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ABSTRACT: Silicon monoxide (SiO) is a promising anode material for lithium-ion batteries
but suffers from significant volume expansion and poor cycling stability. We demonstrate that
SiO undergoes electrochemical disproportionation during cycling, forming Si nanodomains that
stabilize the structure. Traditional thermal disproportionation methods struggle with
controllability and are energy-intensive. Here, we introduce flash joule heating (FJH) for
prestabilization, achieving disproportionation in 0.3 s with significantly improved energy
efficiency. The ultrafast heating enables better control over size, density, and crystallinity of Si
nanodomains while preventing SiO2 crystallization. The resulting ∼1.5 nm Si nanodomains,
embedded in an amorphous SiO2 matrix, enhance electrochemical performance and reduce
volume expansion. The optimized anodes deliver a specific capacity of 1419 mAh g−1 with
96.6% retention after 150 cycles and 88.6% retention after 300 cycles in NCM811 full cells.
This work establishes FJH as an efficient method for pre-engineering SiO, offering a promising
route to durable, high-performance anodes.

■ INTRODUCTION
Silicon (Si) is considered one of the most promising anode
materials for lithium-ion batteries (LIBs) due to its high
theoretical capacity (3579 mAh g−1, nearly 10 times that of
graphite), low lithiation potential (<0.5 V), and natural
abundance.1,2 However, its practical application is hindered
by significant volumetric expansion (≥300%) during lith-
iation,3−5 which induces mechanical stress, causing particle
cracking, electrical disconnection, and the breakdown of the
solid electrolyte interphase (SEI), leading to rapid capacity
degradation and poor cyclability. In contrast, silicon monoxide
(SiO),6,7 a Si derivative with a theoretical capacity of ∼2680
mAh g−1, has emerged as a promising alternative.8,9 Unlike Si,
which undergoes alloying with Li, SiO experiences a solid-
solution-like reaction, resulting in lower volume expansion.10,11

This provides a favorable balance between capacity and cycling
stability, making SiO a viable option for improving both
capacity retention and long-term performance.11 However, SiO
still faces challenges such as large initial irreversible capacity,
poor intrinsic conductivity, and residual volume expansion,
limiting its practical application.9

To address these challenges, various strategies have been
explored, including ball milling,12−14 carbon coating,15−19

porosity modulation,20 and thermal disproportionation.21−25

Among these, thermal disproportionation has received
particular attention. The mechanism is shown in eq 1:

2SiO Si SiO2+ (1)

This process generates Si and SiO2, with Si forming
nanometer-sized particles that enhance electrochemical activity
and stability, while the SiO2 matrix provides mechanical
buffering.26,27 Sohn et al. employed tube furnace heating at
temperatures between 800 and 1200 °C under an Ar
atmosphere for 3 h, increasing the Si particle size from ∼5
nm to ∼30 nm, along with improved crystallinity. High-energy
ball milling was then used to disrupt the well-crystallized SiO2
shell, exposing active Si nanodomains and significantly
improving reversible capacity and cycling stability.25 Li et al.
observed that higher treatment temperatures produced larger
Si nanodomains but resulted in poorer cycling performance.
To prevent over disproportionation, they optimized the
process by treating the material at 450 °C for 2 h, resulting
in 4−6 nm Si nanodomains with low crystallinity, achieving the
best balance between capacity and stability.23

Interestingly, we discovered that SiO undergoes slow and
random electrochemical disproportionation during cycling,
gradually forming Si nanodomains that help stabilize the
electrode. Based on previous findings, we conclude that the
following conditions should be targeted to optimize the
performance of SiO disproportionation:
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1. Si domain size and density: The Si nanodomains should
be as small and dense as possible. Coarsened Si
nanodomains are electrochemically unfavorable, as they
reduce activity and promote the formation of the Li15Si4
phase, leading to severe volume expansion and particle
fracture.25 Sub-3 nm Si suppresses the formation of
unstable Li15Si4 and minimizes structural failure risk.10

2. Crystallinity of Si: The crystallinity of Si should be
maximized to enhance the electrochemical kinetics.
Higher crystallinity promotes faster ion diffusion,
reduces polarization, and improves cycling stability,
helping to maintain structural integrity under strain.28

3. Crystallinity of SiO2: The crystallinity of SiO2 must be
carefully controlled to prevent excessive rigidity, which
reduces its buffering ability for volume expansion,
hinders Li+ transport, and impairs the interfacial
kinetics.29−31 A moderately amorphous SiO2 matrix
offers better mechanical flexibility and facilitates faster
Li+ diffusion.

