
Electrolyte-Dependent Aging Analysis in SiOx-Based Li-Ion
Batteries via Composite Electrode Model
Mitsunori Nakamoto1 | Benoit Mathieu2 | Khawla Zrikem2 | Masato Yano1 | Masatomo Tanaka1 | Irina Profatilova2 |
Hideyuki Kumita1 | Anass Benayad3 | Ambroise Van Roekeghem2

1Murata Manufacturing Co., Ltd., Nagaokakyo-shi, Kyoto, Japan | 2Université Grenoble Alpes, CEA, LITEN, Grenoble, France | 3Institute for Applied

Materials-Energy Storage System, Karlsruhe Institute of Technology, Eggenstein-Leopoldshafen, Germany

Correspondence: Mitsunori Nakamoto (mitsunori.nakamoto@murata.com) | Ambroise Van Roekeghem (ambroise.vanroekeghem@cea.fr)

Received: 18 February 2026 | Revised: 4 June 2026 | Accepted: 16 June 2026

Keywords: cycle aging | lithium-ion battery | pseudo-two-dimensional model | SiOx anode | solid-electrolyte interphase

ABSTRACT
The performance of lithium-ion batteries with silicon oxide (SiOx) is influenced by solid electrolyte interphase (SEI) formation and

associated lithium consumption. This study investigates the role of electrolyte composition in governing SEI evolution, lithium

consumption, and aging behaviors in LiCoO2|SiOx cells using complementary experimental and modeling approaches.

Electrolytes containing fluoroethylene carbonate (FEC) exhibit significantly improved cycle retention compared with conven-

tional ethylene carbonate (EC)-based electrolytes. Nuclear magnetic resonance spectroscopy reveals two distinct SEI formation

pathways: EC decomposition yields an organic-rich SEI, whereas FEC and PF6
− decomposition produce an inorganic, LiF-rich SEI.

The total SEI mass remains nearly constant after aging, indicating dynamic breathing behavior rather than continuous growth.

Based on these insights, we developed a pseudo-two-dimensional model that couples electrolyte consumption and SEI growth by

distinguishing organic and inorganic SEI components with different mechanical responses to SiOx volume changes. The model

successfully predicts electrolyte-dependent aging, reproducing the influence of FEC concentration on overpotential, loss of lith-

ium inventory, and capacity fade. The rate performance of the cell is primarily limited by lithium transport within SiOx particles

and by electrolyte transport across the electrode, particularly under fast-charging conditions. Our combined experimental-model-

ing approach provides a foundation for electrolyte-specific aging assessment and electrolyte design for SiOx-based batteries.

1 | Introduction

Lithium-ion batteries (LIBs) are one of the indispensable devices
in modern life. However, higher energy density is demanded for
some applications such as electric vehicles and electric aircraft
[1–3]. One promising approach to improve the energy density
is to adopt silicon-based active materials as a negative electrode.
In particular, the family of silicon oxide (SiOx) materials is seen
as a promising candidate, demonstrating a lower energy density
at the beginning of life but enhanced cycle life compared with
pure silicon anodes [4–7]. However, typical SiOx materials are
subject to large volume changes during lithiation and delithiation
processes, which could lead to the cracking of SiOx particles or to

the disconnection of electric paths between SiOx particles. To
fully leverage the potential of SiOx anodes, it is necessary to gain
deeper insight into the aging processes of SiOx in a battery cell.

It is well-known that the nature and proportion of electrolyte
constituents strongly affect the degree of degradation in aging
tests, especially for SiOx-based cells. Many studies have con-
cluded that the inclusion of fluoroethylene carbonate (FEC)
results in enhanced cycle life of the cells [8, 9]. When FEC is
incorporated into the electrolyte, the solid electrolyte interphase
(SEI), the surface film formed at the interface between the anode
active material and the electrolyte, is likely to have desirable
properties [10, 11]. However, the details of SEI growth during
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cycle aging and the direct correlation of the SEI nature to cell
performance are missing in the literature.

In recent years, several studies have reported the development of
pseudo-two-dimensional (P2D) models [12–15] with some degra-
dation modes such as loss of active materials, loss of lithium
inventory (LLI), and SEI growth [16–19]. P2D models, also
referred to as Doyle-Fuller-Newmanmodels, are widely acknowl-
edged for a good balance between accuracy, flexibility, and
computational speed. Specifically, SEI models have been imple-
mented in P2D models, and such P2D-based SEI models
[16, 20, 21] mainly describe capacity fade using single-layer or
effective SEI growth kinetics without explicitly considering elec-
trolyte-dependent SEI chemistry. More advanced porous or mul-
tilayer SEI frameworks [22–25] primarily focused on transport
phenomena and SEI morphology evolution, while direct cou-
pling between experimentally identified SEI composition, elec-
trolyte formulation, and electrochemical degradation behavior
remained limited, especially for SiOx-based electrodes.

In this work, we develop a physics-based P2D model that
explicitly couples electrolyte consumption and SEI growth in
SiOx-based negative electrodes, where the anode active material
consists of 100% SiOx. Themodel distinguishes two SEI components,
an inorganic phase and an organic phase, and assigns phase-spe-
cific behaviors during lithiation and delithiation of SiOx. A sys-
tematic comparison between modeling and experimental results
is performed, where our experiment combines electrochemical
measurements with detailed SEI characterization by nuclear
magnetic resonance (NMR). This integrated experimental-
modeling approach provides insight into how electrolyte compo-
sition governs the competition between multiple SEI formation
pathways and the resulting diversity of SEI species. Furthermore,
the model incorporates recurring SEI damage induced by the
large volume changes of SiOx during cycling, leading to continu-
ous consumption of electrolyte solvents and lithium ions. After
calibration, the framework enables the reproduction of electro-
lyte-dependent aging behaviors, notably capturing the impact
of FEC concentration on long-term cycling performance. The
complementary modeling and experimental approaches yield a
deeper and more accurate understanding of aging mechanisms
in SiOx negative electrodes and their dependence on electrolyte
formulation. Degradation in SiOx-based electrodes generally
involves multiple coupled phenomena, including electrolyte-
derived SEI formation, irreversible lithiation of oxygen-containing
SiOx matrices, lithium trapping, and transport limitations associ-
ated with the evolving interphase [5, 26, 27]. In the present work,
we specifically focus on the electrolyte-dependent contribution to
degradation, namely the relationship between SEI chemistry, lith-
ium consumption, and electrochemical performance in SiOx-based
cells. Accordingly, we adopt a reduced representation of the SEI
based on two dominant components, aiming to capture the essen-
tial electrolyte-dependent degradation trends.

2 | Method

2.1 | Electrochemical Measurements

We consider pouch cells with LiCoO2 (LCO) [28] as a cathode
active material and amorphous SiOx as an anode active material,

in which the Si:O ratio is around 1:1.1. The positive electrode is
composed of LCO (97.2 wt%), Ketjenblack (1.2 wt%), and poly-
vinylidene difluoride (1.6 wt%), while the negative electrode is
composed of SiOx (80.0 wt%), acetylene black (4.0 wt%), vapor
grown carbon fiber (1.0 wt%), and polyimide binder (15.0 wt%).
The diameters of positive and negative electrodes are 16.5 and
17.0 mm, respectively. The loadings of positive and negative elec-
trodes are 21.05 and 1.74 mg/cm2, respectively, excluding current
collectors. Average active material particle diameters are 20.5
and 5.9 μm for positive and negative electrodes.

