeed, the best
fit-derived EDPs (see Figure 3b,d) show that the L2 layer presents
a low-density layer, e.g. a distinct electron contrast with the adja-
cent layers.

2.2.2. Quantitative Analysis

Detailed quantitative results obtained from the XRR fittings of
LiBOB and LiBOB+VC cells are presented in Figure 4. These re-
sults offer structural information on the electrode/electrolyte in-
terface all along the first cycle, e.g. evaluation of layers thickness,
averaged electron density, and roughness. Overall, the quantita-
tive results of LiBOB and LiBOB+VC cells show high similarity
and only subtle differences are observed.

LiBOB Cell: We first focus on the XRR fitting results of the
LiBOB cell. The topmost layer, at the interface between the wafer
and the electrolyte, is assigned to the SEI. Its thickness, elec-
tron density, and roughness during the first cycle are shown in
Figure 4a. Its evolution during the first cycle can be divided into
three stages: I. formation and initial growth; II. densification and
continuous growth; III. partial dissolution or shrinkage. During
stage I, that is, from 1.3 to 0.5 V, the thickness of the SEI in-
creases from 9 to 15 Å, with an electron density ≈ 0.48 e Å−3. Its
roughness varies ≈ 7 Å. At this stage, the evolution of SEI density
and roughness shows dynamic fluctuations, indicating a variable
nature of the initial SEI formation process. From 0.6 to 0.5 V, a
significant increase in SEI electron density is observed from 0.48

to 0.6 e Å−3. This indicates that the SEI has progressed to stage II.
During stage II, from 0.5 V to the end of the cathodic sweep, the
SEI thickness increases to 28 Å while its electron density stays
≈ 0.6 e Å−3. At the beginning of the anodic sweep (0.1 V), as ex-
pected from XRR raw data, a remarkable increase of SEI thick-
ness from 28 Å to 36 Å is observed accompanied by a slight de-
crease in electron density to 0.57 e Å−3. As the delithiation pro-
cess continues, the SEI transitions into stage III, characterized by
a gradual and consistent decrease in thickness from 36 to 25 Å.
Simultaneously, there is an increase in both density and rough-
ness, with density rising from 0.57 to 0.65 e Å−3 and roughness
expanding from 17 to 21 Å. By combining the lithiation results,
we observe a distinct “breathing behavior” in the thickness of the
SEI layer. This effect is further supported by the evolution of the
density-thickness product shown in Figure S5 (Supporting Infor-
mation), a reliable parameter derived from XRR fits that allows us
to evaluate the total number of electrons per unit surface in the
SEI layer. Notably, the density-thickness product increases dur-
ing the cathodic sweep and decreases during the anodic sweep,
likely attributed to the incorporation and dissolution of decom-
position products of electrolytes into the SEI. This assumption is
further investigated by XPS analysis and will be presented in the
following section.

Then we turn to the L2 layer, just below the SEI. From OCV
to 1.3 V, the L2 layer remains consistent with a density of 0.66
e/Å3, a thickness of ≈16 Å, and a roughness of ≈5 Å. These find-
ings suggest that the L2 layer corresponds to the native SiO2 layer
in this voltage range, indicating that lithiation of SiO2 has not
yet taken place. Afterward, from 1.3 to 0.55 V, which is within
stage I of the SEI, the L2 layer thickness increases slightly from
16 to 19 Å, with a slight decrease in density to 0.62 e Å−3. This
stage may be assigned to the initial lithiation of the SiO2 layer
(LixSiOy), as expected.[51] Further lithiation of SiO2 and the un-
derlying Si layer is observed from 0.55 V, extending until ≈0.1 V
of the anodic sweep. At 0.55 V, an additional layer L3 is needed to
fit the experimental data. As explained in the “Qualitative analy-
sis” section, the lithiation process leads to the increase of chem-
ical inhomogeneity of the SiO2/Si interface, resulting in the for-
mation of lithiated SiO2 along with side products Si and lithi-
ated Si.[42] Additionally, the diffusion of lithium in bulk Si in-
creases the electron density complexity at this interface. These
factors necessitate the inclusion of another layer in the fitting
model. Therefore, starting from 0.55 V, L2 and L3 are used to
describe the lithiated SiO2/Si layers between the SEI and the
intact bulk Si. Note that the nature of L2 and L3 are intercon-
nected, as these layers represent electron density gradients intro-
duced along the formation of lithiated phases in both SiO2 and
Si. Accordingly, variations in local single-layer thickness, for in-
stance, do not describe a single process, but rather account for
the evolution of the amount of lithiated phases close to the SEI
and/or close to the silicon wafer. Therefore, from 0.55 V, L2 is
assigned to a layer containing chemical components with lower
electron density. The original thickness of this low-density layer
is 2 Å with an electron density of 0.47 e Å−3 compared to L3 (0.67
e Å−3). Consequently, at this potential, L2 is associated with a
layer containing LixSiO2 species with lower electron density and
a high degree of lithiation, while L3 can be assigned to a layer
containing LixSiOy species with lower lithiation degree and/or
lithiated Si.