However, conventional tube-furnace heating involves
prolonged heating and cooling processes, resulting in poor
thermal control and low heat-transfer efficiency. The excessive
thermal budget promotes Si growth and coalescence and may
also induce overcrystallization of the SiO2 matrix.23−25

Therefore, simultaneously regulating Si nanodomain size, Si
crystallinity, and SiO2 matrix crystallization remains a major
challenge. To overcome these limitations, we employ pulsed
flash Joule heating (FJH) to induce controlled thermal
disproportionation of SiO. The ultrafast heating and cooling
process enables rapid, nonequilibrium structural reconstruc-
tion, allowing small Si nanodomains to form while suppressing
excessive Si coarsening and SiO2 crystallization. Recently, FJH
has emerged as an effective strategy for structural engineering
of Si-based anodes. Pan et al. used FJH to generate uniformly
dispersed 2−5 nm SiC dispersoids within Si-based alloys,

thereby improving structural stability and interfacial integrity.32

Wang et al. applied rapid Joule heating to construct shell−shell
Si/C structures capable of accommodating volume variation
during cycling.33 These studies demonstrate the capability of
FJH to direct rapid phase reactions and structural reconstruc-
tion in Si-based anodes. Nevertheless, its use for regulating the
disproportionation behavior of SiO and prestabilizing sub-2
nm Si nanodomains within an amorphous SiO2 matrix remains
largely unexplored.

In this work, we show that three 0.1 s FJH pulses, rather
than a single 0.3 s pulse, generate a higher density of ∼1.5 nm
Si nanodomains with improved crystallinity while maintaining
a predominantly amorphous SiO2 matrix. LiOH is introduced
as a transient mediator to enhance heat transfer and promote
Si nanodomain crystallization during the ultrafast thermal
process. The resulting well-mixed Si/SiO2 dual-phase archi-
tecture forms a bulk-stabilized composite, in which dense
ultrafine Si nanodomains reduce local stress, suppress volume
expansion, and facilitate charge transfer. In addition, single-
walled carbon nanotubes (SWCNTs) are incorporated to
reinforce the electrode-level conductive network and mechan-
ical integrity. As a result, the optimized FJH-SiO anode
delivers a reversible capacity of 1419 mAh g−1 with 96.6%
retention after 150 cycles, limited electrode swelling of 21.8%,
and robust full-cell performance with 88.6% retention after 300
cycles. This work establishes nanodomain prestabilization as a
key design principle for SiO-based anodes and provides an
energy-efficient route for controlled structural evolution, with
nearly 3 orders of magnitude lower energy consumption than
conventional annealing.

Figure 1. Electrochemical disproportionation-induced nanostructure evolution of pristine SiO. a) The literature reported two-stage capacity decay
behavior of p-SiO. b) Extracted fading rates (K1, K2) from meta-analysis of prior reports. c) TEM image of fresh p-SiO (inset: SAED). TEM image
of p-SiO after d) 1 cycle, e) 10 cycles, and f) 50 cycles (inset: SAED). g) Correlation between Si domain size/crystallinity and electrochemical
stability compiled from literature.
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■ RESULTS AND DISCUSSION

Electrochemical Disproportionation-Induced Si
Nanodomains in SiO

Meta-analysis of literature data reveals a universal trend in SiO
electrodes: two-stage capacity fading behavior. Typically, a
rapid capacity decay occurs during the initial cycles
(attenuation rate K1), followed by a much slower decline
(K2, with K1 > K2) (Figure 1a,b).This indicates that the
electrochemical stability of SiO is not constant but gradually
improves with the cycling. The steep early capacity decay
followed by stabilization can be observed in galvanostatic and
dQ/dV profiles (Figure S1). Pristine SiO suffers from severe
early capacity loss but progressively approaches a metastable,
stabilized state after sufficient activation.

