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Origins of Abrupt Capacity Degradation in Lithium-Ion
Batteries with Silicon-Based Anodes

Yoon Jeong Choi, Ji-Youn Bae, Seongsoo Park, Yeseul Kim, So Hee Kim, Hansol Lee,
Jong-Seong Bae, Taeho Kim, Sunyoung Shin, Yongju Lee, Byung Mook Weon,
Janghyuk Moon,* and Seung-Ho Yu*

The incorporation of silicon monoxide (SiO) into graphite anodes improves
the energy density of lithium-ion batteries. However, it falls short of the
long-term durability of pure graphite, and research on their cycling
performance remains limited. This study observes a sudden capacity decay in
graphite/SiO anodes during long-term cycling at room temperature (RT) and a
moderate C-rate. This decay arises from the mechanical degradation of SiO,
leading to the formation of a “SiO-SEI crust” that consumes lithium ions. This
phenomenon does not occur at higher temperatures or lower C-rates,
implying that larger diffusion-induced stress from lithium-ion gradients at RT
and 1 C accelerates SiO degradation. Furthermore, introducing a relaxation
step to reduce the lithium-ion gradient mitigates this sudden capacity decay,
supporting diffusion-induced stress as a critical factor in the degradation
mechanism. These findings emphasize the role of diffusion-induced stress in
the performance degradation of Si-based batteries and provide valuable
insights for enhancing the lifespan of composite anodes.

1. Introduction

Lithium-ion batteries (LIBs) have been widely used in a variety of
applications, from small portable electronics to electric vehicles
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(EVs) and large-scale energy storage
systems.[1] As demand grows for high-
capacity rechargeable batteries, particu-
larly for EVs, interest has increased in
alternatives that not only enhance the
energy density of conventional LIBs, but
also ensure sufficient service life.[2–5]

In this context, silicon (Si) has gained
attention as a promising material to
surpass conventional graphite anodes
due to its high theoretical capacity (3579
mAh g−1) and comparable cost.[6,7]

However, pure silicon undergoes sig-
nificant volume expansion during the
lithium alloying/dealloying process,
leading to pulverization, loss of electrical
contact, and excessive solid electrolyte
interphase (SEI) layer formation, which
ultimately shortens cell’s lifespan.[8–11]

In this perspective, the anode devel-
opment roadmap has evolved toward

composite anodes and increasingly aims to raise the proportion
of silicon-based materials relative to graphite, in order to bal-
ance high energy density with enhanced durability for industrial
applications.[12,13] Among these silicon-based materials, silicon
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monoxide (SiO) shows promise due to its reduced volume ex-
pansion compared to pure silicon, leading to improved cell lifes-
pan and stability,[14,15] whilemaintaining a high theoretical capac-
ity of ≈2600 mAh g−1 (Li4.2–4.4SiO).

[16] Despite significant efforts
to increase the proportion of SiO, their real use remains below
5% in industry.[12] This is because anodes with high SiO con-
tent have a shorter lifespan compared to graphite-based anodes.
However, to achieve maximum energy density in LIBs, increas-
ing the SiO content in anodes is essential, while still maintaining
a cycle life that meets industry standards under various operating
conditions.
From this commercial standpoint, understanding the long-

term cycling performance of graphite and SiO composite anodes
(graphite/SiO anodes) under realistic operating conditions is es-
sential for the advancement of high-performance LIBs. While
previous studies have examined degradation mechanisms, they
have often relied on nanowire silicon structures or half-cell
configuration,[17–20] which do not accurately reflect the electrode
architectures and limited lithium sources characteristic of full
cells. Moreover, these studies typically lack evaluation of long-
term cycling performance under realistic operational conditions.
In half cells, lithium is continuously available from the lithium
metal counter electrode, leading to fundamentally different cy-
clingmechanisms than in full cells, where the lithium-ion source
is limited to the cathode.[21,22] Consequently, investigating the cy-
cling agingmechanisms of composite anodes within full cell con-
figurations is essential for an accurate assessment of their long-
term stability.
Furthermore, although temperature-dependent fading mech-

anisms of graphite anodes in LIBs are well-documented,[23–28]

there is still limited understanding of how composite anodes
degrade under varying temperature conditions. Insights into
these fading mechanisms could inform the development of
key strategies—such as electrolyte engineering and surface
modifications—that improve cycling stability and energy density.
Therefore, we conducted a study on composite anodes in full cell
configurations across a range of realistic operating temperatures,
aiming to provide a comprehensive understanding of their long-
term cycling behavior.
In this study, we conducted long-term cycling performance

tests with an industrial-grade full cell configuration under two
temperature conditions. First, we observed a sudden capacity de-
cay of the full cell with graphite/SiO anode at room tempera-
ture (RT,25 °C) and moderate C-rate (1 C), which did not oc-
cur at high-temperature (HT, 50 °C) or lower C-rate conditions.
This sudden capacity decay was correlated with increased resis-
tance in the SiO reaction and the loss of active SiO, with mini-
mal contribution from changes in the cathode over cycling. Scan-
ning electronmicroscopy (SEM) and computed tomography (CT)
imaging revealed morphological changes in SiO during RT cy-
cling, where the material eroded into two regions: a surface crust
and bulk SiO. Energy-dispersive X-ray spectroscopy (EDS), X-ray
photoelectron spectroscopy (XPS), and transmission electronmi-
croscopy (TEM) identified the crust structure as a SiO-SEI, com-
posed of inactive SiO and electrolyte decomposition products. To
the best of our knowledge, diffusion-induced stress leads to the
sudden capacity decay and SiO degradation, as suggested by the
formation of SiO-SEI crust under conditions where lower diffu-
sivity results in larger lithium-ion concentration gradients. This

hypothesis is further supported by simulation results and by the
mitigation of capacity decay through a relaxation step, which al-
leviates crack propagation and SiO-SEI crust formation. These
findings underscore the critical role of diffusion-induced stress
in the long-term degradation of graphite/SiO full cells.

