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itive electrode soluble species
crossover induced accelerated degradation in
lithium-ion batteries
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Si-based negative electrodes are promising alternatives to graphite because of their exceptional theoretical

capacity and potential for fast-charging Li-ion batteries (LIBs). However, the large volume changes in Si and

the instability of the solid electrolyte interphase (SEI) result in severe capacity fading and performance

degradation. In this study, the degradation mechanisms of SiO-based negative electrodes were

investigated, with a focus on negative-to-positive electrode crosstalk that accelerates full-cell failure.

The SEI on SiO is predominantly organic and exhibits high thermal solubility, which leads to the

dissolution of the SEI components into the electrolyte. The resulting alkyl fluorophosphate species

(OPF(OCH3)2) undergo oxidative decomposition on Ni-rich NCM811 positive electrodes, inducing

interfacial resistance growth, particle cracking, and electrolyte depletion. High-temperature storage tests

of the SiO/NCM811 cells confirmed more severe polarization and surface damage compared with their

graphite-based counterparts. Our findings indicate that stabilizing the SEI and suppressing electrolyte

degradation are critical strategies for mitigating crosstalk-induced failure, enabling the development of

durable high-energy LIB technologies beyond graphite negative electrodes.
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Introduction

Because the application of secondary batteries has widened to
electric vehicles and energy-storage systems, both the
enhancement of fast rechargeability and energy density of Li-
ion batteries (LIBs) are regarded as prerequisites for further
practical implementation.1–14 Recently, graphite electrodes have
been replaced with Si electrodes because graphitic-carbon-
based negative electrodes exhibit limitations in terms of their
specic capacity and subsequent fast-rechargeability.15–19 Si-
based electrodes deliver a higher specic capacity than
graphite electrodes; thus, a negative electrode with an identical
areal capacity can be designed with a lower mass loading.
Consequently, because facile Li-ion diffusion in the negative
electrode is enabled by thinner electrodes, the fast recharge-
ability of LIB systems is substantially improved by the applica-
tion of Si-based electrodes.

In contrast, Si electrodes suffer from signicant interphase
deterioration due to large volumetric changes and inherently
inefficient deposition of the solid electrolyte interphase
(SEI).15–23 The failure of Si-based electrodes is severe on its own;
furthermore, the cascading failure of graphite electrodes oen
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follows the degradation of typical Si-blended electrodes.14,15,24,25

The most critical deciency of SEI lms on Si electrodes is their
thermal instability, which arises from the formation of ther-
mally soluble SEI species due to the high surface work function
of Si-based electrodes.4,5,26 The formation of soluble SEI species
on Si-based electrodes exposes the bare negative electrode
surface owing to SEI lm dissolution, leading to further elec-
trolyte reduction on the lithiated Si surface. This results in
severe self-discharge and an increase in interfacial resistance.

Meanwhile, the failure of Si-incorporated full cells is more
severe than that expected from Si-based interphase degradation
alone. The conventional understanding suggests that
transition-metal dissolution from the positive electrode is more
harmful to Si-based electrodes than to graphite electrodes.27–35

This positive-to-negative electrode crosstalk behavior is
a conventional failure mechanism that has been extensively
studied for spinel lithium manganese oxide electrodes.34–39 It
arises because the side reactions on the negative electrode are
signicantly reduced aer SEI lm formation, which suppresses
the cathodic side reactions in the LIB. However, replacing
graphite with Si-based electrodes leads to a substantial increase
in cathodic side reactions, and the thermally vulnerable inter-
phases can accelerate failure at elevated temperatures.

Crosstalk is typically regarded as a positive-to-negative elec-
trode failure mechanism because the transition metals di-
ssolved from the positive electrode are deposited on the surface
of the negative electrode, leading to signicant cathode elec-
trolyte decomposition.28,29 Thus, the main mitigation strategy
for full-cell failure focuses on preventing the dissolution and
deposition of transition-metal species from the positive elec-
trode. In contrast, crosstalk failure induced by soluble organic
species, which is triggered by signicant SEI failure, has
recently been highlighted in high-Ni-content positive
electrodes.40–46 However, negative electrode-induced crosstalk
phenomena are not sufficiently well understood to devise an
effective mitigation strategy.