LCO was selected as a model cathode active material due to its
well-defined electrochemical behavior and relatively limited par-
asitic reactions [28], enabling us to focus on degradation mech-
anisms at the SiOx negative electrode. The key mechanisms
discussed in this work are expected to remain qualitatively valid
in the systems with Ni-rich cathodes, even though additional fac-
tors such as transition metal dissolution and electrolyte oxidation
may affect SEI evolution with Ni-rich cathodes [29].

Open-circuit voltage (OCV) curves as a function of lithium con-
tent were represented by the potential curves in SiOx half cells
cycled under 0.01/0.01 C conditions. The OCV for SiOx has a hys-
teresis between the lithiation and delithiation stages. We mea-
sured the lithiation OCV and the delithiation OCV separately,
and they are independently applied to the charge/discharge pro-
cess in the model.

Cycle aging tests were conducted under 0.5/0.5 C conditions,
where charging was carried out in CC/CV mode with the poten-
tial cutoff of 4.3 V, while discharging was carried out in CC mode
with the potential cutoff of 3.0 V. A rest time of 10min was
inserted after every charge and discharge. In the cycle tests, three
loading tests were inserted at 1,116, and 178 cycles. Each loading
test, named as first, second, and third loading test, consists of
10 charge/discharge steps. The first five charge/discharge cycles
were conducted at the discharging rates of 0.1, 0.2, 0.5, 1.0, and
2.0 C with the constant charging rate of 0.1 C. The following five
cycles were performed at the charging rates of 0.1, 0.2, 0.5, 1.0,
and 2.0 C with the constant discharging rate of 0.1 C. The aging
test was initiated with 0.5/0.5 C (cycle 0), whose discharge capac-
ity is the standard for the capacity retention in later cycles.

We developed a pouch cell with a small piece (approximately
1 mm × 1mm) of LiFePO4 (LFP) reference electrode inserted
between the positive and negative electrodes without direct con-
tact between them [30]. LFP had been partially delithiated in
advance so that its State of Charge (SOC) is located at the flat
region of its OCV potential. Even though the reference-electrode
measurements may be affected by local electrolyte polarization,
current distribution, and reference-electrode stability, particu-
larly during long-term cycling [30], this configuration provides
not only the cell voltage but also the positive electrode potential
and the negative electrode potential separately. The potentials
were converted by assuming that the potential of the LFP plateau
is 3.4 V versus Li/Li+.

In this work, we compared the electrochemical performances of
two systems with different electrolyte compositions. One electro-
lyte is 1 M LiPF6/EC+DMC (EC:DMC= 15:85 wt%), denoted as
the EC+DMC system, the other is 1 M LiPF6/DMC+ FEC
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(DMC:FEC= 85:15 wt%), denoted as the DMC+ FEC system,
where EC and DMC stand for ethylene carbonate (EC) and
dimethyl carbonate, respectively. These experimental results
were used for the model calibration. Other cycle tests for addi-
tional systems of 1M LiPF6/EC+DMC+ FEC with varied FEC
ratios were experimentally measured and are discussed in the
context of model validation. All the measurements in this article
were carried out at 23 °C with the pouch cell pressurized under
0.7 MPa perpendicular to the cell plane.

2.2 | SEI Characterization and Quantification by
NMR

SEI generated on the SiOx electrode surface after charge–dis-
charge cycles was experimentally characterized and quantified.
To this end, three cells were dismantled after discharging, and
the extracted negative electrodes were rinsed with DMC to
remove residual electrolyte and dried. All NMR samples were
prepared by D2O extraction from the negative electrode. 1H
and 19F NMR analyses were applied to the D2O solutions, includ-
ing the extracted SEI, using a Bruker Avance NEO 500MHz
NMR spectrometer, which enables the identification of key mol-
ecules respectively generated by relevant electrochemical reac-
tions of the electrolyte solution. Organic SEI species derived
from organic solvents were measured by 1H NMR, whereas
LiF was measured by 19F NMR.

The organic SEI species experience hydrolysis reactions during
the extraction process by D2O [31]. For example, lithium ethyl
carbonate (LEC) is converted to ethanol during the extraction
process. The ethanol was detected and quantified by NMR,
and we assume that the same molar amount of LEC was in
the cell before the extraction. The correspondence between
hydrolysis reactants and products is shown in Table 1. These
potential products are complementarily rationalized by X-ray
photoemission spectroscopy (XPS) analyses on negative electrode
surfaces as discussed in Supporting Information S1. A few other
minor organic molecules were also detected in our NMR meas-
urements, but they accounted for less than 6% of the total SEI
mass and are ignored for simplicity. In addition, other inorganic

species frequently reported in the literature, such as Li2CO3,
Li2O, and lithium silicates, were not quantitatively resolved in
the present NMR analysis and are therefore not explicitly
included in the model discussed below. We hypothesize that
these unresolved species contribute only marginally to the over-
all SEI mass in the investigated systems. The reaction mecha-
nisms that lead to the generation of such SEI components
have been previously reported using quantum chemical calcula-
tions [32–34]. These studies have shown that LEC mainly comes
from one-electron reduction of EC and that dilithium ethylene
dicarbonate (LEDC) is generated by the dimerization of LEC.
It was also discussed that lithium methyl carbonate (LMC) orig-
inates from DMC, and LiF originates from FEC and LiPF6. The
detection of lithium formate (LF) in D2O extraction is likely
attributable to two possible origins involving in situ electrochem-
ical formation and ex situ hydrolytic artifacts [35–37]. Primarily,
LF is generated during battery operation via the electrochemical
reduction of CO2, a byproduct of electrolyte decomposition. CO2

is scavenged by surface protons or hydride species at the reduc-
tive anode interface, stabilizing as formate. Concurrently, the
hydrolytic instability of organic SEI components contributes to
the observed signal. Upon contact with D2O, metastable species
such as lithium alkyl carbonates or radical intermediates may
undergo hydrolysis, releasing CO2 or reactive fragments that rap-
idly convert to formate in the extraction medium. In order to esti-
mate the composition of the SEI, the extraction and analysis of
the SEI were conducted after the first cycle and at the cycle where
the capacity retention becomes 80%.

Details of NMR measurements and their post analyses are dis-
cussed in Supporting Information S2.

3 | Results and Discussion

3.1 | Experimental Results

Figure 1 displays the experimentally measured discharge capac-
ity retention for the cells with two different electrolytes. It is clear

TABLE 1 | Relationship between possible organic SEI components

and the products directly detected by NMR measurements. The

detected products are generated via hydrolysis of SEI components

during the extraction process [31].

Observed
molecule Suggested SEI product

Molecule after
hydrolysis

Molecule before
hydrolysis

Molar
mass,
g/mol

Formic acid Lithium formate (LF) 51.96

Ethylene glycol Dilithium ethylene
dicarbonate (LEDC)

161.94

Ethanol Lithium ethyl carbonate
(LEC)

96.00

Methanol Lithium methyl carbonate
(LMC)

81.98

FIGURE 1 | Discharge capacity retention in experimental cycle aging

tests for LCO|SiOx cells with two distinct electrolytes: EC+DMC and

DMC+ FEC. Three loading tests are inserted at 1, 116, and 178 cycles.

