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1. Introduction

Two-dimensional (2D) graphene emerged as a
transformative material for electrochemical
energy storage due to its high surface area, out-
standing intrinsic electrical conductivity,
mechanical robustness, and (electro)chemical
stability.[1–3] These properties enable rapid elec-
tron transport, facilitate efficient ion diffusion,
and provide structural integrity under electro-
chemical operation, making graphene an ideal
platform for designing next-generation elec-
trode architectures.[4] In particular, its integra-
tion with high-capacity active materials offers a
compelling route to overcoming long-standing
challenges in lithium-ion batteries.[5,6] Silicon
(Si) exhibits a significantly higher theoretical
capacity than graphite (3579 vs 372 mAh g�1),
making silicon-rich anodes a promising mate-
rial for next-generation, higher energy density
Li-ion batteries; however, the practical imple-
mentation of Si has been limited due to its poor
electrical conductivity and severe volume fluctu-
ations during lithiation and delithiation.[5,7–11]

By acting as a functional conductive and
mechanically resilient buffer, graphene can

effectively enhance charge transport and mitigate structural degradation,
thereby unlocking the practical potential of Si-based anodes for durable,
high-performance lithium-ion batteries.[7,12]

Extensive research has focused on the synthesis and integration
of graphene with silicon nanoparticles to address the challenges
related to silicon-based anodes in Li-ion batteries.[13–15] Recently,
work on the production of Si/carbon composites has focused on
two main integration approaches: physical blending,[11,16–20]

where presynthesized Si nanocrystals are mixed with graphene and
other carbon (C) based materials, and chemical syntheses involving
reaction-based techniques.[21–23] Within these broader categories,
there are several different methods employed to combine and
achieve novel architectures of Si and graphene and tune their elec-
trochemical performance. These approaches span conventional sol-
vothermal methods[24] to more advanced techniques of
electrospinning, spray drying, and freeze drying.[25–28] In addi-
tion, innovative core–shell and yolk–shell architectures as well as
composites involving functionalized Si and doped graphene are
also achieved using novel production techniques.[29–34]
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The deliberate assembly of heterostructures has emerged as a powerful
strategy for electrochemical energy storage, where integration of
complementary components enables synergistic performance gains. Moving
beyond serial production of individual components and their subsequent
liquid-phase assembly, we report a one-step, continuous gas-phase synthesis
of high-purity silicon/few-layer graphene heterostructures by coupling
microwave-plasma and hot-wall reactors. This in-flight assembly yields
exceptionally pure amorphous Si uniformly integrated within conductive
few-layer graphene, eliminating liquid-phase processing. Electrochemical
performance exhibits a non-monotonic dependence of performance on
few-layer graphene content: capacity and cycle life maximize at an
intermediate 15 wt.% few-layer graphene, attributed to a percolated, strain-
buffering few-layer graphene network that preserves electrical contact while
minimizing inactive mass. The optimized heterostructure delivers specific
capacities of �2800 mAh g�1

Si+FLG (0.05 C) and �1400 mAh g�1
Si+FLG after

100 cycles at 1 C, outperforming other Si/graphene systems reported in the
literature under similar conditions. These results highlight gas-phase
self-assembly as a scalable route to integrate 0D/2D nanostructures into
high-capacity, long-life Li-ion anodes and establish a new performance
benchmark for low-carbon-fraction Si/graphene composites.
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Although graphene holds significant promise in addressing the limi-
tations of Si, the simultaneous synthesis and integration of both compo-
nents, while preserving their intrinsic structural and functional
properties, remains a considerable challenge, particularly in achieving
scalable production. The existing synthesis methods are often con-
strained by significant limitations such as limited scalability, require-
ments of high-temperature heat treatments, contamination during
chemical processing, and challenges in processing high-purity
graphene.[35,36]

Among emerging approaches, gas-phase synthesis is a promising
strategy for highly efficient and scalable production of nanomaterials
such as fumed alumina and silica, carbon black, and metallic and
ceramic nanoparticles, enabling control over composition and
morphology.[7,37–40] In particular, gas-phase-synthesized few-layer gra-
phene (FLG) exhibits exceptional properties, including ultra-high
purity and excellent electrical conductivity (�4000 Sm�1), making it
promising for enhancing electrochemical performance.[7,37,41–43]

Moreover, gas-phase synthesis enables control over nanoparticle struc-
ture, particularly for Si, where forming amorphous particles is crucial
as amorphous Si nanoparticles (nSi) can improve electrochemical per-
formance by minimizing volumetric expansion stress and fracture
propagation.[44] Intimate mixing on the nanometer scale of the respec-
tive nanopowders is usually only possible through surface functionali-
zation and stabilization – usually in the liquid phase, which requires
the addition of further chemical components, which in turn reduce the
gravimetric capacity. Thus, preserving the material properties through
conventional multistep synthesis involving intensive chemical proces-
sing and thermal treatment remains a significant challenge. Therefore,
it is advantageous to explore and develop strategies that mitigate these
effects to further exploit the functional potential of graphene in
advanced energy applications.

Here, we present a one-step all gas-phase approach for the simulta-
neous synthesis and integration of silicon nanoparticles and FLG into
Si–FLG heterostructures. Building on our previous work regarding
gas-phase synthesis of the individual components,[7] the principal
objective is to develop a continuous method for heterostructure forma-
tion that preserves the distinct structural and functional properties of
each constituent, whereby additional stabilization or functionalization is
avoided. This is accomplished by the development of a coupled reactor
system comprising a microwave (MW) plasma reactor and a hot wall
reactor, enabling a co-gas phase synthesis of nSi–FLG heterostructures.
The synthesized heterostructures are characterized by their structural
and morphological features, as well as subjected to exploration of elec-
trical transport properties and electrochemical performance.

2. Results and Discussion

To validate the effectiveness and efficiency of the integration approach,
a comprehensive analysis of the structural, morphological, and func-
tional properties of the Si-FLG heterostructures was carried out.