Small 2025, 2410654 © 2025 The Author(s). Small published by Wiley-VCH GmbH2410654 (6 of 15)
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Figure 4. Quantitative results from first-cycle XRR fits: a–c) Thickness, electron density, and roughness of SEI, L2, and L3 layers, respectively for the
LiBOB cell; d–f) Same parameters for the LiBOB+VC cell; g) schematic view of Si surface evolution in the LiBOB cell. The numbered regions (I, II, III)
with different background colors indicate the different stages of electrolyte/electrode interface evolution. The first layer is the SEI layer while L2 and L3
correspond to different lithiated silicon phases between the SEI and the bulk wafer.

The chemical compositions of these two layers evolve during
cycling as indicated by the different electron densities. In the later
lithiation process, the L2 layer undergoes continuous expansion,
reaching a thickness of 58 Å, while its density decreases from 0.47
to 0.31 e Å−3. Comparing these values with the nominal density of
LixSiOy (ca. 0.7 e Å−3) and that of LixSi (<0.4 e Å−3),[42] it can be in-
ferred that the predominant component within the L2 layer at the
end of stage II evolves from LixSiOy to LixSi and Li2O. During the
subsequent anodic sweep, the thickness of the L2 layer continues
to decrease steadily to 41 Å, accompanied by an increase in den-
sity to 0.47 e Å−3. Thus, a “breathing behavior” of the electrode is
observed during the first cycle, with some compounds being dis-

solved back into the electrolyte. Furthermore, it is intriguing to
note that the density of the L2 layer at the end of the anodic sweep
is notably lower than the density of Si (0.7 e Å−3) or amorphous
Si after cycling (0.64–0.67 e Å−3).[41] This lower-density character-
istic can potentially be explained by the trapping of lithium in the
electrode.[52]

Finally, we turn to the late-appearing layer L3, located just
above the Si substrate. As mentioned previously, the incorpora-
tion of L3 into the XRR fitting model from 0.55 V during the ca-
thodic sweep aims to provide a more accurate description of the
complex electron density within the lithiated SiO2/Si layers. The
evolution of the L3 layer during the first cycle does not exhibit
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distinct stages like the SEI or L2 layers. Its thickness varies be-
tween 20 and 30 Å throughout, while its density decreases from
0.68 to 0.38 e Å−3 during the cathodic sweep and then increases
to 0.65 e Å−3 during the anodic sweep. This evolution can be
attributed to the (de)lithiation of the bulk Si substrate. Conse-
quently, the L3 layer can be considered as the lithiated part of
the Si bulk, situated between the intact bulk Si substrate and the
lithiated SiO2 layer/Si surface (L2). Unlike in L2, the electron den-
sity of L3 (≈0.65 e Å−3) at the end of the first cycle is higher than
that of L2 (≈0.47 e Å−3). Given that the electron density of L3 at
this point closely matches the electron density of amorphous Si
reported by Cao et al.,[41] we attribute L3 to amorphous Si at the
end of the first cycle.

LiBOB+VC Cell: The quantitative XRR fitting results of the
LiBOB+VC cell show similarities to those of the LiBOB cell, re-
vealing a three-stage evolution in the SEI and “breathing behav-
ior” in both the SEI and L2 layers during cycling (Figure 4). No-
tably, the SEI layer in the LiBOB+VC cell ends up at the first cycle
with a slightly increased thickness of 29 Å compared to the LiBOB
cell (25 Å), while its density is lower (0.59 e Å−3) compared to the
LiBOB cell (0.65 e Å−3). Additionally, the roughness of the SEI
layer in the LiBOB+VC cell during the first cycle is consistently
lower than in the LiBOB cell.