The cycle tests were carried out at 0.5/0.5 C conditions except for the load-

ing tests. The test was initiated with 0.5/0.5 C (cycle 0), which is the stan-

dard for discharge capacity retention in later cycles.
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that DMC+ FEC exceeds EC+DMC in terms of cycle perfor-
mance. The origin of the difference in capacity retention induced
by the different electrolytes will be further discussed hereafter.

To quantify the constituents of the SEI film formed on the anode
surface, these compounds were extracted using D2O. During the
D2O extraction, the major organic components constituting the
SEI film undergo hydrolysis reactions. According to the 1H NMR
spectrum, the signals were observed as a singlet at 3.67 ppm, a
singlet at 3.36 ppm, a triplet at 1.19 ppm, and a singlet at
8.46 ppm, corresponding to ethylene glycol, methanol, ethanol,
and formic acid, respectively. These directly observed hydrolysis
products were finally attributed to the original SEI species, like
LEC and LEDC [31], as shown in Table 1. Additionally, the 19F
NMR spectrum showed a singlet signal originating from LiF
observed at approximately −120 ppm. The present NMR approach
with D2O extraction mainly detects hydrolyzable and soluble SEI
species. Therefore, insoluble oligomeric or polymeric species
potentially generated from FEC decomposition [38] may be dif-
ficult to detect if they do not hydrolyze or dissolve during the
extraction process. In our supplementary investigations using
model electrolytes with higher FEC contents (>50%), weak
signals potentially attributable to polyethylene oxide-type
oligomeric species were observed in the 1H NMR spectra.
However, such signals were not clearly detected for electrolyte
compositions containing less than 50% of FEC, including the
DMC+ FEC electrolyte investigated in this study. This suggests
that polymeric species are unlikely to constitute a dominant frac-
tion of the SEI under the present conditions.

Figure 2 shows the amount of SEI film formed on the SiOx anode,
based on the quantities of detected hydrolysis products of organic
SEI components and LiF extracted after the first cycle and after
aging. LEC was detected in both electrolyte systems, which sug-
gests that LECmay originate not only from EC but also from FEC
when F is removed in one-electron reduction. LF was also
observed in both electrolyte systems; we ascribe its formation
to an artifact from the D2O extraction process [35–37]. A slightly
larger amount of LF in DMC+ FEC seems consistent with the
insight that FEC is likely to produce CO2 in the reduction process
[34]. In this work, we mainly focus on the degradation of EC and
FEC, and emphasize the following aspects.

First, the most significant difference between EC+DMC and
DMC+ FEC systems comes from LEDC and LiF. Since LEDC
was produced only in EC+DMC, LEDC is derived predomi-
nantly from EC. LiF was apparently rich in DMC+ FEC, so
FEC was the main source of LiF. The LiF-rich SEI reportedly
has a desirable passivation capability [10]. We suppose that this
improved passivation in DMC+ FEC suppressed the formation
of LMC, which originates from DMC occupying the largest part
(85%) of electrolyte composition. The improvement was also
qualitatively confirmed in our cycle aging test (Figure 1).

The present NMR results identify LiF as the most distinctive inor-
ganic product in the FEC-containing electrolyte, whereas LEDC
is characteristic of the EC-containing electrolyte. This interpre-
tation is consistent with previous NMR-based studies on Si elec-
trodes showing that FEC has an impact on the SEI chemical
composition [11]; however, those studies also indicate that
FEC can generate branched ethylene-oxide-based polymeric spe-
cies in addition to LiF-rich inorganic products. Therefore, the
LiF-rich SEI discussed here should be regarded as the experimen-
tally measurable inorganic signature of FEC-derived passivation,
while insoluble or weakly hydrolyzable polymeric species may be
underestimated by the present D2O-extraction protocol. This lim-
itation justifies the use of LiF and LEDC as representative com-
ponents for modeling, rather than as a complete molecular
inventory of the SEI.

Second, the total amount of SEI was smaller in DMC+ FEC com-
pared to EC+DMC, both before and after aging. It has been
reported that LiF-rich SEI leads to a compact film and is a
key to suppressing capacity fades during cycle aging [39, 40].

Lastly, there is no significant change in the total amount of SEI at
the beginning of life and after aging when each cell has lost 20%
of its initial capacity, as shown in Figure 2. One hypothesis is that
the electrode is maintained stably through the aging test; how-
ever, this is unlikely because SiOx is subject to large volume
changes. We might consider the “breathing” behavior of the film,
whereby the film thickens during charging and contracts during
discharging. This phenomenon was previously observed by our
group using X-ray reflectivity measurements on thin SiOx films
[41]. Previous studies [42–44] have also reported dynamic

FIGURE 2 | The quantity of each SEI species extracted from the negative electrodes of dismantled cells and quantified by 1H NMR and 19F NMR.

(a) After the first cycle. (b) At the cycle when discharge capacity retention becomes 80%.
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changes in both the thickness and chemical composition of the
SEI during electrochemical cycling. This behavior has been
directly observed using operando techniques such as neutron
reflectometry and has also been inferred from depth profiling
and spectroscopic analyses. Reversible changes in SEI thickness
have been correlated with variations in its chemical composition,
particularly the formation and decomposition of carbonate spe-
cies. Importantly, the apparent thinning of the SEI during deli-
thiation has been attributed to multiple mechanisms. These
include (i) electrochemical decomposition or re-oxidation of
SEI components such as carbonate species, leading to partial
removal of the interphase, and (ii) dissolution of organic SEI con-
stituents into the electrolyte, resulting in a loss of material from
the surface. In contrast, more stable inorganic components tend
to remain on the electrode, contributing to the residual inter-
phase. In this article, we rely on the hypothesis of a breathing
SEI to develop an electrochemical model. The insights obtained
by NMR analyses are well aligned with our XPS analyses for the
negative electrode surface (Supporting Information S1).

In our preliminary calendar-aging experiments, degradation was
limited compared to that observed during cycle aging, with only a
weak dependency on electrolyte composition. This observation
suggests that degradation in the present system is predominantly
driven by cycling-induced processes rather than by storage-
induced aging, which also supports the validity of the breathing
SEI model.

3.2 | Modeling

3.2.1 | Modeling Framework and Assumptions

In order to interpret how the different electrolyte compositions
influence cycle aging in the cells with SiOx, we developed a P2D
model augmented with electrolyte consumption and SEI growth
modes. In contrast to conventional P2D-SEI models [16, 20, 21],
where SEI growth is generally represented by a single effective
layer or simplified kinetics, the present model explicitly distin-
guishes chemically different SEI components identified experi-
mentally by NMR analyses. In particular, EC-derived organic
SEI species are separated from FEC/PF6-derived inorganic
LiF-rich SEI, allowing electrolyte-dependent SEI chemistry to
directly influence transport resistance, lithium consumption,
and degradation behavior. The properties of each cell compo-
nent, which reflect our experimental cells, are summarized in
Table 2. The lithium insertion kinetics in the negative electrode
have first been calibrated from experimental pulse tests, using
very short pulses at different SOC, followed by a parametric study
to reproduce the pulse overpotential and fit the parameters in the
model. The diffusion coefficient in the anode active material has
then been calibrated using 1min pulse tests with the P2D model,
using the calibrated insertion kinetics. It has been found that the
stoichiometry dependency of diffusivity and insertion kinetics is
similar. Therefore, we adopted a common stoichiometry depen-
dency between them as described in Table 2. The detail is dis-
cussed in Supporting Information S3. A stoichiometry-dependent
Li diffusivity has been reported for silicon materials, where Li
diffusivity exhibits an increasing trend as lithiation proceeds,
in a previous work [45].