2.1. Structural and Morphological Characterization

Powder X-ray diffraction (XRD) was performed to study the structural
characteristics of Si-FLG heterostructures, as shown in Figure 1a. XRD
profiles of all the heterostructures confirm nanocrystalline

diamond-cubic Si as the only crystalline phase, with reflection peaks at
2θ≈ 30°, 47°, and 57° indexed to (111), (220), and (311) crystal
planes for Si, respectively.[45] The FLG showed a peak at 2θ≈ 26° cor-
responding to the (002) plane of graphite (consistent with few-layer).
At low FLG loadings, this band is largely buried under the intense
Si(111) peak, both because C scatters weakly, there is little FLG stacking
order, and the mass fraction is Si-rich, so XRD underreports the gra-
phene component.[7] However, the appearance of the FLG peak, despite
its low concentration, indicates that the few-layer flakes exhibit a high
degree of crystallinity. The S150 sample, synthesized at the lowest Si
precursor flow rate, exhibits broadened Si reflections in the XRD pat-
tern, consistent with nanocrystalline Si. In addition, the relatively stron-
ger FLG (002) reflection indicates a higher FLG weight fraction
compared to the other samples. On the other hand, samples synthesized
with higher flow rates of Si precursor showed a progressive suppres-
sion of both the FLG and Si peaks in their diffraction patterns. We attri-
bute this trend to kinetics and contrast effects rather than the
emergence of new phases: i) higher precursor supersaturation acceler-
ates nucleation, yielding a larger number of smaller Si domains (Scher-
rer broadening) and a higher amorphous Si fraction. ii) The
decomposition of SiH4 into Si and H2 causes an increase in volume in
the hot wall reactor, which leads to shorter residence time in the hot
zone and limiting crystallite growth. iii) This shifts the chemical equi-
librium of the reaction SiH4= Si+ 2H2 in the direction of the educt.
Taken together, this leads to less crystallization of Si and correspond-
ingly to a higher fraction of the desired amorphous silicon phase. On
the other hand, it will lead to an incomplete SiH4 decomposition and
thus lower yield.

Following the XRD analysis, the mass fractions of Si and FLG, along
with further insights into the structural characteristics of the synthesized
Si-FLG heterostructures, were determined through parallel thermogravi-
metric analysis (TGA) and differential scanning calorimetry (DSC) mea-
surements. The measurements were conducted from room temperature
to 900 °C under air at a heating rate of 10 Kmin�1. Figure 1b presents
the TGA curves of all the synthesized Si–FLG heterostructures. The
results show that, as the temperature exceeds 650 °C, FLG undergoes
oxidative decomposition, releasing gaseous byproducts such as carbon
dioxide (CO2) and carbon monoxide (CO), resulting in significant
mass loss.[46,47] FLG content was obtained from the baseline-corrected
TG mass loss associated with C combustion in air; the endpoint was
defined at the temperature where the DTG signal returned to baseline
(complete FLG oxidation), prior to the onset of Si oxidation. Since Si
starts reacting with oxygen (O2) at temperatures above 800 °C, the for-
mation of silicon dioxide (SiO2) is the cause for the observed mass gain
above this temperature.[48] The onset of mass loss at 650–700 °C,
together with the steep TGA slopes, is characteristic of FLG oxidation
rather than disordered or functionalized carbon species. The absence of
additional low-temperature mass-loss steps further indicates negligible
surface functionalization of the carbon component.[46] We have already
demonstrated this in our earlier work using XPS analysis, in which we
found that freshly produced FLG contains <1% oxygen and consists of
more than 85% sp2 carbon.[7]

The weight percentage of FLG dropped from 31% to 4% when the
Si precursor flow rate increased from 150 to 450mLmin�1, according
to TGA analysis. However, the content of FLG unexpectedly increased
to about �6% when the precursor flow rate was 600mLmin�1. The
TGA results were also complemented by elemental analysis for C (see
Figure S1, Supporting Information). As explained above, the increase in
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FLG content for the S600 sample can be attributed to the incomplete
pyrolysis of SiH4 at the highest flow rate, which affects the composition
of the resulting material and decreases the yield of Si.[40]

Figure 1c shows the results from DSC measurements exhibiting a
major exothermic event corresponding to the oxidation of C at
�700 °C, which is also in accordance with the mass loss in TGA
results.[47] Moreover, for heterostructures prepared at higher Si precur-
sor flow rates (S450 and S600), in addition to the primary exotherm
FLG oxidation, the DSC thermograms show a secondary exothermic
shoulder. This peak can be attributed to the crystallization of amor-
phous Si, as it is a typical behavior for amorphous Si, which undergoes
crystallization at temperatures above 650 °C before oxidation when
heated in the presence of O2.

[49,50] The increased prominence of the
crystallization exotherm at higher SiH4 flow rates indicates a higher
fraction of amorphous Si relative to samples synthesized at lower flow
rates, while the combined TGA and DSC results identify an intermediate
precursor flow rate that maximizes the yield of highly amorphous Si
nanoparticles. Excessively high flow rates reduce Si yield, whereas
lower flow rates favor increased crystallinity. Given the superior

electrochemical stability of amorphous Si due
to isotropic lithiation and improved accommo-
dation of large volume changes, the balance
between amorphous content and yield is
critical.

In addition to structural and thermal anal-
ysis, morphological properties of the Si-FLG
heterostructures were studied using trans-
mission electron microscopy (TEM).
Figure 1d shows the TEM images of Si-FLG
heterostructures produced at varying Si pre-
cursor flow rates. A clear trend for nSi is
observed wherein both particle size and the
degree of agglomeration increase with
higher precursor flow rates (see Figure 1d-i–
iv). At the highest precursor flow
(600 mL min�1/S600), the elevated SiH4

partial pressure produces a dense Si aerosol,
so the n2 dependence of Brownian coagula-
tion and hot-zone sintering drives pro-
nounced nucleation and nanoparticle
aggregation.[51,52] Consequently, Si prefer-
entially aggregates rather than uniformly
decorating FLG surfaces, reducing the effec-
tive Si–FLG interfacial area and disrupting
the percolated conductive network within
the heterostructure. The higher degree of
amorphousness and increased particle
agglomeration at high Si precursor flow rate
adversely affect the efficiency of mixing with
FLG. These observations highlight the critical
influence of synthesis parameters on the
resulting morphology and interfacial integra-
tion of the components, underscoring the
importance of precise control over synthesis
conditions to ensure efficient heterostructure
formation.