Concerning the L2 layer, there is a noticeable increase in thick-
ness expansion at the end of stage II for LiBOB+VC (72 Å) com-
pared to LiBOB (57 Å). A similar trend is observed for the L3 layer,
with L3 expanding to a maximum of 40 Å in LiBOB+VC, while
it remains ≈ 25 Å for LiBOB. These findings suggest that more
electrode lithiation occurs in the LiBOB+VC cell compared to the
LiBOB cell.

Upon comparing the results between LiBOB and LiBOB+VC,
the XRR findings indicate that the addition of 2 wt% VC has a very
subtle influence on the formation trend of the SEI layer in terms
of structural characteristics (e.g., thickness, density, roughness).
However, it plays a pivotal role in fostering the development of
a smoother SEI layer and facilitating additional lithiation of the
Si electrode within the LiBOB+VC cell. These subtle yet crucial
structural variations observed between LiBOB and LiBOB+VC
suggest the importance of VC as an additive. However, the XRR
technique falls short in providing further insights into the origin
of these subtle differences, as it solely probes the electron density
of the sample surface using a layer-by-layer model without offer-
ing any chemical information. To delve deeper into its impact on
the chemical compositions of the SEI and lithiated SiO2/Si (L2
and L3 layers), further investigation through ex situ XPS is im-
perative and will be shown in the following section.

2.3. Surface Chemistry Characterization with Ex-Situ XPS

The XPS experiments were conducted using three energy
regimes in order to probe several depths of the samples aim-
ing to investigate the different layers observed with XRR. For
the most surface-sensitive measurements, a constant kinetic en-
ergy of 200 eV was used, varying the photon energy for each core
level, resulting in a consistent probing depth. The correspond-
ing photon energy is shown in the respective spectrum. For the
greater probing depths, 2.35 and 7.05 keV were used, with the
probing depths corresponding to approximately L2 and L3, re-

spectively, from the XRR results. For all samples, C 1s, O 1s,
Si 2p, B 1s, and Li 1s core-levels were measured and the cor-
responding spectra are shown in full in Figures S6–S23 (Sup-
porting Information). The three first-mentioned mentioned core-
levels showed the most relevant information and will be dis-
cussed more in detail (Figures S6–S11, Supporting Information),
whereas the B 1s and Li 1s did not show any significant dif-
ference (Figure S12–S23, Supporting Information). The poten-
tials chosen for the XPS measurements were based on the re-
sults observed for XRR, where considerable differences were
observed. Thereby, the chemical composition of the layers de-
tected by XRR could be further investigated. The results are di-
vided and discussed by the three stages in potentials previously
described.

2.3.1. Stage I (1 to 0.5 V, Lithiation)

According to XRR, the formation of the SEI started at 1.3 V; there-
fore, the first potential probed with XPS was at a lower potential
(1 V). The spectra of all photon energies (Figures S6–S11, Sup-
porting Information) for both electrolytes are fairly similar with
a large contribution of carbonates, especially at higher photon
energies (Figures S10 and S11, Supporting Information). These
results corroborate the XRR findings, indicating that the onset of
SEI formation occurs before reaching 1 V.

The lithiation from 1 to 0.5 V (stage I) with the 2.35 keV energy
for C 1s is shown in Figure 5 and the complete C 1s spectra of all
photon energies are shown in Figures S6–S11 (Supporting Infor-
mation). In stage I, LiBOB shows more ester (O═C─O) build-up
at the binding energy of 288.5 eV[53,54] compared to LiBOB+VC.
In contrast, LiBOB+VC shows a buildup of carbonates (-CO3)
at 289.6 eV binding energy. One possible decomposition route
of the BOB anion is a ring-opening reaction forming oxalates
(shown as esters, O═C─O),[14,22,23] and carbonates (from CO2
reduction products).[14,21,22] For the LiBOB+VC electrolyte, it is
the VC reacting to form carbonate species, such as poly(VC)[55]

or through ring-opening reactions.[56] Although ester groups are
also seen with the LiBOB+VC electrolyte, the presence of VC
seems to prevent the initial degradation of LiBOB to some extent.