2. Results and Discussion

2.1. Sudden Capacity Decay of Composite Anode under Optimal
Temperature Range

Figure 1a illustrates a schematic of the full cell configuration us-
ing a graphite/SiO (85/15 wt%) composite anode paired with an
NCM622 cathode (denoted as NCM), along with a cross-sectional
SEM image of the graphite/SiO anode, showing the random dis-
tribution of the two active materials. Replacing graphite with 15
wt% SiO increases the specific capacity of graphite/SiO anode by
41% compared to the graphite anode, as represented in Figure
S1 (Supporting Information). Consequently, the mass loading
required for the graphite/SiO anode is 34% lower than that re-
quired for graphite to achieve an N/P ratio of 1.06 with the areal
capacity of NCM (≈3.3 mAh cm−2), as shown in Figure 1b. This
enhancement suggests that a commercial-grade composite an-
ode system can effectively improve the full cell’s energy density
due to SiO’s higher specific capacity. In other words, the addi-
tion of SiO reduces the anode mass loading required to achieve
a specific N/P ratio.
Despite the advantages of high energy density of the composite

anode, sustaining its performance over long-term cycling is in-
fluenced by various degradation factors, with temperature being
particularly critical to the stability of LIBs. Common aging mech-
anisms of LIBs across various temperatures have been well doc-
umented in several reports.[29–34] At high temperatures, crosstalk
effects and SEI instability are exacerbated, while low tempera-
tures impede charge transfer, increasing the risk of lithium plat-
ing and internal short circuits. As a result, the optimal oper-
ating temperature range for long-term battery performance is
commonly reported to be between 0 and 45 °C,[33] as this range
ensures adequate ionic conductivity and minimizes undesirable
side reactions. Thus, SiO-containing batteries are typically ex-
pected to exhibit inferior cycle life at elevated temperatures out-
side the optimal range, compared to room temperature within
the generally accepted optimal range. The reduced cycle life at
such elevated temperatures is primarily attributed to the com-
bined effect of thermal interfacial instability and the intrinsic vol-
ume expansion of SiO.[35,36] To examine this expectation, an elec-
trochemical test on full cells with graphite/SiO anodes was con-
ducted at a 1 C/1 C (charge/discharge) under two different tem-
peratures: room temperature (RT, 25 °C) and high temperature
(HT, 50 °C), as shown in Figure 1c,d. Our experimental results
revealed an unexpected, sudden capacity decay in graphite/SiO
cells during long-term cycling at RT, despite it being convention-
ally considered an optimal operating temperature. Notably, cells
cycled at RT exhibited a sharp transition ≈310 cycles, known as
knee point,[37] where the rate of change in capacity loss shifts
most sharply. In contrast, cells cycled at HT showed a linear ca-
pacity fade, with comparison of discharge profiles at two temper-
atures detailed in Figure S2 (Supporting Information). The lin-
ear capacity loss at HT continues for over 800 cycles (Figure S3,
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Figure 1. Full cell configuration and long-term cycling performance with the graphite/SiO anode. a) Schematic illustration of the full cell configuration
and an enlarged cross-sectional SEM image of the graphite/SiO anode. b) Required mass loading of graphite and graphite/SiO anodes to achieve the
same areal capacity. c–e) Discharge capacity retention of graphite/SiO anodes at c) room temperature (RT) and d) high temperature (HT) at 1 C rate
and e) room temperature (RT) at 0.5 C rate. f) Schematic illustration depicting the conditions leading to the sudden capacity decay phenomenon.

Supporting Information). This finding challenges the widely ac-
cepted view that long-term battery performance improves within
the optimal temperature range.
To further explore whether this rapid capacity decay is solely

temperature-driven, we carried out additional electrochemical ex-
periments across various C-rates, whilemaintaining the sameRT
conditions (see Figure 1e; Figure S4, Supporting Information).
Interestingly, the sudden capacity loss observed during 1 C cy-
cling was not present at lower C-rates (0.5 C and 0.3 C) until 400

cycles, suggesting that temperature alonemay not be the primary
factor driving this phenomenon. Further electrochemical testing
with graphite-only electrodes under the same cycling conditions
as those in Figure 1c (see Figure S5, Supporting Information)
revealed that graphite cells did not experience sudden capacity
decay, instead showing a linear aging during cycling. These re-
sults were confirmed through repeated cycling tests on multiple
cells under 0.5 C RT, 1 C HT, and 1 C RT conditions, as pre-
sented in Figures S6–S8 (Supporting Information). In addition,
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the Coulombic efficiencies and initial discharge profiles—along
with the corresponding capacities from the pre-cycle, first cycle,
and fifth cycle—are presented in Figures S9 and S10 (Support-
ing Information). These results confirm that the initial capaci-
ties were comparable across the three tested conditions. Based on
these observations, Figure 1f illustrates the conditions that lead
to sudden capacity decay, including higher C-rates, lower temper-
atures, and the use of composite anodes. This suggests that the
rapid capacity decay observed at RT andmoderate C-rates in SiO-
containing anodes is likely governed by the kinetics of SiO, which
may play a significant role in this degradation mechanism.

2.2. Degradation of Silicon Monoxide (SiO) in Composite Anode
during Cycling at Room Temperature

LIBs can undergo both linear degradation and nonlinear degra-
dation during cycling. For graphite anode, linear degradation
is typically associated with side reactions such as SEI growth,
whereas nonlinear degradation involves mechanisms distinct
from SEI growth.[37] Therefore, the degradation observed at RT
in graphite/SiO cells can be divided into two regions: a linear
degradation region, where the capacity gradually declines, and a
nonlinear degradation region, where the capacity begins to de-
crease rapidly (see Figure S11, Supporting Information). Then
we plotted the cumulative discharge capacity loss every 100 cy-
cles up to 400 cycles, based on data from the long-term cycling
tests in Figure 1c,d, as shown in Figure 2a. Both RT and HT cy-
cling data initially exhibited linear capacity degradation, with ca-
pacity loss at RT being less severe than at HT. Similar with the
linear degradation observed in graphite, the more intense side
reactions of graphite/SiO anode at HT lead to accelerated SEI
growth, resulting in linear capacity fading up to 400 cycles. How-
ever,≈300 cycles, a rapid increase in cumulative capacity loss was
observed at RT, indicating the involvement of degradation mech-
anisms beyond SEI growth. This sudden change in degradation
behavior denotes the “sudden capacity decay” of this study, fol-
lowed by a rapid decline stage (see Figure S11, Supporting Infor-
mation). While SEI growth primarily accounts for linear capacity
loss, the onset of nonlinear capacity fade suggests the presence of
an additional mechanism related to graphite/SiO anode during
RT cycling.
In order to study the mechanism of sudden capacity decay, we

examined the internal resistance of cells at different tempera-
tures, as shown in Figure 2b,c. The internal resistance of each
full cell cycled at different temperatures was calculated every 100
cycles up to 300 cycles, based on the instantaneous voltage drop
during discharge at different depths of discharge (DoD).[38] Most
internal resistance values during HT cycling remained below
10 ohms, whereas during RT cycling, they exceeded 10 ohms,
as shown in Figure 2b,c. The internal resistance in cells gener-
ally decreases as temperature rises, due to the reduced activa-
tion energy of redox reactions and faster ion diffusion. There-
fore, the higher internal resistance observed at RT compared
to HT can be attributed to the temperature dependence of bat-
tery resistance.[39] Notably, we observed a sharp increase in in-
ternal resistance during RT cycling, especially at higher DoD,
which was less pronounced during HT cycling. Our previous
study showed that SiO in the composite anode is lithiated first