Our model is based on the porous SEI model assumption, where
reactants in the electrolyte diffuse through the pores in the SEI,
and they react at the surface of the active materials after accept-
ing one or more electrons, giving rise to the products, which
result in the formation and growth of SEI [24, 25]. In the previous
section, we found that two SEI components, LiF and LEDC, are
the main differences between the two electrolytes, thus determin-
ing the cell performance. It was reported that LiF produces a
dense and brittle SEI layer, while LEDC gives a relatively sparse
and flexible SEI layer [46, 47]. Following the given insights, we
modeled the SEI with two entities, LiF and LEDC (a binary SEI).
This simplification is supported by our NMR analysis, which
indicates that LEDC and LiF are the primary contributors distin-
guishing the two electrolyte systems, while other identified spe-
cies account for less than approximately 6% of the total SEI mass,
except LMC. Therefore, LEDC and LiF can be regarded as rep-
resentative components capturing the dominant organic and
inorganic contributions governing electrolyte-dependent behav-
ior. We emphasize that the objective of the present model is not
to reproduce the full chemical composition of the SEI, but rather
to describe the impact of electrolyte formulation on degradation
trends. In this context, a reduced-order representation focusing
on the key differentiating species enables capturing the essential

TABLE 2 | Parameters based on experimental measurements. P, N, and

S stand for positive electrode, negative electrode, and separator, respectively.

Electrolyte parameters (ionic conductivity, diffusion constants, and

transference numbers) are not shown here, but they are based on

experimental data.

Parameter Value

P | porosity 0.173

P | tortuosity 5.6

P | electronic
conductivity

0.18 S/m

P | Li diffusivity
in LCO

1.7 × 10−13 m2/s

P | insertion
kinetics

8.0 × 10−6 A·m2·(m3·mol)1.5

N | porosity 0.329

N | tortuosity 10.5

N | electronic
conductivity

215 S/m

N | Li diffusivity
in SiOx D0

1

0.005208 ∗ exp 1
x2
� �

+ 1.1
+ 0.1

( )

where D0 = 1.74 × 10−15 m2/s and x is
the stoichiometry

N | insertion
kinetics i0

1

0.005208 ∗ exp 1
x2
� �

+ 1.1
+ 0.1

( )

where i0 = 6.5 × 10−7 A·m2·(m3·mol)1.5

and x is the stoichiometry

S | porosity 0.55

S | McMullin
number

3
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physics, particularly the contrast between a flexible organic
(LEDC-rich) SEI and a dense, passivating inorganic (LiF-rich)
SEI. Previous FTIR (Fourier Transform Infrared Spectroscopy)
and ToF-SIMS (Time-of-Flight Secondary Ion Mass Spectrometry)
studies [38] have suggested the presence of oligomeric/polymeric
species deriving from FEC. However, the quantitative contribution
of such species to the total SEI mass and lithium consumption
remains unclear. Therefore, these species were not explicitly incor-
porated into the present SEI model.

From NMR results (Figure 2), XPS results (Supporting Information
S1), and the previous studies [32–34], we assumed three main reac-
tion paths for the SEI growth

2EC + 2 Li+ + 2 e− →LEDC + gaseous product (1)

FEC + Li+ + e− →LiF + gaseous product (2)

PF −
6 + 3 Li+ + 2 e− → 3 LiF + gaseous product (3)

In our model, the gaseous products are ignored to focus on the
electrochemical performance impacted by solid products. Owing
to the external pressure on the cell, it is assumed that gas prod-
ucts do not remain in the area where the electrodes face each
other and do not induce additional degradations, such as contact
resistance. We attempted an operando gas analysis for our
cells with two electrolyte systems, but no gas was observed
(Supporting Information S4). LEDC and LiF are the main SEI
components treated in this article. A crude simplification in
our treatment is to neglect the reaction of DMC into LMC,
despite its large proportion in the total SEI weight, as evidenced
by NMR (Figure 2). This assumption is motivated by the fact that
DMC is present in all electrolyte systems investigated in this
study and therefore acts as a common background solvent. In
contrast, EC and FEC are the key differentiating components
that determine the observed variations in SEI composition and
electrochemical performance. As a result, the model is designed
to explicitly capture the competition between EC-derived and
FEC-derived reaction pathways, while DMC-related reactions
are treated as a secondary contribution. We hypothesize that
incorporating DMC decomposition would increase the overall
lithium consumption in both electrolyte systems. Although the
quantitative impact may differ depending on the degree of pas-
sivation and SEI evolution, the relative degradation trends are
expected to remain primarily governed by the competition
between EC-derived and FEC-derived SEI formation pathways.
The omission of species such as DMC-derived products leads to
an underestimation of the total lithium consumption. Based on
the experimentally observed SEI composition, DMC-derived spe-
cies constitute a non-negligible fraction of the experimentally
observed SEI and may contribute significantly to lithium con-
sumption. Therefore, the model may not fully capture the abso-
lute magnitude of LLI, although the relative trends between
electrolyte systems remain reasonably reproduced.

In addition to the electrochemical reduction pathway of PF6
− in

reaction (3), it should be noted that LiPF6-based electrolytes are
susceptible to hydrolysis in the presence of moisture, leading to
the formation of HF and fluorophosphate species such as POF3
and HPO2F2 [48, 49]. Such hydrolysis reactions are known to be
accelerated under high-voltage conditions and can significantly

influence interfacial chemistry. The generated HF is highly reac-
tive and may alter SEI composition through reactions with
carbonate-derived species, while also promoting transition-metal
dissolution from the positive electrode. Although these parasitic
reactions may affect the quantitative evolution of SEI compo-
nents and degradation behavior, they are not explicitly included
in the present model for simplicity.

Another important distinction from previous porous-SEI and
crack-generation models, such as those proposed by Ekström
and Lindbergh [50], is that the present work introduces compo-
nent-specific mechanical responses associated with the large vol-
ume changes of SiOx. While previous studies mainly discussed
crack formation phenomenologically or in graphite-based sys-
tems, the present model separately describes the fracture/refor-
mation of inorganic LiF-rich SEI and breathing-like thickness
evolution of organic LEDC-rich SEI. LiF is easy to fracture when
the SiOx deforms during cycle aging, and the pores formed by the
fracture can be a path for solvent transfer across the LiF layer.
These pores can be filled by newly generated SEI products if a
sufficient amount of reactants reaches the anode surface and
the electrode potential is sufficiently low. This assumption is sup-
ported by previous studies [51, 52] showing that LiF is a mechan-
ically stiff and brittle SEI component with a high elastic modulus,
making it susceptible to fracture under large volume changes. It
has also been reported that LiF loses its mechanical integrity dur-
ing electrochemical cycling, undergoing structural breakdown.
Such degradation is accompanied by a dynamic repair process,
where the SEI is continuously reformed from electrolyte decom-
position. Our model assumes that the fracture of LiF takes place
at the end of the discharge process.