Furthermore, S300 was examined in detail
to gain deeper insight into the Si-FLG interface.

Figure 2 shows the TEM images of S300 at different resolutions (see
Figure 2a,b) and the corresponding high-resolution EDS mapping (see
Figure 2c). The higher resolution TEM image revealed the coverage of
nSi with FLG, whereas the lower resolution image illustrates the overall
morphology of the heterostructures. The nSi particles exhibited a cer-
tain degree of aggregation and are surrounded by 2D FLG sheets. The
crumpled character and small lateral dimensions of the FLG synthesized
by gas-phase synthesis agree with previous studies.[43,53] Due to the
relatively small size of the FLG flakes and the partial aggregation of nSi,
complete coverage of the nanoparticles by FLG is not observed. How-
ever, the FLG sheets are clearly seen in close contact with the nSi, occu-
pying the interparticle regions, and forming an interconnected
network, as can be seen in the marked areas in Figure 2c. This intimate
contact is indicative of effective physical integration between the two
components within the heterostructure, which was achieved through
hetero-aggregate formation in the gas phase. Furthermore, EDS con-
firms the presence of only nSi and FLG in the heterostructures, with no
detectable impurity elements, which will be discussed in detail in
Section 2.2. These results emphasize the effectiveness of the gas-phase

Figure 1. Structural, thermal, and morphological characterization of silicon/few-layer graphene (Si–FLG)
heterostructures synthesized at different SiH4 flow rates. a) X-ray diffraction (XRD) patterns showing
characteristic peaks for silicon, whereas the graphene (002) peak is observable only for S150 and S300
at 26°. b) Thermogravimetric analysis (TGA) and c) differential scanning calorimetry (DSC) performed
under air at 10 K min�1, illustrating changes in mass fraction, oxidation behavior, and crystallization
characteristics as a function of Si precursor flow rate. d) Transmission electron microscopy (TEM)
images of Si-FLG heterostructures for different samples prepared at different SiH4 flow rates: i) S150, ii)
S300, iii) S450, and iv) S600.
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synthesis process and the excellent purity of the synthesized
heterostructures.

2.2. Functional Characterization

Raman spectroscopy is a powerful tool for obtaining structural insights
into materials and is particularly crucial for assessing and confirming
the quality of graphene. The Raman spectra of nSi and FLG are shown
in Figure 3a. The Raman spectrum of silicon typically exhibits features
in the 400–550 cm�1 range, where the peak shape and position distin-
guish amorphous Si (broad band) from crystalline Si (sharp feature
near 520–550 cm�1).[54] In the present nSi sample, the inset highlight-
ing the 400–500 cm�1 region (Figure 3a–i) shows a dominant broad
amorphous-Si contribution with a weaker crystalline component, in
agreement with the structural trends observed by XRD and DSC.
The Raman peak for graphene at 1500 cm�1 corresponds to the
symmetry-allowed E₂g mode at the Γ-point, commonly known as
the G band, which arises from in-plane optical vibrations due to oppo-
site movements of adjacent C atoms, leading to significant bond
distortion.[55] The second peak at 2600 cm�1 corresponds to the 2D
band, which originates from second-order Raman scattering involving
transverse optical (TO) phonons near the K-point. Additionally, the
weak D band observed around �1342 cm�1 can be attributed to TO
phonons near the K-point, indicating minimal structural defects in the
as-synthesized pristine FLG nanosheets.[55–57] The Raman spectra of
FLG underscore the efficiency of the gas phase synthesis technique,
which yields high-quality FLG with minimal defects, as evidenced by
the stronger G band compared to the D band. Furthermore, the

pronounced 2D band indicates minimal layer
stacking, suggesting that FLG is dominantly
composed of approximately 3 to 6 layers.

Figure 3b shows the Raman spectra for the
synthesized Si-FLG heterostructures. The dis-
tinctive peaks that pure nSi and FLG, respec-
tively, displayed in Figure 3a were used as a
benchmark for the composite composition. As
the weight percentage of nSi in the composite
increases from S150 to S600, a noticeable pat-
tern becomes apparent. It was observed that the
intensity of the FLG peaks gradually decreased
from S150 to S600, indicating a change in the
nSi to FLG ratio. Nevertheless, no peak shift for
FLG is observed for Si-FLG heterostructures in
the Raman spectra, which indicates preserva-
tion of structural and functional properties of
the FLG. Furthermore, the ID/IG ratio, defect
density (nD), and inter-defect distance (LD) of
FLG were calculated using the following
equations:[58]

LD = 1:8� 0:5ð Þ � 10�9λ4L
ID
IG

� ��1

(1)

nD =
1:8� 0:5ð Þ � 1022

λ4L

ID
IG

� �
(2)

where λL denotes the excitation wavelength
used for Raman measurements (633 nm). Figure 3c summarizes
the values obtained for ID/IG and nD. Relative to pristine FLG, Si–
FLG powders show a modest increase in ID/IG and nD as the FLG
fraction decreases, consistent with a small increase in
edge/anchoring sites, where nSi pin or slightly fragment the flakes
during aerosol mixing. The values remain within the stage-1 disor-
der regime, indicating that the sp2 network is largely preserved.
Additionally, G and 2D band positions are unchanged within
experimental uncertainty, with no systematic broadening, which
argues against measurable strain or doping induced by the hetero-
structure process and is consistent with maintained electronic path-
ways in the FLG scaffold.[59] Across all the samples, I2D/IG
remained stable (>1) and shows a slight increase for the Si-FLG
heterostructures; this behavior is consistent with reduced
restacking/partial decoupling of FLG layers as nSi nanoparticles
space the flakes (see Table S1, Supporting Information). Taken
together, the Raman data indicate that nSi loading slightly increases
defect/edge density but does not compromise few-layer character
or sp2 continuity, which is favorable for charge transport in the
composite anodes.