The structural evolution of SiO during cycling was further
studied. Fresh pristine SiO (p-SiO) exhibits a uniform
amorphous structure with no detectable crystalline domains
(Figure 1c). After the first cycle, isolated Si nanodomains
emerge within the amorphous matrix, marking the onset of
phase separation (Figure 1d). By the 10th cycle, these domains
enlarge but remain heterogeneous (Figure 1e). During this
rapid fading stage (K1), cleavage of Si−O bonds releases
metastable Si atoms, which nucleate into small, poorly
crystallized domains distributed unevenly across the matrix.
After 50 cycles, the density of Si nanodomains increased, with
an average diameter of ∼3.2 nm, embedded throughout the

matrix (Figure 1f and S2). Weak SAED rings suggest limited
crystallinity of the Si nanodomains. With continued cycling,
atomic diffusion and interfacial reorganization drive domain
redistribution: unstable small domains dissolve, while stable
ones grow and homogenize.

We define this structural evolution as the electrochemical
disproportionation of SiO, which can be described by the
following reaction:

y x y x

y

2SiO (4 2 )Li (4 2 )e

(2 )Li O Li SiO Six y2

+ + + +
+ +

+

(2)

During lithiation, the redox cleavage of Si−O bonds reduces
part of SiO to elemental Si, while the remainder forms lithium
silicates (e.g., Li4SiO4 and Li2SiO3) and Li2O,34 which can
improve ionic transport.35 These observations highlight that
the formation of Si nanodomains is critical to stabilizing SiO
electrodes. This conclusion is also supported by thermal
disproportionation studies, which show that SiO bulk phase
can generate Si nanoparticles that enhance electrochemical
performance.25

Statistical analysis of literature data on Si nanodomain size,
crystallinity, and electrochemical performance (specific ca-
pacity and capacity retention) highlights the critical influence
of domain characteristics (Figure 1g). The degree of
crystallization, inferred from the intensity ratio between the
0.49 and 0.28 V peaks,28 increases with domain size. However,

Figure 2. Role of LiOH in promoting crystallization during FJH-induced disproportionation of SiO. a) Schematic illustration of LiOH-assisted FJH
disproportionation. b−c) TEM images, corresponding HRTEM, and SAED patterns of FJH-SiO and FJH-L-SiO, respectively. d) Semiquantitative
crystallinity analysis based on the integrated area ratio of crystalline Si diffraction peaks to total scattering intensity and relative peak intensity
normalized to the Si (111) reflection. e) First charge−discharge profiles (inset: Crystallinity index I0.49 V/I0.28 V derived from dQ/dV plots). f)
Cycling performance of p-SiO, FJH-SiO, and FJH-L-SiO half-cells.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.6c04827
J. Am. Chem. Soc. 2026, 148, 26017−26026

26019

https://pubs.acs.org/doi/suppl/10.1021/jacs.6c04827/suppl_file/ja6c04827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c04827/suppl_file/ja6c04827_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.6c04827?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c04827?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c04827?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c04827?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.6c04827?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the relationship between capacity, retention, and Si domain
size follows a nonmonotonic “volcano-type” trend rather than a
linear one. Electrodes containing excessively small, poorly
crystallized Si nanodomains or overly large, highly crystallized
ones exhibit rapid capacity fading, whereas domains that
balance size and crystallinity deliver higher reversible capacity
and cycling stability. When domains exceed a critical size, they
undergo two-phase lithiation to form Li15Si4, resulting in
substantial volume expansion and accelerated capacity decay.23

This analysis reveals that electrochemical performance is
governed not by size alone but by the combined effects of
domain size, crystallinity, and density�underscoring the
importance of balanced structural regulation for optimal
performance. In contrast, conventional thermal treatments
with slow heating and cooling rates typically produce Si
nanodomains larger than 3 nm with poorly controlled
crystallinity, which ultimately degrades long-term cycling
stability.
Structure Engineering of SiO via FJH Disproportionation