On the other hand, LEDC is considered an intrinsically porous
SEI, which can change its thickness during cycle aging. To rep-
resent the afore-mentioned breathing behavior [41], continu-
ously growing LEDC is forced to shrink down to the threshold
thickness at the end of the discharge process. The behaviors of
LiF and LEDC in our model are schematically illustrated in
Figure 3.

The previously proposed porous-SEI continuum framework
[24, 25] provided an important theoretical basis for describing
SEI morphology and porosity evolution. However, these studies
mainly focused on local SEI growth at the particle scale and did
not explicitly connect experimentally quantified SEI chemistry
with electrode-scale P2D degradation behavior. In contrast,
the present work combines experimentally measured SEI compo-
sitions, reference-electrode electrochemical analyses, and P2D
simulations within the same SiOx-based cell system.

3.2.2 | Model Formalism and SEI Parameters

The coupling of electrolyte consumption and growth of SEI
is described as follows. First, reactions (1)–(3) are generally
expressed as

αn X + βn Li+ + γn e−→ δn SEI (4)

where n is the label of reactions in Equations (1)–(3). From the
electrochemical point of view, the volume of the product per area
Vsei,n is described by
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∂Vsei,n

∂t
=Tn

Msei

ρsei F
δn (5)

where Tafel equation

Tn = −F knsei
cX
c0X

� �
αn
exp − γn

F
2RT

ηn − rsei iSiOxð Þ
� �

(6)

is considered to describe the solvent reduction kinetics for each
reaction path. F and R are the Faraday and the gas constants and
T is the temperature. knsei is the kinetic constant of reaction n.
cX is the concentration of reactant X at the anode surface,
whereas c0X is its reference concentration. The overpotential

ηn, related to the nth reaction, depends on the SEI equilibrium
potential value, denoted Un

sei, as follows:

ηn =Φs −Φl −Un
sei (7)

where Φs and Φl are the electrochemical potentials in the active
material and in the electrolyte, respectively.

Next, we look at the diffusion flux, mass flow of reactants, in the
SEI. We assume that the reaction rate is limited by the diffusion
of reactants through the SEI. The diffusion flux is expressed as a
function of the reactant concentration in the electrolyte cbulkX as

Df,n =
cbulkX − cX
� �

rdif f
F (8)

where rdif f is the necessary time for reactants to cross the SEI and

reach SiOx particles. It can be written as a function of the thick-
ness and the diffusivity of layers, eLiF and DLiF,cracks, for the LiF
layer, eLEDC and DLEDC for the LEDC layer. Note that as the LiF
layer is modeled as a dense layer, only the diffusion through the
porosity εLiF of this layer is considered

rdif f =
eLiF

DLiF, cracks εLiF
+

eLEDC
DLEDC

(9)

The LEDC layer thickness evolution over time is given by

∂eLEDC
∂t

=T1
MLEDC

ρLEDCF
(10)

The overpotential ηSiOx is defined as the difference between the
solid phase potential, the electrolyte potential, and the equilib-
rium potential of SiOx. The intercalation current density iSiOx
is defined by

iSiOx = i0,SiOx

"
exp

α ηSiOx − rseiiSiOxð ÞF
RT

� �

− exp −
1−αð Þ ηSiOx − rseiiSiOxð ÞF

RT

� �# (11)

The thicknesses of the SEI layers lead to the evaluation of their
resistance using

rsei =
eLiF
KLiF

+
eLEDC
KLEDC

(12)

where KLiF and KLEDC are the ionic conductivities of LiF and
LEDC. The reaction rate Tn is obtained by equalizing the Tafel
Equation (6) and the diffusion flux Equation (8) under the diffu-
sion-limited assumptions.

Finally, the capacity loss induced by the SEI is obtained by quan-
tifying the loss of cyclable lithium associated with each reaction.
We introduce Qn

loss the capacity loss associated with the nth reac-
tion and the total capacity loss Qloss induced by all the reactions.
By denoting the SiOx surface area as Sa,

Qn
loss =TnγnSa (13)

Qloss =
X
n

Qn
loss (14)

This capacity loss is referred to as LLI. The capacity retention in
terms of LLI is described as

RLLI =
Q0 −Qloss

Q0
(15)

by denoting the initial capacity as Q0. The above models were
developed on COMSOL Multiphysics [53].

The parameters related to solvent/Li consumption and SEI forma-
tion are shown in Table 3. It should be emphasized that the present
parameter setting was not obtained through a formal global optimi-
zation or error-minimization procedure. Instead, the parameters
were empirically assigned based on a combination of experimental
observations, literature values, and physically reasonable assump-
tions, with the primary objective of reproducing the electrolyte-
dependent degradation trends observed experimentally.

The reduction potentials for EC and FEC have been determined
based on our previous study using cyclic voltammetry on the thin-
film SiOx electrode [41]. The amount of LiF in SEI of DMC+ FEC
(0.00329mg per 1mg of SiOx; 1

st cycle) is larger than that of
EC+DMC (0.00084mg per 1mg of SiOx; 1

st cycle), as shown
in Figure 2a, indicating that FEC plays an important role in pro-
ducing LiF compared with LiPF6. Therefore, we chose the reduc-
tion potential of PF6 anion (0.75 V), lower than that of FEC (0.9 V).

The reaction constant for EC reduction was selected based on the
previous physics-based SEI models [16], where values on the

FIGURE 3 | (a) Porous SEI model. AM and EL represent active mate-

rial and electrolyte, respectively. (b) Binary SEI model. (c) Inorganic SEI,

LiF, has a specific thickness and a dynamic porosity during cycle aging.

(d) Organic SEI, LEDC, has a specific porosity and a dynamic thickness

during cycle aging.
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order of 10−9 mol m−2 s−1 were discussed for carbonate reduction
reactions. The reaction constant for FEC reduction was inten-
tionally assigned to be smaller than that for EC reduction, despite
the higher reduction potential of FEC. This choice was motivated
by our previous NMR analyses on EC+ FEC+DMC-based elec-
trolytes, which indicated that EC-derived organic SEI species,
such as LEDC, still remain even in FEC-containing systems.
This observation suggests that FEC reduction alone does not
immediately produce a fully passivating LiF-rich layer and that
EC reduction can continue at lower potentials. In contrast, the
reaction constant for PF6

− reduction was set to a sufficiently
small value so that LiF formation originating from PF6

− decom-
position would not prematurely suppress solvent reduction reac-
tions through excessive passivation.

The diffusivities assigned to solvent transport through SEI pores
were selected with reference to previous porous-SEI and phase-
field studies reporting Li-ion diffusion coefficients ranging from
approximately 10−20 to 10−16 m2 s−1 in SEI [54, 55]. In the present
work, slightly larger diffusivities were assigned to neutral solvent
species than to Li ions, reflecting their weaker electrostatic inter-
actions within the SEI environment. The ionic conductivity of the
SEI layers was selected based on representative values reported
in previous multimodal SEI models [16].