The electrical conductivity of the Si-FLG heterostructures was mea-
sured using the four-point probe method. Figure 3d shows the bulk
conductivity and specific surface area (SSA) versus FLG content, reveal-
ing a percolation-controlled response. While the four-point probe tech-
nique provides high accuracy for compact, homogeneous, and well-
contacted samples, limitations arise in the case of powder-based and
porous nanomaterials.[60–62] In nano-powders and nanocomposites
with varying morphologies, factors such as anisotropy, porosity, and
inhomogeneity typically influence overall charge transport.[63,64]

Figure 2. Morphological characterization of S300 by transmission electron microscopy (TEM). a) Low
magnification image of S300 illustrating the homogeneous intermixing of amorphous silicon
nanoparticles (nSi) with few-layer graphene (FLG). b) High magnification TEM images of S300 showing
revealing nSi particles anchored within and bridged by a continuous few-layer graphene (FLG) scaffold.
c) Energy-dispersive X-ray spectroscopy (EDS) elemental mapping confirming spatial co-localization of
Si and C.
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Accordingly, conductivity analysis accounted for sample preparation,
porosity, and composition in addition to the intrinsic conductivities of
pristine nSi and FLG. To minimize variability, all samples were prepared
under identical conditions by uniaxial pressing at 650MPa for 5min.
Bulk density and porosity were calculated to verify preparation consis-
tency (Figure S2, Supporting Information), revealing moderate com-
paction with porosity values in the narrow range of 45–50% across all
compositions. The sample S150 showed the highest electronic conduc-
tivity of 1031 Sm�1, as it contains the highest FLG loading (30wt.%).
As the structural analysis in Section 3.1 indicated the dominant amor-
phous nature of nSi, which typically shows very low conductivity on
the order of �10�5 S m�1,[65] the high electrical conductivity
(� 4000 Sm�1)[7] of FLG played the important role in enhancing the
overall conductivity of the Si–FLG heterostructures. The variation in
conductivities of different samples clearly corresponds to the varying
concentration of FLG. The percolation threshold for conductivity was
determined by fitting a percolation power law to the experimental data
(see Figure S3, Supporting Information). The threshold was found to
be 2.9 vol.% (corresponding to �2.8 wt.%) for FLG, which is very
close to values reported in literature for similar anisotropic 2D
systems.[66] This confirms that the conductive pathways formed by FLG
are crucial for enhancing electron transport in the almost insulating Si
matrix, a key limiting factor for anode applications in Li-ion batteries.
In addition to the conductivity, the SSA is another critical parameter for

electrochemical performance, as it facilitates
charge transfer and stable solid–electrolyte
interface (SEI) formation. Figure 3d-ii presents
the SSA of the Si–FLG heterostructures deter-
mined by the Brunauer–Emmett–Teller (BET)
method. The SSA trend closely follows the vari-
ation in FLG content: in samples S150, S300,
and S450, decreasing FLG content led to
reduced SSA, while the higher FLG content in
S600 increased it. Owing to its high surface
area (�320m2 g�1) compared to Si
(�30m2 g�1), FLG synthesized via MW
plasma strongly contributes to the overall
SSA.[7] The maximum SSA was observed to be
145 m2 g�1 for S150 (30wt% FLG). More-
over, even at 5 wt.% FLG (S450), the SSA
nearly doubled relative to pure Si, underscoring
the pronounced influence of FLG on the surface
properties of heterostructures.

2.3. Electrochemical Characterization and
Performance

For electrochemical evaluation, slurry-cast Si-
FLG electrodes are prepared on Cu current col-
lectors as detailed in the Section 4. The scan-
ning electron microscopy (SEM) images of the
Si-FLG cast into electrodes (see Figure S4b,
Supporting Information) show that FLG
appears as web-like sheets that partially wrap
and bridge the nanoparticles. This interleaving
is expected to suppress secondary Si-Si agglom-
eration and establish a percolated carbon path-
way, lowering contact resistance and

improving mechanical integrity.
Figure 4a,b present the galvanostatic charge discharge (GCD) and

dQ/dV profiles, respectively, for pristine nSi and the Si-FLG heterostruc-
tures. Figure 4a shows the formation cycle at 0.05 C. All electrodes dis-
play the expected sharp drop from �1.2 V on first lithiation, reflecting
electrolyte reduction and SEI formation. This is then followed by a fea-
tureless, sloping lithiation down to 0.01 Vwith no discernible two-phase
plateau. This behavior is characteristic of amorphous Si with broad a-LixSi
formation.[44,67,68] Pristine nSi demonstrated a high initial discharge
capacity of 3507� 50 mAh g�1 (due to its higher active Si content) as
compared to 3134� 50, 2808� 50, and 2252� 50 mAh g�1 for
S450, S300, and S150 Si–FLG samples, respectively. Pristine Si and S450
exhibited slightly higher initial coulombic efficiency (ICE) of�86% due
to their lower SSA (55m2 g�1), compared to 81% for S300 (92m2 g�1),
while S150 (145m2 g�1) showed a further decrease to 73%. This trend
correlates directly with the SSAs determined by BET analysis, indicating
that the higher electrolyte accessible surface area promoted by higher FLG
content causes greater electrolyte decomposition and SEI formation dur-
ing the first cycle, thereby consuming more Li irreversibly. Moreover,
relative to pristine nSi, the Si-FLG composites (especially S300) exhibit a
smaller charge–discharge gap at a given capacity (lower polarization) and
a larger reversible portion of the first cycle, consistent with better elec-
tronic percolation and mechanical buffering by FLG; S150 shows lower
gravimetric capacity due to its higher FLG fraction.

Figure 3. Structural and transport properties of nSi, few-layer graphene (FLG), and Si–FLG
heterostructures. a) Raman spectra of pristine nSi and FLG. b) Raman spectra of Si–FLG
heterostructures showing progressive suppression of graphene features with increasing Si precursor flow
rate. c) Extracted ID/IG ratios and defect density (nD) values for Si–FLG heterostructures. d) Electrical
conductivity and Brunauer–Emmett–Teller (BET) specific surface area as a function of FLG content.
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Figure 4b presents the differential capacity (dQ/dV) profiles (corre-
sponding to the formation cycle) of pristine nSi and Si-FLG heterostruc-
tures, highlighting the characteristic two-step alloying/dealloying of
amorphous nSi with Li. Pristine nSi exhibits a pronounced cathodic
lithiation spike at a low potential of �0.2 V, followed by a shoulder at
�0.08 V, consistent with the stepwise transformation of amorphous
nSi into Li3.5Si.