during charging and de-lithiated last during discharging, due to
the different reaction voltages of the two active materials.[36] Con-
sequently, SiO primarily contributed to the increase in internal
resistance at high DoD in the full cell at RT, highlighted in yel-
low in Figure 2b and detailed in Figure S12 (Supporting Informa-
tion). From these results, we conclude that not only was overall
internal resistance at RT consistently higher than at HT due to
temperature effects, but also the increase in internal resistance
was particularly pronounced in the SiO-dominant region com-
pared to the graphite-dominant region. This indicates that the
SiO is more sensitive to temperature variations, which may play
a major role in the sudden capacity decay observed at RT.
Moreover, we conducted a reassembly test to identify which

electrode in full cells primarily contributed to the sudden capac-
ity decay (see Figure 2d–f). Full cells cycled for pre-cycles at RT,
200 cycles at RT, those cycled for 400 cycles at HT, and those at
the decline stage at RT were disassembled. Each aged NCM and
graphite/SiO electrode was then reassembled as a half-cell with
lithium metal to assess their capacity delivery as active materi-
als. Figure 2d shows the second discharge voltage profiles from
half-cell tests using aged NCM obtained from full cells cycled at
RT and HT. Compared to the NCM after pre-cycles (dashed line),
the NCM cathodes aged under all three conditions—200 cycles
at RT, decline stage at RT, and 400 cycles at HT—showed min-
imal capacity loss. However, the second charge voltage profiles
from half-cell tests using aged graphite/SiO, which was previ-
ously cycled in a full cell paired with the cathode from Figure 2d,
revealed significant capacity loss after the sudden capacity decay,
which contrasts with the behavior observed after HT cycling. No-
tably, the voltage profile showed a shortened plateau at 0.4 V, a re-
gion (highlighted in pink) corresponding to the SiO reaction volt-
age. This indicates that the SiO in the composite anode degraded
during the sudden capacity decay. Even though the reassembly
test was conducted at a very slow C-rate to eliminate kinetic hin-
drances, the capacity of the graphite/SiO did not recover after the
sudden capacity decay. Consequently, while NCM retained its ca-
pacity after both RT andHT cycling, the aged graphite/SiO exhib-
ited a 28% capacity loss after the sudden capacity decay, as sum-
marized in Figure 2f. Additionally, we conducted the reassembly
test with the full cell after 527 cycles in Figure S13 (Supporting In-
formation). The reassembled full cell with a fresh anode and aged
cathode retained a stable cycle life, whereas the reassembled full
cell with an aged anode and fresh cathode showed a rapid capacity
retention decay. This further indicated that the sudden capacity
decay was closely related to the degradation of the composite an-
ode, not the cathode.
Figure 2g,h shows cross-sectional SEM images of the

graphite/SiO anode after 200 cycles and after sudden capacity
decay at RT, as well as after 300 cycles at HT. After the sudden
capacity decay, damaged SiO particles in the graphite/SiO anode
were observed, which had not been seen until 200 cycles at RT
(see Figure 2g). In contrast, the graphite particles showed mini-
mal change after 300 cycles at RT, as shown in Figure S14 (Sup-
porting Information). Furthermore, no such damaged SiO par-
ticles were observed during HT cycling, as shown in Figure 2h.
The comparison of these cross-sectional SEM images after RT
and HT cycling directly confirmed a distinct difference in the
mechanical degradation of SiO within the graphite/SiO anode
under the two temperature conditions. Consistent with previous
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Figure 2. Electrochemical and post-mortem SEM analysis at two different temperatures. a) Cumulative discharge capacity loss of a full cell with
graphite/SiO anode, obtained by summing capacity loss at each cycle and presented at every 100 cycles, at RT (green) and HT (orange). b–c) Inter-
nal resistance of a full cell with graphite/SiO anode, measured every 100 cycles, at b) RT and c) HT. d–e) Reassembly test results: d) half-cell discharge
profiles of aged NCM622 and e) half-cell charge profiles of aged graphite/SiO collected from full cell aged for a specific number of cycles at two different
temperatures. Voltage profiles after three pre-cycles are shown as dashed lines. f) Comparisons of the relative capacity loss (%) of the anode and cathode
at RT and HT, referenced to aged electrodes from a full cell cycled for 200 cycles at RT, based on data from Figure 2d,e. g,h) Cross-sectional SEM images
of the graphite/SiO anode collected from a full cell: g) after 200 cycles and sudden capacity decay at RT and h) after 300 cycles at HT.

Adv. Energy Mater. 2025, e02143 e02143 (5 of 17) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. Morphological evolution of SiO particles by SEM and X-ray computed tomography (CT). a,b) Cross-sectional SEM images of graphite/SiO
anode a) after pre-cycles, 200 cycles and sudden capacity decay at RT and b) after 300 cycles at HT. c–e) X-ray CT 3D images of the graphite/SiO anode:
c) after 200 cycles at RT and d) sudden capacity decay at RT and e) corresponding sliced CT images in the direction of three plane (xz plane: red, yz
plane: purple, and xy plane: blue) for (d).

observations from electrochemical tests, this finding suggests
that the sudden capacity decay observed only at RT is likely re-
lated to the SiO damage.

2.3. Uniform Crust Formation on the Surface of SiO Particles

To further examine this damage, Figure 3a,b shows magnified
SEM images of individual SiO particles after cycling. The SiO

particles after the sudden capacity decay show distinct surface
damage, including the formation of a crust layer over 1 μm thick,
which is not observed in particles before the decay at RT or those
cycled at HT, as indicated by the dashed line. This crust layer,
characterized by its clear contrast with the bulk SiO region,main-
tains a similar thickness across particles in similar size, regard-
less of their position within the electrode (see Figure S15, Sup-
porting Information). Since this crust was not observed after 300
cycles at HT, these observations indicate that crust formation is

Adv. Energy Mater. 2025, e02143 e02143 (6 of 17) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. Composition of SiO after sudden capacity decay. a,b) Cross-sectional SEM images and a) corresponding EDS elemental maps of graphite/SiO
anode after the sudden capacity decay b) corresponding line scan profiles of four elements: silicon (Si), carbon (C), fluorine (F), and oxygen (O).
c) D-SIMS mapping of the graphite/SiO anode after the sudden capacity decay, showing the distribution of four elements: silicon (Si), lithium (Li),
phosphorous (P), and sulfur (S).

specific to the sudden capacity decay. Additionally, we observed
the evolution of the crust at sudden capacity decay region (see
Figure S16, Supporting Information). Just before the capacity de-
cay, crust formation on SiO begins, and this crust gradually grows
throughout RT cycling. Thus, morphological changes in SiO are
minimal before the sudden capacity decay; however, once the cell
enters this region, SiO begins to degrade, with the crust growing
beyond 1 μm on the surface during RT cycling.
X-ray computed tomography (CT) analysis was conducted to

further explore the 3D morphology of the crust. By rotating the
particles and collecting multiple X-ray projections, a 3D image
of the particles was reconstructed.[40] The 3D cube images in
Figure 3c,d present the results for particles cycled for 200 cycles
at RT and those cycled beyond the sudden capacity decay, respec-
tively. The 3D cube is sliced in the direction of three planes col-
ored red, purple, and blue, showing the internal structure of SiO
by processing the structure from the outer to the inner part of the
cube. After 200 cycles at RT, no crust is visible in any region. In
contrast, after the sudden capacity decay, the difference in con-
trast between the crust and the bulk SiO clearly indicates that a

uniform crust has formed across the entire surface of the parti-
cle. Moreover, as shown in Figure 3e, images scanned along the
xz, yz, and xy planes confirm that the crust is detected near the
surface of the particle and exhibits a relatively consistent thick-
ness, with this uniformity visualized more clearly in Videos S1
and S2 (Supporting Information).