In this study, the underlying failure mechanism of cells with
silicon oxide (SiO) electrodes was investigated. Thermally
vulnerable SEI lms deposited on SiO electrodes readily
dissolve in carbonate electrolytes, leading to electrolyte deteri-
oration. This chemical failure of the electrolyte results in the
formation of alkyl uorophosphate-based species, which
signicantly decompose within the working voltage range of the
negative and positive electrodes. The increased electrochemical
side reactions lead to resistance growth and mechanical failure
of NCM electrodes; therefore, positive-electrode failure arises
from SEI failure in the negative electrode. Individual charac-
terization of the positive and negative electrodes was performed
to validate the negative-to-positive-electrode crosstalk-induced
failure. Based on this characterization, further development of
post-graphite LIBs is possible through a deeper understanding
of their failure mechanisms.

Results and discussion

Fig. 1 shows the SEI lm characterization results of graphite
and SiO electrodes obtained via X-ray photoelectron
J. Mater. Chem. A
spectroscopy (XPS). The SEI lm deposited on the graphite
electrode (Fig. 1a) was mainly composed of Li2CO3-based inor-
ganic species rather than C–O/C]O-based organic mate-
rials,1,4,5,10,11,40,47,48 whereas the SiO electrode exhibited
predominantly C–O/C]O-based organic species (Fig. 1b).
Consistently, the bonding concentration of the SiO electrode
shows a higher proportion of organic species compared to that
of the graphite electrode (Fig. S1). The C–C peak was excluded in
the analysis, as it can originate from the PVdF binder and the
graphite active material. This compositional change is consis-
tent with the results of previous studies. Such compositional
differences lead to varying solubilities of the SEI lm on the
negative electrodes. While representative Li2CO3 exhibits a high
Li-ion binding energy, lithium methyl carbonate (LMC) and
lithium ethylene dicarbonate (LEDC) have lower binding ener-
gies (Fig. 1c). Hence, the thermal solubility of the SEI lm on the
graphite electrode was lower than that on the SiO electrode.
Fig. 1d shows the time-of-ight secondary ion mass spectrom-
etry (ToF-SIMS) mapping of the SEI lm on the negative elec-
trodes. The graphite electrode exhibited LiCO3

−- and CH3O
−-

based compositions, whereas the SiO electrode exhibited
a CH3O

−-based organic composition. Thus, the thermal insta-
bility of the SEI lm and the degree of subsequent interphase
degradation are expected to be signicantly higher on the SiO
electrode than on the graphite electrode. Lithiation of both the
graphite and SiO electrodes was performed under identical
conditions to unify the open-circuit voltages of the two elec-
trodes (Fig. S2). Ex situ scanning electron microscopy (SEM)
images of graphite aer the initial formation and storage
revealed no evident changes on the graphite electrode surface
(Fig. 1e). In contrast, the SiO electrode exhibited substantial
interphase deterioration aer storage at elevated temperatures
(Fig. 1f). The morphology of the SEI lm deposited on the SiO
electrode was markedly different from that of the SEI lm
deposited on the graphite electrode, because of the composi-
tional differences. Compared to the pristine electrode, the SiO
electrode exhibited a thick surface lm aer the initial forma-
tion, whereas the graphite electrode showed no signicant
change (Fig. S3). Moreover, signicant morphological failure
was observed aer high-temperature storage of the lithiated SiO
electrodes. The thickened surface and cracking observed on the
SiO electrode indicated that the interfacial failure was far more
severe than that for the graphite electrode. From the energy-
dispersive X-ray spectroscopy (EDS) map, the P signal which
represents the SEI components rather than the binder or active
material, was stronger on the graphite electrode aer storage.
This indicates that SEI dissolution wasmore pronounced on the
SiO electrode during high-temperature storage (Fig. S4). The
interfacial failures of the graphite and SiO electrodes are illus-
trated in Fig. 1g. For the graphite electrode, an inorganic SEI
lm was predominantly deposited because of its low surface
work function, as reported in the literature. This inorganic SEI
lm exhibited low solubility in the electrolyte at high temper-
atures because of its high Li-ion binding energy, limiting the
SEI lm failure on the graphite electrode. In contrast, the SEI
lm on the SiO electrode was largely composed of organic
species that were highly soluble in the electrolyte. Therefore, the
This journal is © The Royal Society of Chemistry 2026
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interfacial failure of the SiO electrode was more signicant than
that of the graphite electrode, owing to the intrinsic surface
chemistry differences between the two electrodes.