[69,70] On delithiation, two distinct anodic peaks at
0.30–0.35 V and 0.45–0.55 V confirm the reversible extraction of Li
and the re-formation of amorphous nSi. The dQ/dV profiles of Si-FLG
heterostructures highlight the impact of FLG on the
lithiation/delithiation process, especially S150 and S300, the lithiation

and delithiation peaks are broader and less
intense, indicating that FLG effectively moder-
ates the abrupt phase transitions that are other-
wise associated with severe volumetric strain of
Si. Additionally, the heterostructures also dis-
played reduced peak hysteresis, reflecting
diminished polarization and improved charge-
transfer kinetics. At 1C, in pristine Si, the two-
step alloying features progressively faded to
one significant feature, and the hysteresis
between lithiation and delithiation peaks wid-
ened, signaling the progressive loss of electro-
chemically active Si, contact loss, and severe
structural degradation. Interestingly, at 1C, the
Si-FLG heterostructures, particularly S150 and
S300, retain their two-step alloying/dealloying
characteristics even after extended cycling,
without any appreciable increase in hysteresis
(see Figure S5, Supporting Information). dem-
onstrating effective mechanical and electronic
stabilization by the FLG network. After the for-
mation cycle, all samples display the expected
rate-induced overpotential at 1C, with lithiation
curves shifting to lower voltages and delithia-
tion curves to higher voltages relative to 0.05C
(see Figure 4c,d). Absolute capacities at 1 C
(1st cycle) are 1839, 3187, 2584, and 2365
mAh g�1 for pristine nSi, S450, S300, and
S150, respectively, as can be observed in
Figure 4c. This corresponds to utilizations of
�45.5%, 89.8%, 75.4%, and 76.4% of their
0.05 C values. Among the composites, S300
exhibits the lowest polarization and the largest
reversible capacity fraction, consistent with a
percolated FLG network that homogenizes
lithiation and lowers electronic and junction
resistances. With continued cycling at 1C, pris-
tine nSi and S450 develop pronounced polari-
zation and capacity contraction, whereas S300
preserves both capacity and curve shape with
only modest hysteresis increase. S150 shows
faster fading due to lower active-Si content and
enhanced surface-area-driven SEI growth. These
trends are consistent with the dQ/dV evolu-
tion, where S300 maintains stable amorphous-
Si features while pristine nSi collapses to a sin-
gle broadened response.

Figure 4e,f consolidate the first cycle and
rate-retention metrics. In Figure 4e, the ordering of first-discharge
capacities (pristine nSi> S450> S300> S150) reflects the decreasing
active-Si mass fraction in the composites, whereas the ICE exhibits an
inverse correlation with BET SSA, consistent with greater electrolyte-
accessible area promoting parasitic reactions/SEI growth at higher FLG
contents. Figure 4f shows active-material utilization, defined as the spe-
cific capacity under the stated condition normalized to each material’s
0.05 C formation capacity. The normalized utilizations at 1 C (1st cycle)
are 92.5%, 89.8%, 84.0%, and 76.4% for pristine nSi, S450, S300, and
S150, respectively; after 100 cycles at 1C they decline to 17.2%,
19.7%, 45.5%, and 15.1%. Notably, S300 sustains �3× higher

Figure 4. Electrochemical analyses of pristine nSi and Si/few-layer graphene (Si-FLG) heterostructures
by galvanostatic charge discharge (GCD) profiles and differential capacity (dQ/dV) analysis. a) GCD
profiles of the formation cycle (0.05 C). b) Corresponding formation-cycle dQ/dV curves highlighting
the lithiation/delithiation features and phase evolution of Si. c) GCD profiles of the 1st cycle at 1C,
and d) the 50th cycle at 1C. e) Comparison of discharge capacity normalized as per Si mass and total
active (Si+ FLG) mass for the formation, 1st and 100th cycle. f) Si utilization during formation, 1st and
100th cycle, and capacity retention at 100th cycle.
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utilization than pristine nSi at 1C after 100 cycles and the highest capac-
ity retention, indicating that an intermediate FLG loading optimizes the
trade-off between active-Si content and a percolated strain-buffering
carbon network with lower charge-transfer/transport impedance,
thereby supporting long-term rate performance.

Electrochemical impedance spectroscopy (EIS) plots of pristine Si-
FLG heterostructures are shown in Figure 5 and Figure S6, Supporting
Information. The values of resistances (ohmic resistance Rs, SEI resis-
tance RSEI, interphase resistance Rint, and charge transfer resistance Rct,
see Supporting Information) are obtained by fitting an equivalent elec-
trical circuit and are summarized in Table S2, Supporting Information.
Pre-cycled electrodes measured at OCV (�1.2 V vs Li/Li+) exhibit a
clear trend (Figure 5a): pristine Si shows a large high-/mid-frequency
semicircle, whereas S300 displays a markedly smaller one. At this stage,
a stable SEI has not yet formed, so that RSEI can be omitted from the cir-
cuit, and only interphase resistance Rint and charge transfer resistance Rct
are considered. The Rs is similar for most electrodes (≈8.5–9.6Ω),
except S150 (15.78Ω). The Rct value for S300 was found to be the
lowest among all the compositions (nSi: 91Ω< S450: 38Ω< S300:
11Ω< S150: 35Ω), demonstrating that the gas-phase–formed FLG
network provides efficient electronic pathways even before cycling. At
low frequencies, pristine Si presents a relatively low Warburg slope,
indicating increased kinetic limitations, while S300 exhibits steeper,
more vertical tails, indicative of less restricted diffusion and enhanced
capacitive behavior.