Sensitivity analyses for the most influential degradation param-
eters, including the threshold thickness of LEDC and the maxi-
mum crack ratio of LiF, are discussed in Supporting Information

S5. These analyses confirm that the qualitative electrolyte-depen-
dent degradation trends reproduced by the model remain robust
over physically reasonable parameter ranges.

3.3 | Model Analysis

Figures 4 and 5 represent the experimental and calculated poten-
tial versus capacity curves in the 1st loading test with different
discharge rates for EC+DMC and DMC+ FEC systems, respec-
tively. Overall, potential profiles (not only cell potentials but also
separated positive and negative electrode potentials) are similar
between the measured and simulated results. One can notice that
the potential curves of the positive electrode mostly overlap with
each other, even though discharge rates differ. On the other
hand, the negative electrode potential increase at the end of dis-
charge depends strongly on C-rate and can limit the cell capacity.
This quick increase of negative electrode potential at high C-rate
may be related to the slowdown of Li-ion diffusivity and insertion
kinetics of SiOx at low stoichiometry that was introduced in
Table 2. It is noticeable that the negative electrode seems to limit
the cell performance during charge at 2 C due to its large over-
potential in Figure S13(c) of Supporting Information S6. For
improved performance at higher C-rate, it may be required to
modify the SiOx material so that it can avoid such a slowdown
at the end of the discharge step. The potential curves of
EC+DMC and DMC+ FEC are mostly similar at the beginning
of cycle aging in Figures 4 and 5. To be precise, the overpotential
of the cell voltage at 2C discharge is larger in EC+DMC. The
differences of overpotentials at 1 mAh between EC+DMC
and DMC+ FEC are 0.15 V in experiment and 0.03 V in simula-
tion based on cell voltage. From the point of negative electrode
potential, the differences of overpotentials at 1 mAh between the
two systems are 0.16 V in experiment and 0.03 V in simulation.
The model result underestimates the overpotential difference
consistently derived from the negative electrodes. The NMR
results (Figure 2) indicate that the EC+DMC system forms a
thicker SEI, which may be correlated with increased interfacial
resistance associated with thicker SEI formation. As a result, the
discharge capacity at fifth cycle (2 C discharge) estimated by the
model is larger in DMC+ FEC (1.71 mAh) than that in
EC+DMC (1.67 mAh), which is qualitatively consistent with
the experimental result, 1.87 mAh for DMC+ FEC and 1.42 mAh
for EC+DMC. In Supporting Information S7, we show model
results with no SEI growth mode. In this no-SEI scenario,
EC+DMC and DMC+ FEC would exhibit completely same
capacity, indicating that SEI actually plays a crucial role in dif-
ferentiating these two electrolyte systems.

The potential curves of the cell voltage, the positive electrode
potential, and the negative electrode potential at the first loading
test with different charging rates are shown in Figures S13 and
S14 of Supporting Information S6. Again, the model results
reproduce the qualitative difference depending on the charging
C-rates observed in experiments. The potential curves measured
with different discharge rates in the second loading test are
depicted in Figures S15 and S16, while those with different
charge rates are displayed in Figures S17 and S18. If SEI growth
is ignored, the potential curves at second discharge loading test
are the same as the ones at first discharge loading test shown in
Figures S19b–e) of Supporting Information S7. If Figures S15 and

TABLE 3 | SEI-related parameters. knsei, eLEDC,threshold, and εLiF,max are

the main calibrated parameters so that the model can reproduce the

potential curves obtained by experiment.

Parameter Value

Msei,1 | Molar mass of LEDC 0.16203 kg/mol

Msei,2, Msei,3 | Molar mass of LiF 0.025939 kg/mol

ρsei,1| Density of LEDC 1600 kg/m3

ρsei,2, ρsei,3 | Density of LiF 12 640 kg/m3

U1
sei | reductive potential 0.6 V

U2
sei | reductive potential 0.90 V

U3
sei | reductive potential 0.75 V

k1sei | reaction constant 1.36 × 10−9 mol/(s·m2)

k2sei | reaction constant 1.36 × 10−12 mol/(s·m2)

k3sei | reaction constant 1.36 × 10−22 mol/(s·m2)

eLEDC,0 | LEDC initial thickness 1 × 10−10 m

eLEDC,threshold | LEDC thickness
threshold

2 × 10−8 m

eLiF | LiF thickness 2 × 10−9 m

εLiF, max | LiF max crack ratio 0.2

DLEDC | diffusion of solvents
through pores in LEDC

1 × 10−19 m2/s

DLiF,cracks | diffusion of solvents
through pores in LiF

5 × 10−15 m2/s

KLiF , KLEDC | ionic conductivity in
LiF and LEDC

5 × 10−6 S/m
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S16 are compared with the no-SEI scenario, it is clear that
EC+DMC potentials show a significant modification by SEI,
while DMC+ FEC potentials maintain their initial appearance,
indicating a relative stability. After aging, the consistency
between experimental and simulated curves decreased compared
with the results at the beginning of life. However, the qualitative
trends by varying the discharge and charge rates are well repro-
duced in the model. Although some quantitative discrepancies
remain between simulations and experiments, the model consis-
tently captures the evolution of electrode overpotentials and
available capacities.

In Figure 6, the discharge capacity retention estimated from the
potential curves (potential vs. capacity, V-Q) and the discharge
capacity retention in terms of LLI, determined by Equation
(15), are plotted according to the model study. The capacity reten-
tions at 100th cycle estimated by V-Q curves in the model are
65.1% and 96.8% for EC+DMC and DMC+ FEC systems, respec-
tively. The retentions at 100th cycle estimated by LLI in the
model are 40.9% and 94.3% for the same two systems. Finally,
experimentally observed capacity retentions at the 100th cycle

are 25.5 and 61.2%, respectively, for EC+DMC and DMC+
FEC. It should be noted that our cycle aging tests were conducted
at 0.5C/0.5C condition as discussed in Section 2.1 to complete
measurements within a reasonable experimental time, while
we decided to carry out the model study of cycle aging tests at
0.1/0.1 C to account for the degradation in terms of LLI
decoupled from the overpotential increase due to the SEI resis-
tance. The overestimated capacity retention in the model may
partially originate from the difference in C-rates or from the lack
of detailed description in chemical reactions, where we assumed
a simplified form as Equations (1)–(3).

The capacity retention by V-Q curves temporally decreases when
the C-rate is high in the loading tests, but is recovered when the
C-rate comes back to 0.1/0.1 C during cycle aging. Overall capac-
ity retention for DMC+ FEC exceeds that for EC+DMC, which
is consistent with the experimental results shown in Figure 1. It is
also shown that the capacity retention in terms of LLI is higher in
DMC+ FEC compared with EC+DMC, which again is in
accordance with the experimental retention data. From an engi-
neering perspective, such trend-level predictability is particularly

FIGURE 4 | Discharge potential-capacity (V-Q) curves for first loading tests depending on discharge C-rates for the EC+DMC system. Panels (a)–(c)

show the experimental results, while panels (d)–(f ) show the simulation results. Panels (a)–(d), panels (b)–(e), and panels (c)–(f ) show cell potential,

positive electrode potential, and negative electrode potential, respectively.
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valuable for degradation-oriented cell design, even when perfect
quantitative agreement is not achieved.