2.4. Composition of Micrometer SiO-SEI Crust

We conducted SEM-EDS analysis to examine the composition of
the crust on SiO particles. Figure 4a shows the cross-sectional im-
ages and corresponding EDS elementalmaps of the graphite/SiO
anode after sudden capacity decay. As indicated by the elemen-
tal maps, the crust on the SiO particles is composed of silicon
(Si), oxygen (O), and fluorine (F), with fluorine being the only el-
ement sourced from the electrolyte in our study. Unlike the bulk
of the SiO particle, the intensity of fluorine is concentrated in
the crust, while the intensity of Si decreases. Figure 4b presents
the elemental line scan profiles of the SiO particles in Figure 4a.

Adv. Energy Mater. 2025, e02143 e02143 (7 of 17) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. Composition of micrometer SiO-SEI crust a,b) XPS depth profiling of Si 2p spectra of the graphite/SiO anode collected from full cell a) after
pre-cycles and b) after sudden capacity decay. The profiles were plotted every 500 s up to 2000 s by Ar+ sputtering. c) Comparison of TEM images in
pristine SiO and SiO after sudden capacity decay. d) HADDF-STEM image and corresponding EDS maps of SiO particle after sudden capacity decay.

Along the black dashed line, fluorine intensity increased signif-
icantly in crust on SiO, as indicated by black arrows, while car-
bon (C) and oxygen also show a slight increase in the surface
of SiO particle. The presence of carbon, oxygen, and fluorine—
components commonly found in the SEI layer[41,42] (e.g., Li2O,
Li2CO3, LiF, etc.)—suggests that this crust is largely composed
of SEI layer, attributed to electrolyte decomposition during cy-
cling. Similar results were observed from the dynamic secondary
ionmass spectroscopy (D-SIMS) analysis of the graphite/SiO an-
ode after the sudden capacity decay (see Figure 4c). In this top-
view images from D-SIMS, regions with higher silicon intensity
correspond to the locations of SiO particles within the compos-
ite anode. Lithium (Li), phosphorus (P), and sulfur (S) were de-
tected around SiO particles, whereas their intensity was negligi-
ble around graphite particles in the graphite/SiO anode. Since
lithium, phosphorus, and sulfur are also the electrolyte compo-
nents in this study, the significant detection of these elements
suggests that crust formation was influenced by electrolyte side
reactions. Given the analysis of de-lithiated graphite/SiO anode,
lithium near SiO results from SEI, trapped lithium ions,[43] and
LixSiOy,

[44] indicating the consumption of reversible lithium dur-

ing cycling. Consequently, the surface of SiO particles degraded
into SiO-SEI crust over 1 μm, consuming both electrolyte and
limited lithium sources.
Furthermore, we compared the X-ray photon spectroscopy

(XPS) depth profiles of the pre-cycled graphite/SiO electrodewith
the graphite/SiO electrode after the sudden capacity decay, as
shown in Figure 5a,b. SiO is typically composed of Si domains
and SiO2 domains, where the Si domains participate in lithia-
tion/delithiation reactions, while the SiO2 domains function as a
structural matrix. Accordingly, the Si0 peak observed at 98–99 eV
in the XPS spectra[45,46] corresponds to the Si domains within the
SiO. After pre-cycling, the presence of the Si0 peak up to a depth
of ≈200 nm indicates that the SiO particles remain intact. How-
ever, after RT cycling, the Si0 peak disappears due to the oxidation
of the Si domains in SiO, likely caused by side reactions between
SiO and the electrolyte. Additionally, the reduced Si0 peak after
the sudden capacity decay aligns with the reassembly test results
in Figure 2e, indicating that SiO in the crust is no longer func-
tional as an active material, literally turning into “inactive” SiO
during RT cycling. Based on these findings regarding chemical
changes of composition and active material loss after the sudden
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capacity decay, we conclude that only RT cycling leads to the for-
mation of a micrometer-scale crust structure.
Transmission electron microscopy (TEM) and high-angle an-

nular dark-field scanning transmission electron microscopy
(HAADF-STEM) were employed to analyze the spatial distribu-
tion of components within the SiO-SEI crust. As shown in TEM
analysis (see Figure 5c), the SiO surface, initially exhibiting a ho-
mogeneous structure under pristine conditions, displayed no-
ticeable density variations after cycling, indicating a transition
to a heterogeneous structure. HAADF-STEM imaging and EDS
mapping (see Figure 5d) further clarified the composition and
spatial organization within the heterogeneous structure of the
crust. The denser regions correspond to elongated SiO domains,
primarily connected to the bulk SiO, with a smaller fraction exist-
ing as isolated clusters (see Figure S17, Supporting Information).
In contrast, more porous regions were identified as SEI compo-
nents, including carbon, oxygen, and fluorine, formed through
electrolyte decomposition (see Figure S18, Supporting Informa-
tion), consistent with the composition previously characterized
in Figure 4a. These findings suggest that partial fractures of the
SiO surface during cycling produced excessive SEI and resulted
in the formation of porous regions composed of SEI and inac-
tive SiO. However, certain surface areas remained unfractured,
continuing to exist as active SiO domains connected to the bulk.
By integrating structural and compositional analyses across

various observations, the SiO-SEI crust was found to consist of
two primary regions: inactive areas dominated by SEI and inac-
tive SiO, which form the majority of the crust, and smaller re-
gions of active SiO domains. Meanwhile, the inner bulk SiO re-
mained intact, preserving its original structure. This surface tran-
sition indicates that surface fragmentation and the associated for-
mation of excessive SEI are the primary mechanisms driving the
degradation of SiO particles during cycling, ultimately leading to
the development of a micrometer-scale crust and capacity fade in
SiO-containing cells.