Figure 5b,c, and Figure S6, Supporting Information show Nyquist
plots at 0.01 V (after lithiation) at selected cycles (formation, 50th, and
100th) for pristine nSi and Si–FLG heterostructures, respectively.
Nyquist plots of nSi show a significant enlargement of the high-
frequency semicircle from the formation cycle to the 50th cycle, then
shrinking after 100 cycles. This trend is also reflected in fitted resis-
tances (RSEI, Rct), which increase from the formation to the 100th cycle
(RSEI: 4.7Ω→ 7.5Ω→ 13Ω, Rct: 4.5Ω→ 12Ω→ 39Ω), indicating
continuous SEI growth and progressive loss of particle–particle contact.
The low-frequency Warburg tail became more flattened with cycling,
reflecting increasingly hindered Li+ diffusion due to Si pulverization
and SEI thickening. In contrast to pristine nSi, the S300 shows a mark-
edly different evolution. A relatively large high-frequency semicircle is
observed after the formation cycle, accompanied by a high Rint
(�91Ω), signifying that the interphase is not yet fully conditioned. By
the 50th cycle, this semicircle shrinks, and Rint decreases sharply to
�42Ω, after which it remains essentially stable through the 100th
cycle (�43.6Ω). S300 also undergoes only modest variation in Rct
(25Ω→ 26Ω→ 20Ω), indicating stable charge-transfer kinetics. RSEI,
although it increases from 4.2Ω to 7.5Ω between the formation and
50th cycles, it plateaus thereafter (�8.4Ω), demonstrating early SEI
growth followed by stabilization rather than continuous thickening.
The low-frequency response exhibits a steeper, more capacitive War-
burg tail than pristine Si, consistent with less restricted Li+ diffusion
and preserved electronic percolation. These features indicate that the
FLG scaffold stabilizes the SEI and maintains interparticle contact,

Figure 5. Electrochemical impedance spectroscopy (EIS) analysis of pristine
nSi and Si/few-layer graphene (Si–FLG) heterostructures. a) Nyquist plots
measured at open-circuit voltage (OCV) prior to lithiation. b) Evolution of
impedance spectra for pristine nSi after the first, 50th, and 100th discharge
at 0.01 V. c) Corresponding impedance spectra for S300 measured under
identical conditions.

Energy Environ. Mater. 2026, 0, e70333 7 of 11 © 2026 The Author(s). Energy & Environmental Materials published by
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effectively suppressing the kinetic and transport degradation observed
in pristine Si. EIS plots of S450 and S150 followed a similar trend as
S300, but neither composition achieves the simultaneous conditions
observed in S300: a percolated yet not overly dense FLG scaffold, mod-
erate surface area (see Figure 3d), and stabilized Rint/Rct evolution (see
Table S2, Supporting Information). Overall, the impedance evolution
demonstrates that long-term cycling stability in S300 arises from the
preservation of stabilized charge transfer kinetics and SEI, enabled by a
continuous, strain-buffering FLG network that prevents contact loss and
diffusion bottlenecks.

The cycling stability, as shown in Figure 6, further highlights the
enhanced performance of the Si-FLG heterostructures compared to pris-
tine Si. The cycling is performed at a high current of 1C. S300 shows
significantly stable cycling profiles compared to those of other samples,
including pristine nSi. After 100 cycles, the Si-FLG heterostructures
(S300) retained a discharge capacity of around 1480 mAh g�1 com-
pared to 600 mAh g�1 of pristine nSi. An ICE of >80% is observed for
both pristine Si and Si-FLG heterostructures (S300). The samples S450
and S150 suppress the large early-cycle drop observed in pristine nSi
but trail S300 at a higher number of cycles. These results indicate that
15wt. % FLG loading maximizes long-term utilization by balancing
active-Si content with an effective conductive scaffold. A slurry-mixed
Si+ FLG (control) sample was prepared with FLG loading to evaluate
the efficiency of gas-phase integration relative to physical or wet-
chemical mixing. The electrochemical testing reveals lower capacities at
1C and faster capacity fading (Figure S7, Supporting Information), con-
firming that physical mixing alone cannot reproduce the percolated,
strain-tolerant architecture achieved through gas-phase integration. The
post-mortem SEM images provide key insights into the structural integ-
rity of the nSi and S300 anodes after cycling (see Figure S8, Supporting
Information). While pristine nSi anode underwent significant morpho-
logical destruction, including severe cracking of the electrode and pul-
verization of Si particles, the S300 anode maintained much of its
original morphology. The FLG scaffold effectively mitigated the
mechanical stresses induced by Si’s volumetric changes during cycling,
preventing excessive cracking and fragmentation. This preserved elec-
trode integrity is crucial for maintaining electrochemical performance
over long-term cycling. The continuous, percolated FLG network
appears to act as a strain-buffering layer, accommodating Si’s volume
expansion and contraction without compromising the structural stabil-
ity of the electrode. These findings highlight the superior performance
of gas-phase integrated Si/FLG heterostructure composites in maintain-

ing both the mechanical integrity and electro-
chemical functionality of Si-based anodes.

Compared to previously reported
Si/graphene anodes, achieving stable cycling
with only 15wt% FLG represents a substantial
reduction in carbon content relative to typical
wet-chemical Si/graphene composites, which
often require 30–40wt% carbon to attain com-
parable cycling stability (Table S3, Supporting
Information). In many of these systems,
improved stability is obtained through multi-
step processing, graphene oxide (GO) reduc-
tion, or chemical functionalization, which
increases synthesis complexity and introduces
additional interfacial chemistry. By contrast, the

present gas-phase approach delivers an initial discharge capacity of
�2800 mAh g�1 with an ICE of 86%, placing it among the highest-
performing Si/graphene systems reported under comparable conditions
(Table S3, Supporting Information), while relying on a significantly
lower carbon fraction. Collectively, these results highlight the unique
advantages of gas-phase synthesis, where the exceptionally low percola-
tion threshold and high-purity FLG network synergistically yield supe-
rior electrochemical stability, high reversibility, and minimal
irreversible loss during initial cycling.

Gas-phase self-assembled Si-FLG heterostructures outperformed wet-
chemically integrated composites in several key metrics, particularly in
terms of scalability, capacity, and ICE, where a similar quality of gas-
phase synthesized FLG was used.[7] Previously reported initial discharge
capacity for Si/gas-phase graphene (GPG) composites was 2200 mAh
g�1 with good long-term stability at 0.5 C. In contrast, Si-FLG hetero-
structures achieve an initial discharge capacity of �2808 mAh g�1 and
retain �1480 mAh g�1 after 100 cycles at 1 C with much lower car-
bon content (15wt.% vs. 24wt.% FLG). Notably, we achieved 86%
ICE (compared to 77%), which is indicative of reduced irreversible
losses.