Considering the Si 2p spectra of both electrolytes at 2.35 and
7.05 keV photon energies (Figures S8–S11, Supporting Informa-
tion), the peak of the elemental silicon has a shoulder peak grow-
ing during stage I. This is suggested to be a result of elemen-
tal silicon being lithiated to different degrees since the lithiation
within the wafer or silicon oxide layer is not necessarily evenly
distributed. A general broadening of the silicon peaks is observed
throughout the lithiation starting from 1 V, as suggested by XRR
fittings and corresponding to L2 and L3. Additionally, a shift in
the binding energies of the peaks is seen both for the elemen-
tal silicon and for the silicon oxide (101.8 eV), which has been
reported as the silicon being lithiated.[51]

The O 1s spectra at 7.05 keV photon energy (Figures S10 and
S11, Supporting Information) show Li2O at the bulk of the wafer
at a binding energy of 530 eV. The origin of Li2O has been re-
ported to form from the reaction of SiO2 with lithium.[42,51,57–59]

This Li2O peak appears at higher potentials with LiBOB elec-
trolyte (1 V) than with LiBOB+VC (0.5 V). This aligns with the
observations from the Si 2p that the electrode materials in the
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Figure 5. C 1s spectra of 2.35 keV photon energy in two potentials in stage I, 1 and 0.5 V during lithiation for a) LiBOB and b) LiBOB+VC.

LiBOB cell lithiates earlier and to a larger degree than with
LiBOB+VC.

2.3.2. Stage II (0.3 to 0.05 V, Lithiation)

During stage II (0.3 – 0.05 V), the C 1s spectra for all the photon
energies (Figures S6–S11, Supporting Information) of the LiBOB
cell show a decrease in the ester groups and an increased carbon-
ate peak, which is correlated to the decomposition of EC. This
suggests that LiBOB is not able to form a stable SEI that prevents
further electrolyte decomposition.[23] Instead, with LiBOB+VC
the carbonate peaks increase from 0.3 to 0.14 V and then decrease
at 0.05 V whereas there is a continuous growth of the ester peaks
throughout the lithiation, which indicates decomposition of the
BOB anion. Thereby, the VC that decomposed in stage I is also
not able to prevent the decomposition of LiBOB later on.

Lithiation of the silicon phase continues as seen from the
shoulder and the shift in the Si 2p spectra. Furthermore, the Si

2p spectra have more noise with the LiBOB electrolyte indicating
a thicker SEI layer compared to LiBOB+VC. In the case of the O
1s spectra, despite the earlier appearance of Li2O at 7.05 keV with
LiBOB electrolyte, after the lithiation the corresponding peak is
larger for LiBOB+VC (Figure S11, Supporting Information) and
can be seen as well at 2.35 keV (Figure S9, Supporting Informa-
tion), in agreement with the literature.[51]

2.3.3. Stage II → Stage III (0.05 to 0.2 V of Delithiation)

The O 1s, C 1s, and Si 2p spectra of the transition between stage
II and III for the soft X-ray and 7.05 keV photon energy are
shown in Figure 6. Larger differences between the electrolytes
are seen in the peak intensities between the lithiation (0.05 V)
and delithiation (0.2 V). In the C 1s soft X-ray measurements,
carbonate species are present with LiBOB electrolyte although
they decrease upon delithiation (Figure 6a), whereas in the case
of LiBOB+VC, a carbonate peak is seen at 0.05 V but it is not
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Figure 6. O 1s (0.75 keV), C 1s (0.505 keV) and Si 2p (0.3 keV) spectra of the soft X-ray for both electrolytes a) LiBOB and b) LiBOB+VC, and the 7.05 keV
photon energy for the respective electrolytes (c) and (d) in the transition between stage II and III, that is, between the lithiation at 0.05 V and delithiation
at 0.2 V.

visible at 0.2 V (Figure 6b). Moreover, soft X-ray photoelectrons
of O 1s show slightly lower ether peaks (C─O)[60] at 533.6 eV
for LiBOB+VC at 0.05 V compared to LiBOB (Figure 6a and b).
For LiBOB+VC, the peak decreases significantly upon delithia-
tion in stage III, in agreement with the carbonate peak disap-
pearing in C 1s. This indicates that the carbonate species on the
outer surface at 0.05 V are possibly dissolved back into the elec-
trolyte, or reacting further. One possible decomposition product
of lithium carbonate is lithium oxide,[61] and this peak increases
at the same potential closer to the bulk in the O 1s spectrum (seen
in Figure 6d). Furthermore, Figure 6a,b also show the Si 2p of the
soft X-ray measurements. The peak of the silicon oxide and the
noise ratio provide information about the thickness of the lay-
ers. The spectra have higher noise at the beginning of stage III
(0.2 V during delithiation), indicating that the SEI is thickest at
this potential, which correlates with the XRR data. For the soft
X-ray photoelectron at 0.2 V during delithiation with LiBOB, a
small peak of silicon oxide is visible at this potential, while for
LiBOB+VC this is not the case. This further confirms LiBOB+VC

having a thicker layer upon delithiation, as seen in the XRR
data.