Controlling Si nanodomains through electrochemical or
conventional thermal disproportionation remains challenging.
Flash Joule heating (FJH), with rapid heating and cooling rates
exceeding 104 °C s−1, enables precise regulation of Si
nanodomain formation through rapid, nonequilibrium heating
and cooling. A schematic of the FJH disproportionation
process is shown in Figure 2a. This ultrafast process generates
sub-2 nm Si domains while suppressing SiO2 crystallization
(denoted as FJH-SiO). To further limit nanodomain growth,
three 0.1 s pulses were applied instead of a single 0.3 s pulse. In
addition, previous studies suggest that LiOH enhances heat
transfer efficiency; once the local temperature exceeds its
melting point (∼465 °C), it forms a transient liquid phase that
uniformly wets the particle surface, creating a solid−liquid
interfacial layer that facilitates atomic transport.36 Moreover,
Li+ acts as a network modifier, weakening Si−O bonds and
lowering the energy barrier for bond cleavage and structural
rearrangement.37 Previous NaOH-assisted SiO disproportio-
nation under conventional thermal annealing has shown that
NaOH can promote Si−O bond rearrangement and accelerate
the formation of crystalline Si within the SiOx matrix.
However, the prolonged annealing process also facilitates
oxygen migration and SiO2 crystallization, leading to the
formation of a crystalline SiO2 shell, such as cristobalite.38 In
contrast, the present LiOH-assisted FJH treatment proceeds
under an ultrafast, nonequilibrium time−temperature profile,
which promotes rapid Si−O rearrangement while suppressing
extensive phase separation, Si-domain coarsening, and SiO2
crystallization. Consequently, LiOH serves as a transient
mediator during the FJH process, promoting the formation
of well-crystallized Si nanodomains confined within an
amorphous SiOx/SiO2 matrix (modified SiO is denoted as
FJH-L-SiO).

SEM images (Figure S3) indicate that the overall
morphology of SiO remains well-preserved after FJH treat-
ment. TEM analysis (Figure 2b) further confirmed the
formation of Si nanodomains within the bulk material. Without
LiOH, the nanodomains are sparsely distributed, and the
corresponding SAED pattern exhibits only diffuse halos,
indicating limited crystallinity. In contrast, with 5 wt %
LiOH assistance, a dense population of ultrasmall Si
nanocrystals with distinct lattice fringes appears within the
amorphous matrix (Figure 2c). The corresponding SAED rings

are sharp and well-defined, confirming that LiOH effectively
promotes nanodomain crystallization. TEM observations of
samples with different LiOH contents show that the Si
nanodomain size remains largely unchanged, while differences
in the crystallinity and spatial uniformity become apparent.
The most well-defined and homogeneous Si nanodomains are
observed at 5 wt % LiOH (Figure S4).

XRD patterns in Figure S5 reveal the emergence of distinct
Si diffraction peaks after FJH treatment, confirming the
occurrence of disproportionation. Three characteristic reflec-
tions at 2θ = 28.4°, 47.3°, and 56.1° can be assigned to the
(111), (220), and (311) planes of crystalline Si, respectively
(PDF#27−1402). The FJH-L-SiO sample displays similar
diffraction features but exhibits slightly stronger Si peaks
compared with FJH-SiO. Semiquantitative analysis of the
integrated areas and relative intensities of the Si diffraction
peaks (Figure 2d) shows that the simultaneous enhancement
of all three peaks in FJH-L-SiO provides direct evidence of
reduced lattice defect density and an overall higher degree of Si
crystallinity.

Electrochemical measurements were further conducted to
evaluate the influence of LiOH on the battery performance.
The first-cycle voltage profiles and corresponding differential
capacity (dQ/dV) curves of each sample (Figure 2e and S6)
show typical lithiation/delithiation features of SiO-based
anodes. Quantitative dQ/dV analysis reveals that the intensity
ratio between the delithiation peaks at 0.49 V (Li2.0Si → Si,
Region II) and 0.28 V (Li3.5Si → Li2.0Si, Region I)39 increases
from 0.67 ± 0.08 to 0.71 ± 0.09 upon LiOH addition,
indicating the formation of more crystalline Si domains that
promote the higher-potential phase transition. X-ray photo-
electron spectroscopy (XPS) and electrochemical impedance
spectroscopy (EIS) after the first cycle (Figure S7 and S8)
show largely similar SEI compositions and interfacial
impedance across these samples, with only a slight increase
in inorganic components for the LiOH-assisted sample. These
results suggest that LiOH has a limited influence on interfacial
chemistry, and the minor ICE difference is mainly associated
with subtle variations in structural evolution and initial
polarization.

The long-term cycling stability of the electrodes prepared
with different LiOH contents is shown in Figure 2f and Figure
S9. Among them, the FJH-5L-SiO sample exhibits the most
stable cycling behavior, maintaining a reversible capacity of
1247 mAh g−1 after 150 cycles with a capacity retention of
85.4%, which is 21.3% higher than that of p-SiO and 10.9%
higher than that of FJH-SiO. These results indicate that the
FJH process significantly enhances both capacity and stability
by preforming Si nanodomains within the SiO2 matrix, while
the addition of LiOH further amplifies this effect by promoting
higher crystallinity and improved structural uniformity of the Si
domains. The energy consumption of the FJH disproportio-
nation process is estimated to be only 2.23 Wh g−1, more than
3 orders of magnitude lower than that of conventional
annealing (∼3 kWh g−1, Figure S10), highlighting its
exceptional energy efficiency.
Optimization of the FJH Thermal Parameters