Because the failure of the SiO and graphite electrodes orig-
inated from the dissolution of the SEI lm on the negative
electrodes, chemical and electrochemical characterization
studies were individually performed during electrolyte storage
(Fig. 2). Fig. S5 shows a schematic of the electrolyte storage
experiment. Negative electrodes with identical areal capacities
were prepared to quantify the number of electrons in the elec-
trodes. The lithiated electrodes were soaked in fresh electrolyte
and subsequently stored at 60 °C. Thus, the degraded electrolyte
remained intact during the individual storage experiments. The
19F nuclear magnetic resonance (NMR) spectra of the stored
electrolytes are shown in Fig. 2a. The formation of alkyl
uorophosphate-based species was identied via NMR spec-
troscopy,49 and the peak intensity of the OPF(OCH3)2 compound
was higher for the electrolyte stored with the SiO electrode (SiO-
stored electrolyte) than for the electrolyte stored with the
Fig. 1 C 1s XPS spectra obtained from (a) graphite and (b) SiO electrodes a
SEI components; (d) ToF-SIMS 3D maps of graphite and SiO electrod
electrodes after the initial formation and one week of storage at 60 °C; (g

This journal is © The Royal Society of Chemistry 2026
graphite electrode (graphite-stored electrolyte). Hence, the
chemical degradation of the electrolyte was more pronounced
with the SiO electrode. Because the concentration of
OPF(OCH3)2 compounds is directly proportional to the di-
ssolved chemical species from SEI lm dissolution, the
OPF(OCH3)2 content increased in the organic SEI lm-
dominant SiO electrodes. The frontier orbital energy levels of
the OPF(OCH3)2 compound were compared with those of typical
electrolyte components: ethylene carbonate (EC) and ethyl
methyl carbonate (EMC) (Fig. 2b). The highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energy levels of OPF(OCH3)2 are higher and
lower, respectively, than those of EC and EMC, implying that the
oxidation and reduction of this degraded component occur
more readily than those of typical electrolyte components.
Consequently, the deterioration of the SEI on the SiO electrode
was more severe than that on the graphite electrode owing to
the formation of this compound. The F 1s XPS spectra of the
stored negative electrode indicated signicant deposition of
fter the initial formation; (c) calculated Li-ion binding energy for typical
es after the initial formation; SEM images of (e) graphite and (f) SiO
) schematic of graphite and SiO electrode failure at a high temperature.