For a clearer understanding of the model and its results, the sta-
tus of SEI, namely the thickness of LEDC and the porosity of
LiF, is plotted in Figure S20 of the Supporting Information S8
as a function of time in the early stages of aging tests. In
EC+DMC, the LiF is almost always porous, while the thickness
of LEDC periodically shifts since it was implemented as a breath-
ing. In DMC+ FEC, the LiF is the only SEI entity that is quickly
recovered with the subsequent reactions even after it is damaged,
which prevents further Li consumption.

In Figure 7, the negative electrode potentials at the end of rest
after charge are plotted as a function of cycle number.
Experimental results and simulation results show a qualitatively
similar behavior, in which the negative electrode potential grad-
ually increases with the cycle number, but the increase is slower
in DMC+ FEC. The reason for this shift of the negative electrode
cutoff potential is twofold. First, due to the fast consumption of Li
in the system, as evidenced by Figure 6b, the stoichiometry range
used for charge/discharge has shifted in the anode active

material. Second, although direct impedance measurements
were not conducted in the present study, the gradual increase
in negative electrode overpotential qualitatively suggests increas-
ing interfacial resistance associated with SEI evolution. Future
work, including impedance characterization, would further
strengthen the interpretation of interfacial resistance evolution.
The shift of the stoichiometry will be discussed further.

Figure 8 displays the spatial distribution of Li stoichiometry in
the cathode and anode active materials at the end of discharge
in the first and third loading tests (the loading tests inserted at
first and 178th cycles as shown in Figure 1) in a P2D description.
The horizontal axis indicates the position of the representative
active material particle along the positive–negative electrode
stacking direction, while the vertical axis indicates the distance
from the surface of the representative active material particle.
When the discharge rate is 0.1 C, the Li distributions in positive
and negative electrodes are spatially homogeneous for both elec-
trolytes. DMC+ FEC shows a similar stoichiometry at the first and
third loading tests, whereas the Li stoichiometry in LCO decreased
after aging in EC+DMC. This is explained by the faster Li con-
sumption due to the continuous SEI growth in EC+DMC.

FIGURE 5 | Discharge potential-capacity (V-Q) curves for first loading tests depending on discharge C-rates for the DMC+ FEC system. Panels

(a)–(c) show the experimental results, while panels (d)–(f ) show the simulation results. Panels (a)–(d), panels (b)–(e), and panels (c)–(f ) show cell

potential, positive electrode potential, and negative electrode potential, respectively.
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When the discharge rate is 2 C, the distribution of Li is still homo-
geneous in the positive electrode, both at the first and third load-
ing tests in both electrolyte systems. However, it can be
mentioned that the stoichiometry of LCO after 2 C discharge
is limited compared with 0.1 C, meaning that not all the Li is
coming back to the cathode. On the other hand, the Li distribu-
tion in SiOx shows a spatial inhomogeneity. This inhomogeneity
in the anode is observed mostly along the particle radius, while it
is mostly homogeneous in the depth of the electrode. This indi-
cates that the Li near the SiOx particle surface easily transfers to
the electrolyte, but the Li located in the core of the particle can-
not easily diffuse to the surface due to the slow dynamics of Li.

Figure 9 shows the spatial distribution of Li in active materials
after charging of 1st and 3rd loading tests. Just after the 0.1 C
charge, both electrodes show homogeneous Li distributions,
though the stoichiometry in each electrode decreased after aging,
significantly in EC+DMC and slightly in DMC+ FEC. This
result is consistent with the negative electrode potential shift
observed in Figure 7.

After the 2 C charge, the Li distribution in LCO is still homoge-
neous in both electrolytes. Similar to the situation after the 2 C

discharge, the Li distribution in SiOx is again inhomogeneous in
both electrolytes. However, there are a few differences worth dis-
cussing here. One is that the main direction of inhomogeneity
is observed along the particle radius (vertical axis in the P2D
description) at 2 C, but an inhomogeneity along the positive–neg-
ative electrode stacking direction (horizontal axis in the P2D
description) also appears in both electrolytes. This is because
the Li diffusivity in the liquid phase of the negative electrode
is limited, and the Li ions in the electrolyte far from the separator
are in deficit at high C-rate (the Li-ion concentration in the elec-
trolyte is discussed in Supporting Information S9). To avoid this
issue, improvement of electrolyte diffusivity and/or an improved
electrolyte path geometry (higher porosity or lower tortuosity) in
the negative electrode is desirable, especially when higher C-rate
operation is demanded. A second interesting aspect is the rela-
tive stoichiometry in the negative electrode when two electro-
lytes are compared. Even at the first loading, the amount of Li
inserted into SiOx is lower in EC +DMC, because of the thicker
SEI, which leads to a larger overpotential. After aging, the Li
stoichiometry in SiOx shows a similar gradation as the one
observed at the beginning of life, but with a lower total Li con-
tent in SiOx.

FIGURE 7 | Negative electrode potential at the end of rest time after charge as a function of cycle number. The data during the loading tests are

excluded for simplicity. (a) Experiment. (b) Simulation. Blue and orange curves represent the data for EC+DMC and DMC+ FEC, respectively.

FIGURE 6 | Discharge capacity retention obtained by the developed P2D model. (a) Capacity estimated from the V–Q curves. (b) Capacity retention

is estimated in terms of LLI.
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FIGURE 8 | Stoichiometry distribution in the electrodes at the end of first and third discharge loading tests. Negative electrode is described by a

scaled square with a width of Ln= 12.5 μm (thickness of the negative electrode) and a height of Rn= 2.95 μm (mean particle radius of SiOx), whereas

positive electrode is described by a scaled square with a width of Lp= 51.6 μm (thickness of the positive electrode) and a height of Rp= 10.25 μm (mean

particle radius of LCO). The geometry fully reflects the experimental setup. The upper side of the horizontal edge indicates the particle surface facing the

electrolyte while the lower edge indicates the particle center of the active material. (a) EC+DMC and (b) DMC+ FEC after 0.1 C discharge.

(c) EC+DMC and (d) DMC+ FEC after 2 C discharge.