2.5. Origins of Abrupt Capacity Degradation: Focus on
Diffusion-Induced Stress in SiO

So far, we found that SiO-containing cells cycled at RT undergo
sudden capacity decay, which is related to the formation of a SiO-
SEI crust structure. The remaining inquiry is why this structural
transition during the sudden capacity decay occurs specifically on
the outer surface of SiO and under specific conditions (RT and
over moderate C-rate). First, we investigated the influence of the
SEI formed during cycling. The characteristics of the SEI at RT
may differ from those at high temperature (HT) due to thermal
decomposition of organic components and enhanced formation
of inorganic species.[36] To examine this, we compared XPS spec-
tra (C 1s, O 1s, F 1s, Li 1s, and Si 2p) obtained from graphite/SiO
anodes after pre-cycling at RT and HT (Figure S19, Supporting
Information), as well as after extended cycling (300 cycles at RT
and 320 cycles at HT, Figure S20, Supporting Information). No
significant differences were observed in the overall SEI composi-
tion, except that the SEI formed at HT after 320 cycles exhibited
higher signals from inorganic species and weaker signals from
organic components. To further evaluate whether SEI character-
istics influence the occurrence of sudden capacity decay, we con-

ducted an additional cycling test in which the full cell was ini-
tially cycled at 1 C and HT for 100 cycles, followed by continued
cycling at RT. As shown in Figure S21 (Supporting Information),
the cell still exhibited a sudden capacity decay around the 400th
cycle, which occurred after ≈300 cycles at RT following the initial
100 cycles at HT. This coincides with the cycle number at which
sudden capacity decay occurs in cells cycled entirely at RT. These
findings suggest that, even with sufficient SEI formation at HT,
the subsequent capacity degradation at RT occurs regardless of
SEI properties. Therefore, SEI characteristics are not the primary
cause of the sudden capacity decay.
To determine whether the degradation behavior is associated

with changes in electrode voltage profiles, we performed three-
electrode full cell measurements at two temperatures (RT and
HT) and two C-rates (0.2 and 1 C), as shown in Figure S22 (Sup-
porting Information). The measured anode voltage ranges re-
mained largely consistent across all conditions. In addition, the
discharge areal capacities were similar between RT and HT until
the onset of sudden capacity decay at RT (Figures S6 and S7, Sup-
porting Information). These results suggest that the SiO compo-
nent in the anode contributed similarly to the overall capacity un-
der both temperature conditions prior to the degradation. There-
fore, we conclude that neither the anode voltage range nor the
utilization of SiO is affected by temperature or C-rate.
Given that the electrochemical window and SEI characteristics

appear comparable across conditions, and that this phenomenon
persists irrespective of binder type (Figure S23, Supporting Infor-
mation), we next considered the possibility that lithium-ion diffu-
sion in SiO, which is affected by temperature andC-rate,might be
responsible for the observed degradation behavior. SiO is known
to exhibit relatively low Li+ diffusivity compared to other anode
materials (Figure S24, Supporting Information), which makes it
more susceptible to diffusion-related limitations. To analyze how
variations in diffusivity induce local concentration variation and
stress generation within the SiOmaterial, the finite element anal-
ysis was conducted, as shown in Figure 6. When the diffusivity
of Li+ in SiO is relatively high, indicating the Li+ moves quickly
within the SiO particles, the concentration gradient from the sur-
face to the center of the particle is not significantly observed dur-
ing the lithiation and delithiation process. In detail, the concen-
tration maximum difference was only 0.167 between center and
surface of SiO, as shown in Figure 6a and Figure S25 (Support-
ing Information). In contrast, when the Li+ diffusivity within
the SiO particle slows down, this lower diffusivity of Li+ leads
to increased concentration non-uniformity. The maximum con-
centration difference reaches 0.809, which is 4.84 times higher
than that observed under fast diffusion conditions, as shown in
Figure 6d, Figure S25, and Video S3 (Supporting Information).
As it is known that the diffusion of Li+ into an active material is
accompanied by a volume change of it, this uneven distribution
of Li+ concentration in a particle will form lithium-rich phase
and lithium-poor phase and induce mismatch strain at the in-
terface between phases.[47,48] This allows us to deduce that the
steeper lithium gradient within SiO particles, caused by kinetic
limitations (e.g., lower temperature and faster C-rate), can gener-
ate significant diffusion-induced stress and trigger the formation
of defects at interface.[49,50] To explore stress distribution within
particle induced by concentration variation according to the dif-
fusivity of SiO, the normalized von Mises stress (𝜎mises/𝜎yield),
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Figure 6. Simulation results showing the distribution of Li+ concentration and stress in the SiO particle during cycling. a,b) Cycling process (charging –
resting – discharging) of SiO particle under fast diffusion (D3 = 10−10.5 cm2 s−1) and 1 C conditions: a) concentration distribution, b) stress distribution.
c) Enlarged SiO particle at 75% SOC under D3. d,e) Cycling process (charging – resting – discharging) of SiO particle under slow diffusion (D1 =
10−11.5cm2 s−1) d) concentration distribution, e) stress distribution. f) Enlarged SiO particle at 75% SOC under D1. g,h) The Li

+ concentration within
graphite and SiO particles during charge process in a graphite/SiO anode. g) under fast diffusion, h) under slow diffusion.

Adv. Energy Mater. 2025, e02143 e02143 (10 of 17) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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which predominantly occurs at the particle surface, was analyzed
(see Figure 6b). The results show that the low concentration vari-
ation due to the high diffusivity of Li+ within SiO particles main-
tained the normalized von Mises stress at a low level of ≈0.3
throughout cycling. However, under slow diffusion conditions,
the low mobility of Li+ leads to its accumulation at the parti-
cle surface, resulting in the local volumetric expansion differ-
ence compared to the center of the particle. This local volumet-
ric expansion at the surface leads initial development of stress at
the surface of the SiO particle during the early stages of lithia-
tion. As lithiation progresses, significant stress differences arise
within the particle, particularly at the interface between regions
with varying Li accumulation. This results in a pronounced stress
gradient, forming a characteristic ring-like stress distribution, as
shown in Figure 6e, Figures S25–28, and Video S4 (Supporting
Information). The normalized von Mises stress originated from
the surface is 7.38 times higher than that of SiO in faster diffu-
sion. Figure 6c,f presents magnified SiO particles at 75% state
of charge (SOC), showing both concentration and stress distri-
bution within the particle. Note that low Li+ diffusivity in SiO
particles, which is affected by the operating temperature, trig-
gers increased concentration non-uniformity and leads to greater
stress development at the particle surface. In contrast, high Li+

diffusivity alleviates concentration non-uniformity, thereby miti-
gating stress evolution. This trend was similarly observed in the
graphite/SiO composite electrode, as shown in Figure 6g,h, and
in Videos S5 and S6 (Supporting Information). Therefore, we
concluded that during HT cycling at 1 C, SiO particles in the
composite anode are fully lithiated without significant concen-
tration gradients, minimizing diffusion-induced stress at the SiO
surface; during RT cycling at 1 C, the SiO particles experience
higher surface stress, and repeated charge-discharge cycles cause
the surface of SiO particles tomaintain elevated stress levels com-
pared to HT cycling. These continued higher diffusion-induced
stresses at the SiO surface result in particle crack from the sur-
face, additional formation of SEI at new interface, and finally it
interrupts the diffusion of Li+ in SiO,making parasitic cycles dur-
ing sudden capacity decay. This makes the sudden capacity decay
observed experimentally.
To further investigate whether the sudden capacity decay is

consistently associated with diffusion-limited kinetics, we ex-
tended our experiments to more extreme cycling environments,
including lower temperatures (5 and 15 °C) and higher C-rate
(2 C). Sudden capacity decay was also observed under these
conditions—specifically, at both lower temperatures and at a C-
rate of 2 C—as shown in Figure S29 (Supporting Information).
Notably, the onset of capacity decay occurred earlier as the tem-
perature decreased. These results reinforce the notion that kinet-
ically constrained environments—arising from either low tem-
peratures or high current densities—are critical in triggering the
sudden capacity decay observed in our study.