Figure 6c,d show the spectra at 7.05 keV photon energy, with a
probing depth that reaches the lithiated silicon layers (L2 and L3),
since the elemental silicon peaks are seen at 99 eV for both elec-
trolytes in the Si 2p spectra. Looking at the C 1s spectra for the
same photon energy, it can be seen that both electrolytes show
carbonate peaks at the end of stage II and at the beginning of
stage III, contrary to the observations in the surface spectra in
Figure 6a,b. These carbonates could have been formed at the start
of the lithiation, closest to the bulk, further confirmed by the car-
bonate being the main peak at 1 V during lithiation at all pho-
ton energies, seen in Figures S6–S11 (Supporting Information).
Despite its disappearance from the outermost surface at the be-
ginning of the delithiation in the LiBOB+VC electrolyte, these
carbonate species remain present throughout the different sam-
ples and potentials. Moreover, it can be noted both for 2.35 and
7.05 keV that the ester peak at 288.5 eV for LiBOB+VC is pro-
nounced at lithiation in stage II but decreases in magnitude upon
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Figure 7. C 1s and Si 2p spectra at 2.35 keV photon energy for one, 3, and 10 full cycles, that is, end of stage III for a) LiBOB and b) LiBOB+VC. The
arrow in the Si 2p spectra indicates the shift in binding energy upon cycling.

delithiation at 0.2 V and continuous to grow during the remain-
ing delithiation in stage III. This is not the case for the LiBOB
electrolyte, which shows lower amounts of esters at 0.05 V (lithi-
ation) and thereafter an increased intensity at 0.2 V (delithiation).
Hence, it could be interpreted that both electrolytes are decom-
posing the electrolyte salt, forming oxalates, but the additive in
LiBOB+VC can limit the decomposition of LiBOB to some ex-
tent. The O 1s spectra at 7.05 keV photon energy (Figure 6c,d)
show Li2O at the bulk of the wafer, following what has been pre-
viously reported in the literature.[57,58,61] LiBOB+VC shows clear
peaks of Li2O both during the lithiation (0.05 V) and after (0.2 V).
On the contrary, LiBOB shows a clearer peak of the Li2O at the
delithiation (0.2 V).

The shift toward lower binding energies observed in the Si 2p
spectra for stages I and II continues until the first point of delithi-
ation (0.2 V), where full lithiation of the SiO2 layer is observed
also from the disappearance of the peak seen with soft X-rays.

2.3.4. Stage III (0.2 to 2 V, Delithiation)

Stage III corresponds to the delithiation reaction. The C 1s spec-
tra of the SEI for LiBOB show a decrease in the ester peaks and
an increase in the carbonates, which is also observed at higher

photon energies. Despite the decrease in carbonates at the begin-
ning of the delithiation, these species form again on the surface.
LiBOB+VC electrolyte features the opposite trend; ester peaks
decrease while carbonates appear again at 1 V on the SEI during
delithiation and the intensity increases throughout the delithia-
tion and at higher photon energies.

Si 2p spectra show that silicon peaks shift back to higher bind-
ing energies although not to the original position, indicating that
the wafers remain partly lithiated with both electrolytes. The peak
corresponding to SiO2 is seen again with 2.35 keV after disappear-
ing at the end of the lithiation.

2.3.5. Cycles 1, 3, and 10 (2 V, Delithiation End of Stage III)

Figure 7 shows the C 1s and Si 2p spectra at 2.35 keV photon
energy at the end of stage III for 1, 3, and 10 full cycles. Af-
ter one full cycle, LiBOB shows a predominant carbonate peak
at 289.5 eV while LiBOB+VC shows equal carbonates, esters
(O─C═O), and ethers (C─O) in intensity. Furthermore, LiBOB
shows a continued growth of the ester peak going from one to
ten cycles (Figure 7a), while LiBOB+VC shows similar intensi-
ties of the ester and ether peaks but an increase in the carbonate
peaks upon cycling (Figure 7b).
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Figure 8. Schematic illustration of Si wafer surface evolution during cycling in LiBOB and LiBOB+VC. The font size in the SEI of each chemical component
indicates their relative content. The thickness of each layer is given in Ångström (black values). The lithiation degree in the two lithiated silicon layers
(L2 and L3) is indicated by the color gradient. At the end of the delithiation, L3 is an amorphous lithium-free silicon layer, while some lithium remains
trapped in L2.