To regulate the disproportionation process, LiOH-assisted FJH
treatments were performed at different target temperatures of
1000, 1100, 1200, and 1600 °C while keeping the pulse
scheme fixed at three consecutive 0.1 s pulses. The TEM
images in Figure 3a, b, c, and d show that both the morphology
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and size distribution of Si nanodomains vary markedly with the
applied temperature. At 1000 °C, partially crystallized Si
domains with an average diameter of ∼4.6 nm are embedded
within an amorphous matrix. Increasing the temperature to
1100 °C yields slightly smaller and more uniformly dispersed
nanocrystals (∼4.1 nm). At 1200 °C, numerous uniformly
distributed nanodomains with sizes of ∼1.5 nm emerge,
indicating that disproportionation is fully activated while grain
coarsening remains effectively suppressed. However, further
elevating the temperature to 1600 °C leads to the formation of
large ∼21 nm crystalline domains, suggesting excessive atomic
diffusion and coalescence. The unexpectedly large Si domains
observed at lower temperatures arise from the nonequilibrium
nature of FJH,40 where incomplete Si−O bond cleavage

produces aggregated, poorly crystallized Si clusters. At higher
temperatures, complete disproportionation generates abundant
small Si nuclei. Consequently, the final grain size is governed
by the competition between nucleation and coarsening, rather
than by temperature alone.

XRD patterns confirm the formation of crystalline Si in all
samples after FJH treatment (Figure 3e). The sample treated
at 1600 °C exhibits highly intense and sharp Si diffraction
peaks, accompanied by additional reflections corresponding to
quartz-type SiO2 and cristobalite. The appearance of these
phases indicates that the originally amorphous SiO2 matrix has
undergone substantial overcrystallization. Semiquantitative
analysis based on the integrated peak areas (Figure 3f) reveals
a clear increase in Si crystallinity with rising temperature, with

Figure 3. Temperature-dependent morphology evolution and structural characterization of FJH-L-SiO. a-d) Representative TEM images and
corresponding size distribution of four samples at different FJH temperatures: a) 1000 °C, b) 1100 °C, c) 1200 °C, and d) 1600 °C. e) XRD
patterns of the samples treated at different temperatures. f) Crystallinity evolution with temperature derived from XRD using the integrated peak
area method, together with the electrochemical descriptor I0.49 V/I0.28 V. g) XPS elemental maps of SiO before (blue) and after (red) FJH treatment.
h) Raman spectra of SiO. (i) PDF profiles of SiO. j) Cycling performance of LiOH-assisted FJH-treated SiO samples prepared at different target
temperatures. k) EIS after three cycles at 0.1C. l) A schematic illustration of the microstructure evolution as a function of FJH temperature.
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the 1600 °C sample reaching the highest value of
approximately 52.4%. This trend is further supported by dQ/
dV analysis of the first delithiation process: the I0.49 V/I0.28 V
ratio increases to 1.35 at 1600 °C, corroborating the markedly
enhanced Si crystallinity at this temperature.

However, as shown in Figure S11, the 1600 °C sample
exhibits negligible electrochemical activity, which can be
attributed to the high crystallinity of SiO2, an electrochemically
inert phase that impedes lithium-ion transport, as well as the
excessive coarsening of Si grains, which reduces their
electrochemical reactivity.30,31 These findings highlight 1200
°C as the optimal temperature, where disproportionation and
crystal growth reach a balanced equilibrium, resulting in
compact nanodomains with well-controlled crystallinity and
confinement. This demonstrates that the size and crystallinity
of Si domains can be effectively tuned by adjusting the FJH
treatment conditions.