2.6. Mitigation of Sudden Capacity Decay by Stress Relaxation of
SiO

To investigate the influence of stress relaxation on SiO surface
behavior under consistent applied stress, we maintained iden-
tical C-rate during charging and discharging while varying the

rest duration. The rest duration was extended from 20 min to
1 h and 20 min, ensuring a 1 C cycling rate to preserve consis-
tent stress (see Figure 7a). Simulations revealed that 20-min rest
was insufficient for stress relaxation, as the normalized vonMises
stress decreased only slightly from 0.105 to 0.086 (see Figure 7b)
In contrast, the 1 h-and-20 min rest period effectively alleviated
surface stress, nearly eliminating it entirely (see Figure 7c,d). Un-
der the extended rest condition, stable cycling was achieved at RT
and 1 C, conditions where sudden capacity decay typically occurs
with a 20-min rest duration (see Figure 7e). SEM imaging and
EDS mapping further confirmed reduced SiO particle damage,
the absence of crust formation, and decreased electrolyte decom-
position compared to standard cycling conditions (see Figure 7f).
These results demonstrate that not only the magnitude of

stress during cycling but also the persistence of stress is imper-
ative in SiO surface fragmentation and cycling stability. Our in-
vestigation provides direct evidence that prolonged and intense
diffusion-induced stress fractures the SiO surface, leading to the
formation of the SiO-SEI crust. This study offers insights into the
mechanisms that drive sudden capacity decay in SiO-containing
cells.

2.7. Discussion

In this study, we combined experimental and computational tech-
niques to investigate the sudden capacity fading mechanism in
full cells with graphite/SiO anode. Based on our findings, we pro-
pose a comprehensive mechanism for the long-term cycling be-
havior of graphite/SiO anodes, illustrated in Figure 8. This figure
outlines the transitions of SiO particles under different cycling
conditions.We categorized aging behaviors into two types: Type 1
(non-linear aging) and Type 2 (linear aging) (see Figure 8a). Type
1 aging is characterized by a gradual decline in capacity followed
by a sudden capacity decay near the end of life, while Type 2 ag-
ing shows a steady, linear capacity loss throughout the battery’s
lifespan.
Our long-term cycling tests under various conditions revealed

that graphite/SiO anode full cells experience sudden capacity de-
cay at RT and a 1 C cycling rate (Figure 8b). Under these condi-
tions, where the solid-state diffusion of Li+ in SiO is relatively
lower, the limited movement of lithium ions creates a steeper
concentration gradient, and this concentration non-uniformity
induces stress at its interface. Initially, this stress is insuffi-
cient to cause plastic fracture, which typically occurs in larger
silicon-based materials during lithiation. However, as cycling
progresses, the continued higher stress on SiO surface induces
crack formation and propagation of preexisting cracks on the sur-
face of SiO, resulting in fatigue failure of the active material.
Once this mechanical damage occurs at the surface of SiO, elec-
trolyte decomposition takes place in these damaged regions, de-
pleting reversible Li+. The resulting SEI further impedes lithium
diffusion within SiO. This accelerates degradation and triggers
sudden capacity decay. Various analysis after the sudden capacity
decay revealed a transition of the pristine SiO surface into a SiO-
SEI crust, with two distinct features: 1) active SiO domains still
connected to bulk SiO and 2) inactive SiO-SEI regions formed
through oxidation of active Si and additional SEI formation.
This unique structure was observed only at RT and 1 C cycling
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Figure 7. Particle stress alleviation by extending rest step duration. a) Cycling protocol at a 1 C rate with extended 1-h-20-min rest step. b,c) Simulation
results showing the normalized vonMises stress (𝜎mises/𝜎yield) occurring at the surface during different rest time: b) 20-min rest and c) extended 1-h-20-
min rest step under different diffusivity (D1 = 10−11.5 cm2 s−1, D2 = 10−11 cm2 s−1, D3 = 10−10.5 cm2 s−1). d) Normalized von Mises stress distribution
of SiO during 1-h-20-min rest. e) Capacity retention of the graphite/SiO anode at RT with extended rest step and corresponding discharge profiles.
f) Cross-sectional SEM images and corresponding EDS elemental maps of the graphite/SiO anode collected from a full cell after 320 cycles with extended
rest step at RT.

conditions, suggesting that the rapid consumption of reversible
Li+ and the formation of the SiO-SEI crust are key contributors
to sudden capacity decay.
Figure 8c illustrates the effect of an extended rest step in alle-

viating stress on SiO. Although low diffusion at RT and 1 C gen-
erates stress, this stress is mitigated by introducing a rest period
of 1 h and 20 min in each cycle. The rest step relaxes the steep
lithium concentration gradient, preventing the formation of the
SiO-SEI crust and enabling the cell to follow a linear aging tra-

jectory. Therefore, the stress-driven transition of SiO is mitigated
by adding a rest step, which induces stress alleviation during cy-
cling, further demonstrating that this sudden capacity decay is
caused by the persistent stress on the SiO surface.
Figure 8d highlights the absence of the SiO-SEI crust struc-

ture under high-temperature or low C-rate conditions, attributed
to the uniform lithium concentration. At higher temperatures,
the solid-state diffusivity of Li+ is improved, ensuring a uni-
form concentration within the SiO and minimizing stress at its
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Figure 8. Schematic illustration of long-term cycling mechanisms of graphite/SiO anode. a) Type of aging in SiO-containing batteries. b–d) Transition of
SiO particle in composite anode during repeated cycling b) under room temperature and 1 C (Type 1), c) under room temperature and 1 C with extended
rest step, and d) under high temperature and 1 C or room temperature and 0.5 C.
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surface. Similarly, at lower C-rates, the reduced lithium flux al-
lows for more uniform Li+ distribution, even though the diffu-
sivity is slightly lower than at high temperatures. Both higher
temperatures and lower C-rates effectively block the formation
of the SiO-SEI crust and mitigate sudden capacity decay.
These findings are not limited to the specific SiO materials

used in this study. Additional experiments using other silicon-
based anodes, including Si/C and carbon-coated Mg-doped SiO
electrodes, demonstrated similar temperature-dependent degra-
dation trends under identical full cell cycling conditions in
Figure 1c,d (see Figures S30 and S31, Supporting Information).
Despite differences in composition and structure, these materi-
als also exhibited severe damage at RT and stable morphology at
HT, suggesting that the stress-induced SiO-SEI crust formation
and the resulting sudden capacity fade may be a more general
degradation mechanism for other silicon-based anode materials.