J. Mater. Chem. A
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Fig. 2 (a) 19F NMR spectra of the electrolyte stored with lithiated graphite and SiO electrodes; (b) frontier orbital energy levels of typical
electrolyte components and dissolved degraded SEI species; (c) linear sweep voltammograms obtained from the electrolyte stored with lithiated
graphite and SiO electrodes at a scan rate of 0.5 mV s−1; (d) 0.5C Li/NCM811 coin cell cyclability; (e) irreversible capacity of Li/NCM cells after 50
cycles.
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LixPFyOz species50,51 on the SiO electrode compared to the
graphite electrode, which resulted from the increased forma-
tion of OPF(OCH3)2 species due to SEI lm dissolution (Fig. S6).
The electrochemical stability window of the stored electrolyte
was evaluated using linear sweep voltammetry (Fig. 2c). The
SiO-stored electrolyte exhibited a distinct oxidation peak at
4.0 V (vs. Li/Li+), whereas the graphite-stored electrolyte
exhibited no evident peak. Hence, oxidation of the degraded
Fig. 3 (a) C 1s and (b) F 1s narrow-scan XPS spectra of cycled NCM811 el
with electrolytes stored with lithiated graphite and SiO electrodes in a
crosstalk-induced failure of the positive electrode.

J. Mater. Chem. A
species occurredmore signicantly in the SiO-stored electrolyte.
The Li/NCM811 half-cell cycling performance results for the
SiO- and graphite-stored electrolytes (Fig. 2d) revealed an initial
capacity depression in the SiO-stored electrolyte, which arose
from the increased electrochemical side reactions. The capacity
decay was more pronounced in the SiO-stored electrolyte than
in the fresh electrolyte, whereas the graphite-stored electrolyte
exhibited comparable performance (Fig. S7). This result is
ectrodes; (c) cross-sectional SEM images of cycled NCM811 electrodes
Li/NCM half-cell; (d) summarized mechanism of negative-to-positive

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 (a) 60 °C storage test results and (b) storage-week-dependent
voltage profiles of graphite and SiO/NCM pouch cells; cross-sectional
SEM images of (c) graphite and SiO electrodes and (d) NCM electrodes
coupled with graphite and SiO.
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primarily attributed to the formation of resistive surface lms
formed by dissolved SEI species in the SiO-stored electrolyte,
which hinder lithium-ion transport by increasing resistance.
The accumulated irreversible capacity during cycling (Fig. 2e)
indicated that the increase in irreversible capacity was due to
electrolyte degradation, specically the formation of
OPF(OCH3)2 compounds from SEI lm dissolution on the SiO
electrode. The density functional theory (DFT) calculations were
performed to investigate the adsorption energy of OPF(OCH3)2
on graphite and SiO electrode surfaces (Fig. S8). The results
show that OPF(OCH3)2 adsorption is thermodynamically less
favorable on the SiO surface than on the graphite surface.
Consequently, a higher concentration of OPF(OCH3)2 remains
in the electrolyte with the SiO electrode, which is likely to
migrate to the NCM surface and promote oxidative decompo-
sition at the NCM electrode, leading to the formation of
a resistive surface lms such as LixPFyOz. These ndings
demonstrate that the dissolution of SEI components from the
This journal is © The Royal Society of Chemistry 2026
SiO electrode accelerates NCM surface degradation via a cross-
talk mechanism.

The C 1s XPS spectra (Fig. 3a) of the cycled NCM811 elec-
trodes indicated increased surface lm deposition on the NCM
surface in the SiO-stored electrolyte compared to the graphite-
stored electrolyte. The relative proportion of surface lm
components, excluding the C–C peak attributed to the
conductive agent, was higher for the NCM electrode cycled with
the SiO-stored electrolyte (52%) than with the graphite-stored
electrolyte (49%). This suggested that the increased electrolyte
decomposition on the NCM811 electrode was induced by SEI
lm dissolution at the negative electrode during high-
temperature storage. Moreover, the F 1s spectra (Fig. 3b) indi-
cated that LixPFyOz species were more prominently deposited
on the NCM811 surface in the SiO-stored electrolyte than in the
graphite-stored electrolyte. The covered NCM811 surface sup-
pressed the Ni 2p signal; therefore, the Ni 2p XPS proles were
compared (Fig. S9). The Ni 2p XPS spectra exhibited a signi-
cant reduction in the Ni 2p signal intensity for the SiO-stored
electrolyte, which arose from increased oxidative side reac-
tions due to SEI lm dissolution. Consequently, the formation
of OPF(OCH3)2 compounds from SEI lm dissolution likely
promotes the generation of these surface lm components.
Because electrolyte oxidation induces particle cracking in
NCM811 materials, cross-sectional SEM images were obtained
from the NCM811 electrodes aer cycling (Fig. 3c). These
images showed signicant cracking of the NCM811 electrode
aer cycling with the SiO-stored electrolyte, due to severe elec-
trolyte oxidation on the NCM surfaces induced by OPF(OCH3)2
formation from SEI lm dissolution on the SiO electrode. In
comparison, the cycled NCM811 electrode from the graphite-
stored electrolyte exhibited a relatively preserved particle
structure. A prominent P signal on the NCM electrode with the
SiO-stored electrolyte suggests signicant accumulation of
surface lm species such as LixPFyOz (Fig. S10), which is
consistent with the XPS results.