The optimized 1200 °C sample was further analyzed using
XPS and high-resolution Si 2p spectra (Figure 3g). These
analyses reveal that p-SiO is primarily characterized by Si2+
(101.9 eV), while FJH-L-SiO exhibits new peaks correspond-
ing to Si0 (99.4 eV) and Si1+ (100.9 eV), along with an
increased Si4+ component (103.5 eV). These changes are
consistent with the disproportionation of SiO and the

formation of Si embedded in a SiO2 matrix. Raman spectra
(Figure 3h) exhibit a sharp crystalline Si peak at 509 cm−1 after
FJH treatment, accompanied by a blue shift and the emergence
of the second-order optical phonons of c-Si at 930 cm−1,41

confirming the increased Si crystallinity in SiO samples.
The local structure of FJH-disproportionated SiO at 1200

°C was further analyzed using atomic pair distribution function
(PDF) analysis (Figure 3i), which reveals peaks at 1.6 Å, 2.3 Å,
3.1 Å, 3.8 Å, and 4.5 Å, corresponding to Si−O and O−O
bonds in SiO4 tetrahedra as well as Si−Si1, Si−Si2, and Si−Si3
distances in crystalline silicon.29 The coordination environ-
ment of SiO4 tetrahedra and the nearest Si−Si pairs are
consistent in both samples. Notably, the appearance of Si−Si2
and Si−Si3 correlations after FJH treatment confirms the
development of medium-range atomic ordering within the
silicon phase. Crystalline Si and SiO2 models were used to fit
the PDF data, resulting in a reasonable fit quality that validates
the short-range local structure (Figure S12). The residual
fitting deviations are attributed to interfacial silicon suboxides
(SiOx, 0 < x < 2), as suggested by previous studies.42 These
results collectively demonstrate that FJH-L-SiO forms a
composite with crystalline Si domains embedded in an
amorphous SiO2 matrix, interconnected by mixed-valence
SiOx interfaces (inset of Figure 3i).

Figure 4. Electrochemical performance comparison of p-SiO, FJH-L-SiO, and FJH-L-SiO@SWCNT electrodes. a) TEM image of FJH-L-SiO@
SWCNT. b) Rate performance of p-SiO, FJH-L-SiO, and FJH-L-SiO@SWCNT electrodes (inset: extracted fading rates (K1, K2) from cycling
performances). c) Galvanostatic charge−discharge profiles of FJH-L-SiO@SWCNT anodes. d) Rate performance of the three electrodes. e) EIS of
the three electrodes. f) CV curves of the three electrodes at the first cycle with a scan rate of 0.4 mV s−1. g) DRT spectrum of the p-SiO electrode.
h) DRT spectrum after the FJH treatment.
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The electrochemical performance of the SiO samples treated
at different temperatures was further tested. As shown in
Figure 3j, the 1200 °C electrode demonstrates the highest
cycle capacity of 1294.9 mAh g−1 and maintains 88.6% capacity
retention after 100 cycles. The 1200 °C electrode also delivers
an outstanding rate capability of 767.5 mAh g−1 at 2 C, which
is 26.6% and 21.5% higher than that of the 1000 and 1100 °C
electrodes, respectively (Figure S13). EIS reveals that the 1200
°C sample exhibits the lowest charge-transfer resistance
(Figure 3k), indicating the formation of a highly conductive
interface. Galvanostatic intermittent titration (GITT) profiles
(Figure S14) show enhanced Li+ diffusion coefficients,
suggesting that the finely dispersed, crystalline nanodomains
facilitate efficient ion transport. As summarized schematically
in Figure 3l, the optimized 1200 °C condition yields a Si/SiO2
nanocomposite with dense ∼1.5 nm crystalline domains that
effectively buffer volume expansion, reduce interfacial resist-
ance, and maintain long-term cycling stability.
Electrochemical Performance and Postcycling Analysis of
FJH-Treated SiO

To further enhance interfacial contact and improve the
electrochemical performance of FJH-treated SiO, a 1 wt %
single-walled carbon nanotube (SWCNT) suspension was
introduced during the FJH process. SEM and TEM images in
Figure S15 and Figure 4a reveal that SWCNTs can uniformly

wrap the surface of the SiO particles, forming a conductive
network. Moreover, the sub-2 nm Si nanodomains remain
intact after SWCNT incorporation (Figure S16), indicating
that the addition of SWCNTs during FJH does not affect the
predefined nanodomain architecture of FJH-L-SiO. In
addition, XRD, Raman, and XPS analyses (Figure S17) show
no detectable SiC-related signals after SWCNT incorporation,
indicating that the SWCNTs remain largely intact without
observable interfacial reaction with the SiO matrix under the
present FJH conditions.