3. Conclusion

We investigate the degradation mechanism of graphite/SiO full
cells under room temperature during long-term cycling. Despite
the merits of the graphite/SiO anode in increasing the energy
density of LIBs, it exhibits sudden capacity decay only at rela-
tively lower temperatures and higher C-rates. This phenomenon
arises from elevated stress on SiO surface under conditions such
as room temperature and 1 C cycling, compared to high tempera-
ture or low C-rate conditions. The sustained stress induces crack
formation, leading to lithium consumption in the full cell and
the development of an SiO-SEI crust, ultimately resulting in the
sudden capacity decay. Moreover, the mitigation of rapid capac-
ity loss by extending the rest step in each cycle further validates
the stress-induced transition as the mechanism driving sudden
capacity decay, as evidenced by simulations and experimental re-
sults. We propose a nonlinear aging mechanism driven by sus-
tained stress during long-term cycling in the Si-based anode. The
present study on long-term cycling aging in Si-based anode pro-
vides useful insights into strategies for achieving an acceptable
lifespan and higher energy densities in LIBs.

4. Experimental Section
Electrode Preparation: Pre-fabricated graphite, graphite/SiO (graphite:

SiO = 85:15 wt%), and LiNi0.6Mn0.2Co0.2O2 (NCM622) electrodes were
provided by LG Energy Solution, Ltd. SiOx powder (with x ≈0.95) was
synthesized by evaporation of Si and SiO2 under vacuum. The result-
ing bulk SiO was then milled to obtain the SiO powder with a median
particle size (d50) of 6 μm, followed by carbon coating using chemi-
cal vapor deposition (CVD), as described in previous research.[51,52] The
graphite and graphite/SiO anodes contained carbon black and single-
walled carbon nanotubes (SWCNTs) as conductive additives, with sodium
carboxymethyl cellulose (CMC) and styrene butadiene rubber (SBR) serv-
ing as binders. The NCM622 cathode was composed of NCM622, carbon
black, and polyvinylidene fluoride (PVDF) in a weight ratio of 96:2:2. The
areal capacity of the cathode was 3.285 mAh cm−2, and the mass loading
of the anodes was adjusted to achieve an N/P ratio of 1.06–1.08. Cath-
odes were punched into 12.7 mm diameter discs, and anodes into 14 mm
discs for coin cell assembly. These electrodes were primarily used for the
experiments.

For additional full cell tests using other silicon-based materials, com-
mercial Si/C powder (MTI Korea) and carbon-coated silicon monoox-
ide/Magnesium composite material (referred to as carbon-coated Mg-

doped SiO, TCI Chemicals) were employed. Si/C was used as the only
active material, while the carbon-coated Mg-doped SiO was blended with
graphite at a weight ratio of 85:15 (graphite:SiO). To fabricate these an-
odes, a slurry was prepared by mixing the active material, super P, CMC,
and SBR in a weight ratio of 90:3:2.8:4.2 in deionized water using an agate
mortar. The slurry was cast onto a Cu foil using a doctor blade and dried
in a vacuum oven at 100 °C overnight. These anodes were also assembled
into full cells using the same NCM622 cathode provided by LG Energy So-
lution, Ltd. For the binder type comparison, the only difference from the
CMC/SBR-based electrode was the binder composition: the graphite/SiO
anode was prepared with a weight ratio of 90:3:7 (active material:Super
P:PAA), with 15 wt% SiO in the active material, using poly(acrylic acid)
(PAA, averageMv ≈ 450 000, Sigma–Aldrich) as the binder, and processed
in N-methyl-2-pyrrolidone (NMP) under otherwise identical conditions.

Electrochemical Measurements: CR2032 coin-type cells (Sinopro Co.,
Ltd.) were assembled in an Ar-filled glovebox for electrochemical testing.
A polyethylene (PE) membrane was employed as the separator, while the
electrolyte consisted of 1.0 m LiPF6 in ethylene carbonate/ethyl methyl car-
bonate (EC/EMC, 3:7 vol%) with 1.5 wt% vinylene carbonate (VC) and 0.5
wt% 1,3-propane sultone (PS) additives (from LG energy solution, Ltd.).
The amount of electrolyte used for the electrochemical test is fixed at 30 μL.
Full cells utilized NCM622 as the cathode, while half cells used Li metal as
the counter electrode. All cells were rested for over 12 h before being cy-
cled using either the WBCS3000 battery test system (WonATech Co., Ltd.)
or the BTS4000 system (Neware Co., Ltd.). Room temperature measure-
ments were conducted at 25 °C, and high-temperature measurements at
50 °C. Basically, all electrochemical tests were conducted at room temper-
ature unless otherwise specified with the HT notation.

In full cell experiments, cells were charged at a constant current (CC)
of 0.2 C up to 4.25 V (vs Li+/Li), followed by a constant voltage (CV) hold
until the current dropped to 0.033 C. After a 20-min rest, cells were dis-
charged to 2.5 V at 0.2 C. This process was repeated three times to form
the initial SEI layer. After the pre-cycling step, the applied C-rates and op-
erating temperatures are specified in the corresponding figure captions or
figures, respectively.

Half-cell experiments were performed to evaluate the capacity of NCM
cathodes and graphite/SiO anodes, as shown in Figure 2d,f. Full cells
were first disassembled in an Ar-filled glovebox, and the electrodes were
retrieved. To remove residual electrolyte, the electrodes were thoroughly
washed multiple times with EMC. Each electrode was then reassembled
in a half-cell configuration with Li metal as the counter electrode. For the
graphite/SiO half cells, a CC discharge was conducted at 0.05 C to 10 mV,
followed by a CV hold until the current decreased to 0.01 C. After a 20-min
rest, the cells were charged to 1.5 V at 0.05 C in CC mode. For the NCM
half cells, a CC charge was performed at 0.05 C up to 4.3 V, followed by
a 20-min rest before discharging to 3 V at a 0.05 C in a CC mode. This
cycling protocol was repeated twice at 25 °C to determine the capacity of
electrode.

In GITT test, SiO electrodes were prepared by mixing SiO, Super P,
CMC, and SBR in deionized water, followed by casting on Cu foil. After one
activation cycle (0.1 C CC discharge to 10 mV followed by CV until 0.017 C,
then charge to 1.5 V at 0.1 C), the GITT protocol was conducted at 0.05 C
with a 20-min current pulse and 40-min rest period. The lithium diffusion
coefficient (DLi+) was estimated using the simplified equation:[53]

D = 4
𝜋𝜏

(
mBVm
MBS

)2(ΔEs
ΔE𝜏

)2

(1)

here, 𝜏 is the duration of the applied galvanostatic pulse; mBand MB are
the mass and molar weight of the active material. Vm is the molar volume;
S is the surface area of the electrode. ΔE𝜏 and ΔEs represent the voltage
change during the current pulse and the equilibrium voltage change during
the rest period, respectively.