The summarized scheme for the failure mechanism of the
SiO-based electrode is depicted in Fig. 3d. While the inorganic
SEI lm was deposited on the graphite electrode, an organic SEI
lm was formed on the SiO electrode owing to the intrinsic
surface property differences. This signicantly altered the
solubility of the SEI lm in the electrolyte solution, which
affected the degradation of the electrolyte owing to the di-
ssolved SEI species. The electrolyte deterioration was more
severe when the electrolyte was exposed to the lithiated SiO
electrode, resulting from the high dissolution rate of the SEI
lm. The dissolution of the SEI lm on the negative electrode
leads to the formation of high-voltage-vulnerable species in the
electrolyte, increasing the electrochemical side reactions on
typical NCM-based positive electrode surfaces. This causes
further surface lm deposition on the NCM electrode, accom-
panied by resistance growth and particle cracking of the elec-
trode. Consequently, this negative-to-positive crosstalk
behavior ultimately leads to critical failure of the positive
electrode.

Fig. 4 shows the results of high-temperature storage tests
conducted on graphite/NCM and SiO/NCM pouch cells. The
J. Mater. Chem. A
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Fig. 5 C 1s and F 1s XPS spectra of (a) graphite and SiO electrodes and (b) NCM electrodes coupled with graphite and SiO, respectively.
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capacity degradation of the SiO electrode caused by pulveriza-
tion was mitigated by the limited number of cycles. However,
the capacity degradation of the SiO/NCM pouch cell exceeded
that of the graphite/NCM pouch cell (Fig. 4a). The storage-week-
dependent voltage proles (Fig. 4b) indicated continued polar-
ization growth in the SiO/NCM cell, whereas the graphite/NCM
cell exhibited stabilization of the voltage prole aer prolonged
storage at elevated temperatures. The cross-sectional SEM
images aer storage showed that the structures of both the
graphite and SiO electrodes were largely preserved (Fig. 4c).
Clogged pores were not clearly observed in either electrode, and
detachment of the electrode material from the current collector
was not evident. An optical image of the SiO electrode aer
storage showed no detachment or cracking (Fig. S11). In
contrast, the NCM electrode exhibited a signicantly different
structure (Fig. 4d). The SiO-coupled NCM electrode exhibited
particle cracking, which resulted from increased electrolyte
oxidation, whereas the graphite-coupled NCM electrode main-
tained its structure. The cycling performance of the reas-
sembled Li/NCM half-cells was evaluated to investigate the
degradation of the NCM electrode depending on the type of
negative electrode (Fig. S12). The NCM electrode obtained from
the SiO/NCM pouch cell exhibited more severe capacity decay
and polarization than that from the graphite/NCM cell in the
initial lithiation voltage proles (Fig. S12a), reecting increased
iR drop and interfacial resistance caused by the dissolution of
SEI components from the SiO electrode. Consequently, the
NCM electrode from the SiO/NCM cell experienced accelerated
capacity fading during subsequent cycling (Fig. S12b).