Our results also demonstrate that gas-phase synthesis enables a high-
quality, percolated FLG network around Si nanoparticles, significantly
lowering the percolation threshold and improving long-term stability.
The gas-phase method produces highly pure, conductive FLG, while
the in-flight gas-phase mixing strategy demonstrated here offers intrin-
sic advantages over conventional wet-chemical routes.

The use of harmful chemicals such as nitric acid, sulfuric acid, per-
manganate, chlorate, and hydrazine, which are used in the production
of GO[71] and its conversion to reduced graphene oxide (rGO),[72,73]

as well as the challenges of their disposal, are completely avoided with
gas phase synthesis. The main by-products are ethylene, acetylene, CO,
and hydrogen,[42] which can be reused in a closed manufacturing pro-
cess. While a comprehensive evaluation of the environmental footprint,
including techno-economic and life-cycle considerations, can be a natu-
ral next step, these characteristics suggest that the environmental foot-
print of the approach may be favorably impacted by reduced process
complexity and waste generation. Collectively, the combination of
high-purity FLG, low percolation thresholds, and single-step gas-phase
assembly positions the Si–FLG heterostructures as a scalable and
materials-efficient platform for high-capacity, stable Li-ion anodes,
while establishing a generalizable framework that can be extended to
other energy-efficient gas-phase synthesis routes.

Figure 6. Cycling stability of nSi and Si/few-layer graphene (Si-FLG) heterostructures for 100 cycles
with corresponding Coulombic efficiencies. The shaded region shows the standard deviation between
the performance of three cells tested for each sample.
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3. Conclusions

This study establishes a one-step gas-phase strategy for the direct inte-
gration of silicon nanoparticles with FLG, enabling precise control over
composition, structure, and electrochemical function. By adjusting pre-
cursor flow rates, we obtained heterostructures in which amorphous Si
nanoparticles are uniformly anchored onto conductive FLG sheets.
Structural analyses confirmed that FLG retained its integrity throughout
the process, while enhancing surface area and establishing continuous
electronic pathways in the heterostructures. Electrochemical testing
revealed that the Si-FLG heterostructures significantly outperform pris-
tine Si and slurry-mixed controls, with the optimized composition
(15wt% FLG) delivering superior performance alongside reduced
impedance growth and preserved lithiation/delithiation features. These
improvements are attributed to the dual role of FLG in enhancing con-
ductivity and buffering Si volume expansion, thereby maintaining both
structural integrity and long-term reversibility. Beyond benchmarking
electrochemical gains (see Table S3, Supporting Information), the work
highlights the broader significance of gas-phase synthesis as a scalable
and versatile platform for engineering heterostructures. Unlike liquid-
phase routes, direct gas-phase mixing enables the in-situ assembly of
highly pure FLG with nanoparticles, unlocking the intrinsic potential of
FLG as both a conductive scaffold and a mechanical stabilizer. Such an
approach not only advances the design of Si/carbon anodes for high-
performance Li-ion batteries but also opens new opportunities for tai-
loring gas-phase-synthesized FLG into multifunctional heterostructures
across next-generation energy storage technologies.

4. Experimental Details

Synthesis of FLG: Two gas-phase reactors were integrated to enable in-flight mix-
ing of their effluents: a MW plasma reactor producing FLGs and a hot-wall reac-
tor producing nano silicon (nSi). The MW-assisted plasma synthesis was
previously reported by Dato et al.[41] The plasma is initiated inside a quartz tube
with an inner diameter of 70mm, positioned within a cylindrical slot antenna
(Cyrannus, iplas GmbH). MWs were produced with a Muegge magnetron head
(Muegge GmbH MH 20005-213BA) at a maximum power of 2 kW and a drive
frequency of 2.45 GHz.

The process begins with reactor evacuation to �2× 103 Pa followed by the
introduction of Ar, which acts as a sheath/plasma gas. The plasma is ignited at a
MW power of 600W. Hydrogen (H2) gas is introduced to stabilize the Ar plasma
at higher pressures and to avoid arcing. The plasma gases are introduced into the
reactor through a fluid-dynamically optimized nozzle system, ensuring a stable
vortex flow. The pressure and MW power gradually increased up to 105 Pa and
1400W. The carbon-based precursor (ethanol/C2H5OH) is mixed with Ar and
vaporized with the help of a controlled evaporation mixer (CEM W-209-333-P,
Bronkhorst) and axially supplied into the reactor. To ensure stable plasma behav-
ior, calibrated Bronkhorst mass flow controllers were used to precisely regulate
the flow rates, typically maintaining 30 slm for Ar, 1 slm H2, and 0.5mLmin�1 for
C2H5OH. Throughout the process, the reactor remains at constant pressure, sup-
ported by a feedback-controlled venting system to offer stability and uniform pre-
cursor decomposition. Finally, FLG flakes are carried by the gas stream towards
the filter. Our recently published work (Ref. [43]) shows that the precursor ethanol
decomposes due to the high temperatures in the plasma (about 3500 K), releas-
ing carbon that nucleates during the reaction. Following nucleation, single-layer
graphene flakes with a diameter of several hundred nanometers initially form,
which then fold into an average of about 6–8 layers of graphene as growth con-
tinues, as confirmed by the determination of the SSA. Graphene produced using
this bottom-up approach is commonly referred to in the literature as FLG or
GPG and differs structurally from GO, which is synthesized by oxidation of graph-
ite and subsequent exfoliation. The reduction of GO via chemical or thermal pro-
cesses leads to rGO.

Synthesis of silicon nanoparticles: In parallel, nSi are synthesized in a hot wall
reactor, where monosilane (SiH4) is pyrolyzed under precisely regulated condi-
tions to create nSi. The details of the Si synthesis method can be found in previ-
ous publications from our research group.[39,40] Ar diluted SiH4 (10% SiH4 in Ar,
quality: Air Liquide, extra high purity) is used as a precursor. In addition, Ar is also
injected into the reactor through a separate inlet as a sheath gas and to prevent
newly formed nanoparticles from depositing on the reactor wall.