Material Characterization: The graphite and graphite/SiO full cells
were cycled at a current of 1 C (equivalent to 3.285 mA cm−2). After cy-
cling, the cells were disassembled in an Ar-filled glovebox to retrieve the
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electrodes, which were rinsed multiple times with EMC to remove any
residual electrolyte.

Cross-sectional scanning electron microscopy (SEM) images, along
with energy dispersive X-ray spectroscopy (EDS) elemental maps and line
scan profiles, were acquired using a field emission SEM (FE-SEM, Regu-
lus 8230, Hitachi, Ltd.) operating at 15 kV. Six elements (C, O, F, Si, P, S)
were analyzed for relative atomic composition. Vertical cross-sections of
the electrodes were prepared using an ion milling system (IMS, ArBlade
5000, Hitachi, Ltd.) under cryo-vacuum conditions to minimize ion-beam
damage and transferred to the chamber without air exposure.

X-ray computed tomography (CT) was performed at the Pohang Accel-
erator Laboratory (PAL) on beamline 7C, with 3D image reconstruction
carried out using Avizo software.

Dynamic secondary ion mass spectrometry (D-SIMS, IMS 7f-Auto,
CAMECA Co., Ltd.) was operated at 15 keV with a Cs+ ion gun and a beam
current of 1 pA, to obtain elemental mapping images.

The Chemical State study of etch elements were performed High-
Performance X-ray Photoelectron Spectroscopy:HP-XPS(BS101), K-
ALPHA+, Thermo Fisher Scientific Inc.(UK)) using monochromated Al
K𝛼 X-ray source (h𝜈 = 1486.6 eV, power = 12 kV, 72 W) at a spot size of
400 μm in diameter with charge compensation using two flood gun(low
energy electron and Ar+ ion) at Yeongnam Regional Center of Korea Basic
Science Institute (KBSI). The XPS spectra were processed and fitted using
Thermo Avantage software, and the calibration of all spectra was done
using the C 1s C−C binding energy peak of 284.6 eV.

Transmission electron microscopy (TEM) analysis (Titan 80–300, Ther-
mofisher Inc.) was conducted, operating at 300 kV. Images were recorded
by a 4k x 4k CCD (Oneview 1095, Gatan) camera. Scanning transmission
electron microscopy (STEM) images were collected using a Cs-corrected
TEM (Titan 80–300, Thermofisher Inc.) operated at 300 kV equipped with
a Gatan Quantum 966 spectrometer. Sample particles were prepared us-
ing a focused ion beam (FIB, Ethos NX5000, Hitachi, Ltd.) operated at
5–30 kV.

Simulation and Modeling: To investigate the role of Li+ transport dif-
fusion kinetics within SiO particles during charging and discharging pro-
cess, the finite element analysis was conducted by using COMSOL Multi-
physics V6.2. A multiphysics simulation was employed to model the Li-ion
concentration resulting from lithium diffusion within SiO particles and the
associated volumetric expansion and stress by combining solidmechanics
and transport of diluted species. The combination of these two physics en-
abled the simultaneous simulation of mechanical and chemical changes.
The total strain tensor (𝜖ij) of the SiO particle was expressed by the follow-
ing equation:

𝜀ij = 𝜀eij + 𝜀cij (2)

where, 𝜀eij is the elastic strain tensor, and 𝜀cij is the compositional strain

tensor.[54] The elastic strain tensor, 𝜀eij, was defined by the stress-strain

relationship given as,

𝜀eij =
1
E

[
(1 + 𝜈) 𝜎ij − 𝜈𝜎kk𝛿ij

]
(3)

where E is the elasticmodulus of single SiO particle, 𝜈 is Poisson’s ratio, 𝜎ij
is the stress tensor, 𝜎kk is the trace of stress tensor, and 𝛿ij is the Kronecker
delta.[55] The compositional strain tensor, which describes the volumetric
change of SiO according to the Li+ concentration, was expressed by the
following equation:

𝜀cij = 𝛽ij (c − c0) (4)

where 𝛽 ij is the expansion coefficient, c represents the Li
+ concentration,

and c0 is the initial Li concentration of particle.
[56]

The diffusion of Li+ inside of the SiO particle was modeled by the mass
conservation equation, represented by Fick’s second law of diffusion.[57]

The Li+ diffusion inside of the particle was expressed by following equa-
tion:

𝜕c
𝜕t

+ ∇ ⋅ J = 0 (5)

where J is the Li+ flux through the SiO particle surface. The Li+ flux was
defined by Fick’s first law of diffusion,

J = −D∇c (6)

where D is the Li+ diffusivity of SiO particle, which is impacted by the
cell operation condition. To confirm the concentration and stress changes
within SiO particle caused by different diffusion coefficients of SiO, the dif-
fusion coefficients were set to D1 = 10−11.5 cm2 s−1, D2 = 10−11 cm2 s−1,
and D3 = 10−10.5 cm2 s−1, respectively. In addition, the electrochemistry
modeling with the graphite/SiO electrode was performed under half-cell
conditions. The current density vector (is) which flows through the elec-
trode cross-sectional area is proportional to the electric field (∇ϕs) and
calculated by Ohm’s law as following equation:[58]

is = −𝜎s∇𝜙s (7)

where 𝜎s and ϕs represent the intrinsic electrical conductivity and electric
potential value of an active materials. The charged Li+ transfer behavior
(il) in the liquid electrolyte region was modeled by the following equation:

il = −𝜎l∇𝜙l +
2𝜎lRT
F

(
1 +

𝜕lnf
𝜕lncl

)(
1 − t+

)
∇lncl (8)

where 𝜎l, ϕl, F, R, f, cl, and t+ represent the ionic conductivity of the liquid
electrolyte, electrolyte potential, Faraday constant, universal gas constant,
molar activity coefficient, electrolyte concentration, and transport number,
respectively.

Li-ion mass transport in the liquid electrolyte was modeled by Fick’s
second law of diffusion:

𝜕cl
𝜕t

= ∇ ⋅ (Dl∇cl) −
ilt+
F

(9)

where Dl represents the Li
+ diffusion coefficient of liquid electrolyte.

The local current density (i) which attributed to the charge transport
of Li+ at the electrode–electrolyte interface was expressed by following
equation:

i = i0

(
exp

(
(1 − 𝛼) F𝜂

RT

)
− exp

(
𝛼F𝜂
RT

))
(10)

where i, 𝛼, 𝜂, and i0 represent the local current density at the electrode and
electrolyte interface.[59]
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