Looking at the Si 2p spectra in the case of the LiBOB elec-
trolyte, comparing the spectra after 1, 3, and 10 cycles, there is
still a shift toward lower binding energies at 2 V (Figure 7a). This
indicates that the silicon is still partially lithiated at this stage,
meaning that the wafer is not being fully delithiated at the end
of each cycle and lithium is being trapped. This is not as pro-
nounced in LiBOB+VC electrolyte (Figure 7b). Moreover, Li2O is
also observed to grow with the increasing cycle number with both
electrolytes (Figures S8–S11, Supporting Information).

2.4. Correlation Between XRR and XPS Results

The structural information provided by operando XRR in combi-
nation with the chemical composition at different probing depths
obtained from the ex situ XPS measurements contribute to un-
derstanding SEI formation and evolution of the LiBOB-based
electrolyte, the surface evolution of the Si wafer during cycling,
and the influence of the additive VC. A schematic representation
of Si wafer surface evolution during its cycling in LiBOB-based
electrolytes from XRR and XPS results is illustrated in Figure 8.

For both LiBOB-based electrolytes, the SEI evolution can be di-
vided into three distinct stages. Stage I spans from 1.3 to 0.5 V,
representing the initial formation of the SEI. XRR results indicate
SEI formation onset at 1.3 V, coinciding with initial SiO2 layer
lithiation. This is corroborated by XPS spectra at 1 V, demonstrat-
ing oxalate and carbonate species in the SEI. Throughout stage I,
XRR reveals a continuous increase in SEI thickness. XPS analysis
shows more ester/oxalate species in the SEI formed with LiBOB,

suggesting more BOB decomposition, while the LiBOB+VC elec-
trolyte forms more carbonate species coming from VC decompo-
sition, which are known to form a smooth polymeric layer.[16,23,62]

This agrees with the XRR results that show slightly lower rough-
ness in LiBOB+VC compared to LiBOB, whose roughness might
come from the more inorganic oxalate/ester species. This high-
lights VC’s role in inhibiting the initial LiBOB decomposition
and promoting smoother SEI during early lithiation.

Concurrently, the lithiation of SiO2/Si progresses, evident
from the L2 layer electron density decrease and L3 layer emer-
gence in the XRR fittings in stage II. Here, the slight decrease in
electron density of L2 could be attributed to the amorphous na-
ture of LixSiOy.

[42] As lithiation progresses, more products with
lower density (Li2O, LixSi) are incorporated into the L2 layer, lead-
ing to a decrease in electron density, as previously described. Even
though we cannot distinguish the chemical compositions of lithi-
ated layers quantitatively, by comparing the electron density of L2
and L3 layers with the reported data in the literature, we can de-
duce that LixSiOy species are the main components in the L2 and
L3 layers at this stage. This agrees with the XPS results, showing
a consistent Si peak shift to lower binding energy already at 1 V
(compared to the pristine wafer) and to 0.5 V, indicating SiO2/Si
lithiation. Furthermore, the Li2O peak appears early during the
lithiation step and aligns well with the reduction of silicon and
lithium (SiO2 + 4Li → Si + 2Li2O).[51] LiBOB cell starts lithiation
at slightly higher potentials which explains the earlier appearance
of Li2O compared to the LiBOB+VC cell.

Stage II denotes the densification and further growth of the
SEI, from 0.5 to 0.05 V of lithiation. The densification of the SEI
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is observed for both electrolytes from 0.5 to 0.3 V, followed by con-
sistent SEI thickness increase to its maximum at early delithia-
tion (≈0.1 V). There is a change in SEI composition during stage
II with carbonates dominating in the LiBOB cell and esters in the
LiBOB+VC cell. This suggests that the solvents, EC and EMC,
decompose forming carbonate species, and that the SEI layer
formed from the decomposition of the BOB anion is not enough
to prevent further electrolyte decomposition. Similar behavior is
observed with LiBOB+VC; the initial SEI formed from VC is not
able to protect the surface and further BOB decomposition is seen
with this electrolyte as well. Concurrently, the thickness of lithi-
ated SiO2/Si layers (L2 and L3 layers) increases along the lithia-
tion, reaching a maximum at 0.1 V of delithiation, with consistent
electron density decrease. The low electron density (<0.4 e/Å3)
at the end of this stage suggests that the main chemical compo-
nents of these two layers evolve from LixSiOy to LixSi and Li2O.
The consistent shift of the Si 2p peak in XPS analysis from 0.5 V
during lithiation to 0.2 V of delithiation corroborates the gradual
lithiation of the Si wafer.