FIGURE 9 | Stoichiometry distribution in the electrodes at the end of first and third charge loading tests. Details of the expression are explained in

the caption of Figure 8. (a) EC+DMC and (b) DMC+ FEC after 0.1 C charge. (c) EC+DMC and (d) DMC+ FEC after 2 C charge.
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Finally, we applied the developed model to electrolytes mixed
with three solvent species: 1 M LiPF6/EC+DMC+ FEC.
Figure 10a displays the experimental cycle aging tests for 1M
LiPF6/EC+DMC+ FEC, where the EC ratio was fixed to 15%,
and the FEC ratio was changed from 1 to 15%. The corresponding
model results were illustrated in Figure 10b. In our experimental
study, the initial slope of discharge capacity retention varies
depending on the FEC ratio, which was well reproduced by
the developed model. The capacity retentions at 50th cycle
observed in experiment are 82%, 72%, 43%, and 22% for 15%,
10%, 5%, and 1% contents of FEC, respectively, while those esti-
mated by the developed model are 91%, 86%, 80%, and 60%. A
quantitative agreement is not perfect, but the trend in the degree
of degradation as a function of FEC content is reproduced by the
model. These agreements support the wide applicability of the
model for LiPF6/EC+DMC+ FEC systems. The inset of
Figure 10b shows the remaining amount of FEC in the electrolyte
as a function of cycle. FEC decreases gradually and nonlinearly, a
behavior that is quite similar to that of capacity retention. This
indicates a close relationship between the consumption of sol-
vents and Li and the SEI growth embedded in our model. In
the currently developed model, the electrolyte composition
changes as SEI recursively forms, which in turn modifies the
SEI formation process, synergetically affecting the cell perfor-
mance. Incorporating the change of electrolyte properties,
such as ion conductivity, depending on modified electrolyte com-
position, would be an interesting subject for future studies.
Observations when some of the species in the electrolyte are fully
consumed would also be an interesting topic.

The present binary SEI representation does not explicitly account
for the full spectrum of inorganic and organic species reported in
Si-based systems. While such ignored species may affect proper-
ties such as ionic conductivity, mechanical stability, and long-
term SEI evolution, their omission can be interpreted as a source
of quantitative deviation to the present model in terms of lithium
consumption and does not alter the qualitative trends captured in
this study. Incorporating a more detailed multicomponent SEI
description and its detailed sensitivity analysis will be addressed
in future work to improve the predictive capability of the model.

4 | Conclusion

In this study, we systematically investigated the effects of electro-
lyte composition on cycle retention, SEI characteristics, and LLI
in SiOx-based negative electrodes, combining experimental anal-
ysis and physics-based modeling.

Electrochemical cycling results clearly demonstrated that electro-
lytes containing FEC exhibit superior cycle retention compared
to conventional EC+DMC systems. In particular, DMC+ FEC
showed improved capacity retention, indicating a beneficial role
of FEC in suppressing degradation during cycling. Additional cycle
aging tests using ternary LiPF6/EC+DMC+ FEC electrolytes fur-
ther revealed that reducing the FEC content leads to accelerated
degradation, as evidenced by a steeper decline in capacity retention
even at the beginning of life. This result highlights the critical role of
FEC in the initial formation and stabilization of the SEI.

NMR analyses revealed that LEDC and LiF are the key SEI com-
ponents responsible for the distinct interfacial properties
observed in EC+DMC and DMC+ FEC electrolytes. The SEI
formed in DMC+ FEC is characterized by a thinner and LiF-rich
structure. Notably, the total SEI mass remained nearly constant
even after aging, qualitatively suggesting a “breathing” behavior
of the SEI, where reversible structural changes occur without
continuous accumulation.

Based on SEI quantification results, we developed a P2D model
that couples electrolyte consumption with SEI growth using a
porous SEI framework. For simplicity, degradation reactions
were effectively imposed on EC, FEC, and the PF6 anion, while
DMC was neglected. In the model, inorganic SEI components
such as LiF, originating from FEC and PF6 decomposition, were
represented as a thin but brittle film, whereas organic SEI com-
ponents such as LEDC, originating from EC, were modeled as a
breathing entity. This treatment successfully reproduced a lower
negative electrode overpotential in the DMC+ FEC system, con-
sistent with the formation of a thinner, LiF-rich SEI. Furthermore,
the simulated LLI successfully captured the experimentally
observed capacity-fade trends.

FIGURE 10 | Cycle aging tests for LCO|SiOx cells using electrolytes with the following compositions: 1 M LiPF6/EC+DMC+ FEC, where EC:DMC:

FEC= 15:85-x:x (wt%) with x= 15 (blue), x= 10 (orange), x= 5 (green) and x= 1 (red). (a) Experiment (0.5/0.5 C). (b) Simulated capacity retention from

the LLI point of view. Simulations were conducted at 0.1/0.1 C. The inset shows the remaining FEC in the electrolyte as a function of cycle.
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Continuous SEI formation consumes cyclable lithium and limits
the usable stoichiometry range during charge and discharge. Our
results indicate that lithium consumption is relatively suppressed
in DMC+ FEC, most likely due to more effective passivation by
the LiF-rich SEI, leading to improved cycling stability.

The developed P2D model also provides insights into the spatial
inhomogeneity of lithium distribution within the cell. Analysis of
lithium stoichiometry revealed that inhomogeneity predomi-
nantly occurs in the negative electrode rather than in the positive
electrode, which is attributed to the slow lithium transport kinet-
ics in SiOx particles. After high-rate discharging at 2 C, lithium
inhomogeneity was mainly observed along the particle radial
direction. This suggests that further improvement of SiOx, such
as through atomic doping [56], control of disproportionation via
thermal treatment [57–59], or fine-tuning of particle size, is
essential for fast discharge applications. In contrast, 2C charging
induced inhomogeneity not only along the particle radius but
also across the electrode thickness, indicating that limited lith-
ium transport in the electrolyte also plays a significant role.
Therefore, enhancing electrolyte properties and optimizing elec-
trolyte pathway topology are required to achieve faster and more
homogeneous charging.

The degradation behaviors reproduced by the present model are
broadly consistent with experimentally reported characteristics
of Si-based and SiOx-based electrodes. The model captures key
features widely discussed in previous studies, including the for-
mation of LiF-rich passivating SEI in FEC-containing electro-
lytes, continuous lithium consumption associated with
recurrent SEI reformation, and the dynamic evolution of the
interphase during cycling [8–11, 38–44]. These consistencies sup-
port the physical relevance of the present chemistry-informed
degradation framework and suggest that the model provides a
useful tool for interpreting the coupled relationships between
electrolyte composition, SEI chemistry, lithium consumption,
and electrochemical aging in SiOx-based cells. This approach
goes beyond conventional phenomenological SEI growth models
and provides a practical methodology for connecting SEI charac-
terization, electrolyte formulation, and long-term electrochemi-
cal degradation. By coupling electrochemical and degradation
models, the framework provides a rough yet valuable estimation
of battery lifetime, which would otherwise require long-term
experiments. Future work will focus on validating the model
under different temperature conditions and extending it to even
higher charge/discharge C-rates to accelerate the design of
advanced high-performance LIBs. Specifically to validate the
model’s ability at different temperatures, it is of interest to incor-
porate temperature dependency into the diffusivity of reactants
across the SEI pore Dsei, ionic conductivity in SEI Ksei, or
the threshold thickness of organic SEI eLEDC,threshold. Further
improvements of the model will include the incorporation
of additional SEI components to capture the full chemical com-
plexity and enhance quantitative accuracy. In particular, incor-
porating DMC decomposition reactions would improve the
quantitative prediction of lithium consumption, even though it
is not expected to significantly modify the electrolyte-dependent
trends discussed in this study. Complementary characterization
by ToF-SIMS and FTIR will clarify the possible contribution
of oligomeric and polymeric SEI species derived from FEC

decomposition, which would upgrade the model description. It
could also be a promising research direction to apply and extend
the developed model to other batteries with different types of sil-
icon anodes, such as silicon-metal alloys and pure silicon.
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