The cycling performances of p-SiO and FJH-treated SiO
with and without SWCNTs are shown in Figure 4b. Compared
with p-SiO, the FJH-L-SiO electrode exhibits markedly
reduced fading rates, with the attenuation slope K1 decreasing
from 13.8 to 7.9. After 150 cycles at 0.3C, the capacity
retention of FJH-L-SiO reaches 85.4%, far exceeding the 58.3%
retention of p-SiO, demonstrating that prestabilization
effectively suppresses the capacity fading. Notably, the residual
early stage decay mainly arises from irreversible lithium
consumption and SEI formation in SiO, although it is
significantly mitigated compared with p-SiO. Upon SWCNT
incorporation during the FJH process, K1 further decreases to
1.1 while K2 remains as low as 0.2, indicating that both early
stage and long-term fading are improved. This behavior is
associated with the formation of an integrated conductive
network intimately coupled with the SiO matrix during FJH.

Figure 5. Postcycling analysis of FJH-treated SiO. Top-viewed SEM images of a) p-SiO and b) FJH-treated SiO electrodes before and after 50
cycles. c) Cross-sectional SEM images of p-SiO electrodes before cycling and after 50 cycles, respectively. d) Cross-sectional SEM images of FJH-
treated SiO electrodes before cycling and after 50 cycles, respectively. e) TEM image of FJH-treated SiO after 50 cycles (inset: size distribution). f)
Cryo-TEM image of p-SiO electrode after 50 cycles. g) Cryo-TEM image of the FJH-treated SiO electrode after 50 cycles. h) Long-term cycling
stability of p-SiO, FJH-L-SiO, and FJH-L-SiO@SWCNT electrodes at 0.5C and average Coulombic efficiencies of the three electrodes. (i)
Galvanostatic charge−discharge profiles of NCM811 full cells with three anodes.
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FJH-L-SiO@SWCNT anode shows good long-term stability,
with a high initial capacity of 1419 mAh g−1 and retains 96.6%
of its capacity after 150 cycles at 0.3C. The corresponding
charge−discharge profiles (Figure 4c and S18) reveal
substantially reduced polarization and highly stable voltage
plateaus throughout cycling. In addition, the dQ/dV plot of p-
SiO decays rapidly with cycling, indicating active-site loss and
parasitic phase formation (Figure S19). By contrast, FJH-L-
SiO@SWCNT retains nearly identical profiles during cycles
without Li15Si4 signals (characteristic peak at 450 mV),
implying a stable single-phase lithiation mechanism governed
by a structurally preserved framework. These results highlight
the synergistic contributions of bulk structural stabilization and
SWCNT-enabled interfacial/electrode reinforcement in
achieving durable cycling performance.

Figure 4d displays the rate performance of p-SiO and FJH-
treated SiO with and without SWCNTs. It is evident that the
rate performance is significantly improved after FJH treatment
and is further enhanced with the incorporation of SWCNTs.
The improved rate capability arises from the synergistic
combination of bulk stabilization�provided by dense,
crystalline Si nanodomains�and the enhanced interfacial
conductivity imparted by the SWCNT network. EIS (Figure
4e) shows that the addition of SWCNTs decreases the charge-
transfer resistance, indicating accelerated interfacial charge-
transport kinetics enabled by continuous conductive pathways
bridging individual particles. As shown in Figure S20, GITT
analysis and the calculated DLi+ of FJH-L-SiO@SWCNT
electrode for the delithiation process is always higher than
that of the FJH-L-SiO and p-SiO electrode, because SWCNTs
act as the lithium-ion diffusion channel and promote the
transport kinetics of the lithium ion between the electrode and
the electrolyte. Furthermore, cyclic voltammetry (CV)
(Figures 4f and S21) reveals stronger current responses, larger
integrated areas, and a positively shifted anodic peak for FJH-
L-SiO@SWCNT compared with FJH-L-SiO, confirming
reduced polarization and faster lithiation/delithiation pro-
cesses.

Figure 4g,h shows the distribution of relaxation times
(DRT) analysis before and after FJH treatment. Three
characteristic processes: interfacial impedance RSEI (10−3−
10−4 s), charge transfer impedance Rct (1−10−2 s), and
diffusion impedance Rw (1−10 s), respectively. Compared with
p-SiO, FJH-treated SiO exhibits reduced RSEI and Rw,
indicating facilitated Li+ transport across the SEI and within
the solid phase. A moderate increase in Rct is observed after
FJH, likely due to the higher SiO2 fraction generated during
disproportionation (as confirmed in Figure 3g).