The transition from stage II (0.05 V lithiation) to stage III
(0.2 V delithiation) results in a decrease of the carbonate peaks.
However, these species appear again in the XPS spectra through-
out the delithiation reaction in stage III and they are more pro-
nounced in the case of the LiBOB than LiBOB+VC where a mix
of carbonates and ester species are present. The disappearance of
the carbonate peaks in LiBOB+VC coincides with the decrease in
the ether peaks seen in C 1s and O 1s. The ether (C─O) groups
can be part of the carbonates as well as the oxalates and they
can also be formed from the decarboxylation reaction of the sol-
vents/additive, which means that they have contributions from
all electrolyte components and therefore it is difficult to deter-
mine its source. However, the disappearance of carbonates and
ethers with LiBOB+VC could suggest that these compounds are
connected.[63]

Regarding the Li2O peak in the O 1s 7.05 keV spectra, its inten-
sity increases until the end of lithiation in stage II and it remains
fairly constant afterward during delithiation in stage III for both
electrolytes and even clearer for LiBOB. The increase of Li2O hap-
pens concurrently with the disappearance of the carbonate peak
in the SEI, which could indicate the decomposition of carbon-
ates forming Li2O.[61] This growth of Li2O along the lithiation has
been reported previously by Edström and co-workers with LiPF6,
but shows a shrinkage of the peak at delithiation, unlike what is
seen here with both LiBOB-based electrolytes.[51]

During delithiation in stage III, a decrease in thickness is ob-
served for all three layers in XRR with both electrolytes. By com-
bining these results with depth-resolved XPS measurements, the
thickness evolution can be linked to the chemical changes occur-
ring within the layers. According to the XPS analysis, the mecha-
nisms driving the thickness reduction of the SEIs differ between
the LiBOB and LiBOB+VC cells. In the LiBOB cell, the thick-
ness decrease is attributed to the decrease of ester groups in the
SEI, whereas in the LiBOB+VC cell, it is primarily caused by
a decrease in carbonates. Additionally, the lithiated SiO2/Si lay-
ers (L2 and L3) decrease as expected during delithiation and are
confirmed with the XPS as the corresponding peaks shift back
to higher binding energies. However, full delithiation is not ob-
served as the Si 2p peaks do not shift completely to the initial
binding energy and XRR shows a notably lower density at the end

of delithiation. These results show that lithium is being trapped
in the silicon wafer which could be due to slow kinetics and the
cyclic voltammetry experiment not giving enough time for a full
lithiation to occur. This has previously been shown for fluori-
nated systems as well.[52,64,65]

At the end of delithiation, XRR results show that the SEI
formed with LiBOB electrolyte is slightly thinner but exhibits
higher electron density and roughness compared to LiBOB+VC.
XPS results indicate carbonates as the dominant chemical
species in the SEI of LiBOB, whereas ester, ether, and carbon-
ate groups are equally distributed in the SEI of LiBOB+VC. The
combination of XRR and XPS implies that VC addition leads to a
slightly thicker, lower-density, and smoother SEI with more poly-
meric species combining carbonates, ester, and ether groups.

Upon long-term cycling, after 1, 3, and 10 cycles, a continuous
decomposition of the BOB anion is seen in the case of the LiBOB
electrolyte (increase in ester peak), with more solvents/additive
decomposition seen with LiBOB+VC as the carbonate species in-
crease with cycle number. Furthermore, lithium trapping is ob-
served throughout cycling as seen from the slight shift in Si 2p
binding energy compared to the pristine wafer. This could be ex-
plained by the use of cyclic voltammetry forcing the potential to
change, not allowing the material to reach equilibrium. Neverthe-
less, lithium trapping is observed with both electrolytes, although
to a slightly larger degree for LiBOB.