The ex situ C 1s and F 1s XPS spectra obtained from the
negative electrodes indicated increased deposition of C–O and
LixPFyOz species on the SiO electrode (Fig. 5a); however, the
additional SEI lm formed on the SiO electrode did not exhibit
substantial changes aer 16 weeks of storage. In comparison,
the degree of deposition of the surface lm on the NCM811
J. Mater. Chem. A
electrode was considerably higher in the SiO-coupled NCM
electrode (Fig. 5b), which is attributed to OPF(OCH3)2
compounds formed by SEI lm dissolution. Subsequent depo-
sition of LixPFyOz species was also observed, resulting from the
oxidation of OPF(OCH3)2 compounds on the SiO-coupled NCM
electrode. Fig. S13 shows the results of EIS measurements
conducted on NCM/NCM symmetric cells assembled with NCM
electrodes obtained from stored SiO/NCM and graphite/NCM
pouch cells. The electrode resistance recorded from the NCM
symmetric cell demonstrates that the growth of surface lm
resistance was highly suppressed at the stored NCM electrode
coupled with the graphite electrode than that of the stored NCM
electrode with the SiO electrode. These results implied the
deterioration of the NCM electrode was more severe at the
stored NCM electrode with SiO due to crosstalk behavior.
Hence, mitigating this negative-to-positive crosstalk is crucial
for improving the performance of LIBs that utilize Si-based
negative electrodes.

Fig. S14 presents the results of elevated temperature storage
tests with the addition of vinyl ethylene carbonate (VEC),
a commonly used SEI-forming additive for Si-based negative
electrodes. As shown in Fig. S14a, the VEC-containing cell
exhibits improved state-of-health aer 13 weeks of storage at 60
°C, indicating that electrochemical side reactions were effec-
tively suppressed by the presence of VEC. The cross-sectional
SEM image of the NCM811 electrode (Fig. S14b) reveals
a notable suppression of particle cracking, attributable to
reduced oxidative degradation on the positive electrode surface.
This mitigation originates from the stabilization of the SEI layer
on the SiO negative electrode by VEC, which reduces the
dissolution of SEI species and thereby minimizes the genera-
tion of oxidative degradation products.

These results conrm that negative-to-positive electrode
crosstalk can be effectively mitigated via electrolyte
This journal is © The Royal Society of Chemistry 2026
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engineering, providing a practical pathway to enhance full-cell
durability in Si-based LIB systems.
Conclusion

We investigated the failure mechanism of LIBs employing SiO-
negative electrodes by focusing on the negative-to-positive
electrode crosstalk phenomenon. In contrast to graphite elec-
trodes, which form stable inorganic SEI lms, SiO electrodes
develop organic-rich SEI layers with high thermal solubility.
These unstable SEI lms dissolve easily in carbonate-based
electrolytes, releasing degradation species such as alkyl uoro-
phosphates (OPF(OCH3)2). The presence of these soluble
species promotes the oxidative decomposition of electrolytes
and accelerates surface lm deposition on the NCM811 cath-
odes, resulting in increased impedance, particle cracking, and
overall capacity degradation. Our ndings reveal that the failure
of the SiO electrode propagates to the positive electrode, leading
to a signicant performance loss in the full cells. High-
temperature storage tests conrmed that SiO/NCM811 cells
suffer from severe voltage polarization, positive-electrode
surface damage, and irreversible capacity growth compared to
graphite-based cells. While previous studies primarily focused
on the instability of the SEI on Si-based electrodes themselves or
positive to negative crosstalk behavior in full cells, this study
experimentally demonstrates that SEI instability originating
from the negative electrode can induce degradation of positive
electrodes. These results imply that the stability of the SEI is
a critical factor governing the both the degradation of the
positive electrode and overall failure of the cell. Therefore,
mitigating this negative-to-positive crosstalk by stabilizing the
SEI lms and reducing electrolyte decomposition is crucial for
developing high-performance, long-life LIBs with Si-based
negative electrodes.
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