The structural integrity of the electrodes after cycling was
further evaluated. As shown in Figure 5a, the p-SiO electrode
undergoes severe cracking and delamination after 50 cycles,
with its thickness increasing from 48.7 to 123.4 μm�a 153.5%
volumetric expansion (Figure 5c). In contrast, the FJH-treated
SiO electrode exhibits only minor surface collapse (Figure 5b)
and a modest 21.8% thickness increase from 52.8 to 64.3 μm
(Figure 5d). Compared with the TEM images of p-SiO after 50
cycles (Figure 1f and S2), which shows larger and
heterogeneously distributed Si nanodomains with noticeable
aggregation, the Si nanodomains after FJH treatment retain
their size and dispersion throughout cycling (Figure 5e and
S22), coarsening only slightly to ∼1.8 nm without any
indication of aggregation after 50 cycles. The presence of
these ultrasmall, uniformly distributed Si nanodomains after

FJH treatment effectively suppresses the formation of large,
asynchronous Si agglomerates and ensures a more homoge-
neous stress distribution within the electrode, thereby
preventing crack initiation and propagation during repeated
lithiation.

Cryo-transmission electron microscopy (cryo-TEM) was
further performed to examine the evolution of the SEI during
cycling. After 50 cycles, the p-SiO electrode develops a thick
(∼41.5 nm) SEI layer primarily composed of organic species,
accompanied by a minor fraction of LiF (Figure 5f), whereas
the FJH-treated SiO electrode maintains a much thinner
(∼21.2 nm) SEI enriched with inorganic species such as LiF,
Li2O, Li2CO3, and Li4SiO4 (Figure 5g). The chemical
composition of the SEI was further examined by XPS depth
profiling (Figure S23). Compared with p-SiO, the FJH-treated
SiO electrode exhibits a stronger LiF signal in the F 1s spectra
and reduced contributions from organic species, such as C−O
and C=O, in the C 1s spectra, indicating a higher fraction of
inorganic components. Moreover, the inorganic species remain
relatively stable with increasing sputtering time, suggesting the
formation of a more uniform and inorganic-rich SEI structure.
Such thinner, inorganic-rich SEI layers are generally associated
with lower electrolyte consumption and enhanced mechanical
robustness, as inorganic components are denser and less
reactive.43 The suppressed SEI growth on FJH-treated SiO is
consistent with the earlier structural observations, confirming
that the improved cycling stability effectively mitigates
excessive SEI thickening.

We further investigated the electrochemical performance of
the SiO-based anodes paired with NCM811 cathodes in full-
cell configurations, with the NCM811 cathode delivering an
areal capacity of 2.3 mAh cm−2. As shown in Figure 5h, the
NCM811||FJH-L-SiO@SWCNT full cell achieves 88.6%
capacity retention after 300 cycles, far surpassing the 51.2%
retention of the SWCNT-free counterpart. The average
Coulombic efficiency also increases from 98.68% to 99.88%,
reflecting improved reversibility and suppressed parasitic
reactions. The corresponding charge−discharge curves (Figure
5i) exhibit minimal polarization growth and superior rate
performance (Figure S24), confirming that the combination of
bulk nanodomain stabilization and interfacial reinforcement
ensures robust long-term electrochemical stability in full-cell
operation.

■ CONCLUSION
In summary, this work suggests that electrochemically driven
disproportionation contributes to the gradual structural
stabilization of SiO during cycling, although this process is
kinetically sluggish and is difficult to control. By using pulsed
FJH, we realize rapid, nonequilibrium disproportionation of
SiO and prestabilize it into a bulk nanocomposite composed of
dense sub-2 nm Si nanodomains embedded in a strain-adaptive
amorphous SiO2 matrix. The ultrafast thermal pulses promote
rapid Si nucleation while suppressing excessive coarsening and
SiO2 crystallization. LiOH further enhances Si nanodomain
crystallinity through transient liquid-phase mediation, whereas
SWCNT incorporation reinforces electrode-level conductivity
and mechanical integrity. As a result, the optimized
architecture effectively mitigates stress accumulation, sup-
presses electrode swelling, and improves charge-transfer
kinetics, leading to stable cycling in both half- and full-cell
configurations. More broadly, this study establishes nano-
domain prestabilization as a key design principle for SiO-based
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anodes and demonstrates FJH as an energy-efficient route for
controlled thermal disproportionation, providing new insights
and a versatile platform for designing durable high-capacity
anodes for next-generation lithium-ion batteries.
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