Overall, these results indicate a SEI breathing behavior and
lithium trapping in the silicon wafer for both fluorine-free elec-
trolytes. XRR shows the build-up of the SEI at the end of stage
II and a decrease in thickness during stage III. This is consis-
tent with carbonates/esters and SiO2 disappearing during the SEI
build-up phase, and carbonate peaks appearing again in the sub-
sequent stage seen in XPS. The addition of VC provides a thicker
and smoother SEI with a slightly different chemical composition
throughout the lithiation/delithiation processes, as illustrated in
Figure 8. XRR confirms that the silicon wafer (L2) remains in
a lithiated state at the end of delithiation, indicative of lithium
trapping within the silicon wafer. Meanwhile, L3 is being delithi-
ated to a larger extent, not showing remaining lithium after cy-
cling. Furthermore, XPS analysis of the wafers cycled without ad-
ditive shows an increase in lithium trapping with an increasing
number of cycles. Conversely, the addition of VC in LiBOB+VC
electrolyte slightly reduces this phenomenon, as no increase in
lithium trapping is observed after the first cycle.

Our investigation reveals distinctions in the formation and
evolution of the SEI, as well as the lithiation of SiO2-terminated
Si wafers in LiBOB-based electrolytes compared to LiPF6-based
counterparts, reported in literature.[40–42,50] First, SEI formation
initiates earlier in LiBOB-based electrolytes, detected in XRR
≈1.3 V, whereas in LiPF6-based systems, inorganic SEI typically
forms ≈0.7 V. Furthermore, the literature suggests that the na-
tive oxide layer on Si wafers acts as a protective barrier in LiPF6-
containing electrolytes, shielding against decomposition of elec-
trolytes prior to lithiation.[42,50] Our study aligns with this notion,
as lithiation of SiO2 in LiBOB-based electrolytes coincides with
SEI formation. Concurrently, Li2O is also formed as SiO2 is being
lithiated, and remains throughout the cycling, while for LiPF6-
based electrolytes the formation of Li2O has been reported to be
reversible, disappearing at the delithiated state.[51] Another dis-
parity arises in the lithiation/delithiation behavior of Si wafers
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between LiBOB and LiPF6-based electrolytes. In LiPF6 systems –
with galvanostatic cycling – Si wafers exhibit a reversible lithi-
ation/delithiation process throughout the cycle.[41,50] However,
our XRR results – with cyclic voltammetry and therefore limit-
ing the (de)lithiation reaction – reveal the persistence of a low-
density layer beneath the SEI after delithiation in LiBOB-based
electrolytes. These differences could be due to the different elec-
trochemical measurements used for cycling or higher SEI resis-
tance with LiBOB-based systems compared to LiPF6.

3. Conclusion

In conclusion, this study offers significant insights into the sur-
face behavior of fluorine-free LiBOB-based electrolytes, with and
without the presence of VC as an additive on SiO2-terminated
single-crystalline (001) Si wafer electrodes used as model sys-
tems. Through a combination of operando XRR and ex situ XPS
techniques, we have unraveled the complex processes involved
in SEI formation, SiO2/Si lithiation, and the influence of the VC
additive.

Our findings highlight three distinct stages in the SEI evo-
lution during (de)lithiation. Initially, the SEI formation is de-
tected with XRR from 1.3 V, concurrent with the lithiation of
the SiO2 layer and the appearance of Li2O. The addition of VC
is shown to inhibit LiBOB decomposition early on and promote
smoother SEI formation. Subsequently, the densification and fur-
ther growth of the SEI occur alongside continued lithiation of
SiO2 and Si layers. Finally, during delithiation, a decrease in SEI
thickness is observed for both electrolytes, indicating a breath-
ing behavior. The comparison of the final SEI layers with dif-
ferent LiBOB-based electrolytes reveals that VC addition leads
to a slightly thicker and smoother SEI with lower electron den-
sity composed of carbonates mainly. Without VC the layer is a
mixture of ester/carbonates/ether species that, suggests continu-
ous decomposition of the BOB anion. Persistent lithium trapping
within the Si wafer is observed with the upper layer (L2) remain-
ing lithiated in both LiBOB-based systems post-delithiation, with
the phenomenon becoming more pronounced over cycling. Over-
all, this study provides robust structural and chemical insights
into the fundamental processes governing the SEI formation and
Si wafer (de)lithiation in LiBOB-based electrolytes. These find-
ings offer important implications for the design and optimiza-
tion of fluorine-free electrolyte formulations that require better
additives to prevent the main salt decomposition, contributing
to the development of sustainable and environmentally friendly
lithium-ion batteries.
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