Typically, a 10% SiH4 mixture was directed into the hot-wall reactor, which fea-
tured a Degussit Al2O3 ceramic tube with an inner diameter of 60mm and a 1m
heating jacket (SAFWärmetechnik GmbH) powered by a 2.5 kW heating system, to
pyrolyze SiH4 into Si and H2 at a temperature of 800 °C. Different flow rates for pre-
cursor gas mixture and sheath gas were used to introduce different Si concentra-
tions in the heterostructures. The overall flow rate of gases in the reactor was fixed
at 5 slm as shown in Table 1. As the gas mixture flows through the reactor, the high
temperature breaks down SiH4 into Si and H2, which triggers the homogeneous
nucleation of Si with subsequent nanoparticle growth to form nSi.
Synthesis of Si-FLG heterostructures: The outlets of both plasma and hot-wall
reactors were connected at a precisely optimized junction, and their gas streams
are merged to form a single flow directed toward a downstream filter. The sche-
matic diagram of the combined reactor system is shown in Figure 7. Throughout
the entire synthesis process, the reactor system was maintained at uniform pres-
sure regulated by a common venting unit. Upon establishing a stable plasma
under the desired synthesis conditions, both precursors were introduced simulta-
neously into the reactors. This configuration enables the synthesis of Si–FLG het-
erostructures with production rates of 700–1000mg h�1, depending on the
precursor flow rate. The resulting heterostructures were continuously collected
on a polytetrafluoroethylene membrane filter. To achieve heterostructures with
varied Si content, different flow rates of Si precursor were used, as shown in
Table 1. Additionally, individual components (nSi and FLG) were also obtained
with consistent experimental conditions as benchmark materials. In this manu-
script, from this point onwards, Si–FLG heterostructures are denoted SXXX, where
XXX codes index the nominal SiH4 flow rate in the hot-wall reactor; larger values
correspond to higher SiH4 flow. The four compositions studied are S150 (30 wt.%
FLG), S300 (15 wt.% FLG), S450 (5 wt.% FLG), and S600 (8 wt.% FLG). Unless oth-
erwise stated, “% FLG” refers to wt.% derived from combustion C analysis and cor-
roborated by TGA and DSC.
Materials characterization: Simultaneous thermal analysis (STA), incorporating
both TGA and DSC, was performed using a Netzsch STA 449 F1 Jupiter (Ger-
many). The measurements were conducted under a synthetic air atmosphere
with a heating rate of 10 Kmin�1 up to 1200 °C, and released gaseous species
were analyzed simultaneously with a quadrupole mass spectrometer. In addition
to STA, bulk carbon content was determined by combustion elemental analysis
(Leco, CS744). The powder-averaged total carbon was used to quantify the gra-
phene mass fraction in the Si–FLG heterostructures.

TEM (JEOL, JEM-2200FS) was used for morphological analysis of the hetero-
structures. SSAs were measured via N2 physisorption conducted on a Quanta-
chrome Nova 2200 instrument, based on the BET method. The morphological

Table 1. Different flow rates through the hot wall reactor to produce Si
nanoparticles, FLG, and Si–FLG heterostructures with different concentra-
tions of Si.

Sample name Precursor gas mixture
(10% SiH4 in Ar)

Sheath gas (Ar) Overall gas flow

FLGa 0 mL min�1** 5 slm*** 5 slm

nSi 300 mL min�1 4.85 slm 5 slm

S150 150 mL min�1 4.85 slm 5 slm

S300 300 mL min�1 4.70 slm 5 slm

S450 450 mL min�1 4.55 slm 5 slm

S600 600 mL min�1 4.40 slm 5 slm

a

Few-layer graphene
**mLmin�1 (mili liters per minute)
***slm (standard liters per minute)
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analysis of the cast electrodes of Si–FLG heterostructures was examined by SEM
(Hitachi SU8700) at an acceleration voltage of 3 kV.

Micro Raman spectroscopy (Renishaw inVia) was performed to analyze the
crystallinity of nSi and the carbon allotropes. The device was operated with a
633 nm Nd:YAG laser and a diffraction grating of 1800 lines mm�1. XRD mea-
surements were acquired through a Bruker D8 Advance diffractometer using Cu
Kα radiation. Four-point probe measurements were performed with the help of a
Karl Suss PM5 probe station to evaluate the electronic conductivity. A constant
current was applied using a Keithley 2400 source meter, while the voltage was
measured with a Keithley 2700 multimeter.
Electrode and cell fabrication: Si-FLG heterostructures were processed to evalu-
ate their performance as anode materials in Li-ion batteries. The processing strat-
egy followed for this study is reported for nSi and its composites in the literature.[7]

Slurries of the active material were prepared and cast onto copper (Cu) current
collectors using a doctor blade. The wet thickness of the casting was set at 50 μm,
and the mass loading was maintained to�0.5–1 mg cm�2. After casting, the elec-
trodes were dried in a vacuum oven at a temperature of 80 °C for 12 h. The dried
electrodes comprised 75 wt.% active material, 10 wt.% conductive carbon (Super
C65), and 15 wt.% binder (polyacrylic acid). 2032-type coin cells were assembled in
an Ar-filled glove box with the Si-FLG anode as the working electrode, a Li metal
disc as the reference electrode, a 1M solution of LiPF6 in EC: DMC (50:50 by
weight) as the electrolyte, and aWhatman GF/D glass fiber separator.
Electrochemical characterization: Electrochemical galvanostatic cycling was car-
ried out at 25 °C in the voltage range of 0.01–1.2 V. Formation cycle was con-
ducted at 0.05C and long-term cycling was conducted at 1C for 100 cycles. All
the long-term cycling tests were conducted using an electrochemical workstation
(MACCOR battery tester). Furthermore, potentiostatic electrochemical imped-
ance spectroscopy (EIS) tests were performed using a multichannel potentiostat
(Biologic) over a frequency range of 1MHz to 10 mHz.
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