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ABSTRACT

Graphene-silicon (Gr-Si) composites were produced by powder compaction, low-temperature sintering, and subsequent
electrochemical exfoliation, which was furtherimproved to provide materials with variable band gaps for semiconductor
applications By systematically varying the graphene-to-silicon precursor ratios (85:15, 80:20 and 75:25), the optical
bandgap was successfully modulated from 1.25 eV to 1.56 eV, accompanied by a conductivity variation between 1.033
and 1.223 S m™. Structural and chemical characterization using XRD, Raman spectroscopy, FTIR, UV-Vis spectroscopy,
FESEM/EDX and thermal analysis revealed that silicon incorporation induces Si-O-C interfacial bonding and partial
sp*—sp? rehybridization, leading to disruption of the m-electron network and progressive bandgap opening. Graphene-
rich composites exhibited higher electrical conductivity, whereas silicon-rich compositions demonstrated enhanced
thermal stability due to the formation of silica-like passivation layers. This scalable synthesis route establishes a direct
structure-bandgap-conductivity correlation and highlights the potential of Gr-Si composites for optoelectronic,
photovoltaic and next-generation semiconductor devices.

Keywords: Graphene, Silicon, Semiconductor, Bandgap, Composite, Electrochemical

1 INTRODUCTION

Graphene is a two-dimensional planar carbon nanostructure made up of sp2-hybridized carbon molecules that are one
atom thick and form a hexagonal shape. Functional exogenous oxygen-bearing groups like hydroxyl, carbonyl,
carboxylic and epoxy groups make up the edges of the nanoparticles. These groups increase the distance between the
layers and make the atomic layer hydrophilic [1-5]. However, the zero-band gap in pure graphene limits its application in
semiconductor devices, as shown in Figure 1. To make it easier to use graphene in electronics, scientists have tried
different ways to create and change band gaps, such as chemical improvement, implanting heteroatoms and mixing it
with other materials [6]. Nanostructured products have garnered considerable attention in scientific and engineering
domains in recent years [7-9]. Graphene has amazing qualities. One layer of graphene has a Young's modulus of 1.0TPa
[11], an intrinsic mobility of 2x10°cm?V's* [10], and a thermal conductivity of (4.84%0.44) x10° to (5.30£0.48) x10*Wm'K-
[12]. Graphene quantum dots exhibit unique optical, electrical, photoelectric and spin characteristics. At present, both
top-down and bottom-up methods are used to make graphene quantum dots. Both of these methods take a lot of time,
money and energy. To make GQDs, a single sheet of graphene is cut or broken up into particles with radii of less than 20
nm using the more effective downward method[13-16]. Graphene-based composites have been very interesting because
graphene makes devices work better when added to them. Graphene composite materials facilitate numerous
applications in photonics and optics [17], [18]. Hybrid graphene-silicon (Gr-Si) systems have become very popular among
these methods. This is because silicon is a natural semiconductor and graphene makes the resulting composite stronger
and better able to handle heat.
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Figure 1: A schematic diagram of the bandgap. View Article Online
. DOI: 10.1039/D5NAQ1111F
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Figure 2: Schematic illustration of tunable bandgap exfoliated graphene-silicon (Gr-Si) fabrication process.

These graphene/silicon interfaces have now shown their usefulness in Schottky junction solar cells, broadband
photodetectors, and tunable optoelectronic devices because they absorb more light, separate charges better and
change how electronics work. Numerous studies [19-22] have demonstrated the synergistic interaction between the
electronic characteristics of graphene and the semiconducting properties of silicon. Conversely, the material-level
regulation of graphene-silicon hybrids remains underdeveloped. The majority of current research offers device-level
demonstrations or methodologies for chemical doping. They don't work together to figure out how graphene/silicon
composition, interfacial bonding Si-O-C domains, defect density, microstructural evolution, and bandgap modulation all
work together. There are still not many scalable and reproducible ways to make Gr-Si composites with adjustable
properties. The precise mechanisms that dictate the tunability of the bandgap in these hybrids are still not fully
understood. In this paper, we show a controlled and scalable electrochemical exfoliation method for making graphene-
silicon (Gr-Si) composites with adjustable band gaps. We mixed graphite and silicon powders in the right amounts (85:15,
80:20 and 75:25), pressed them together, heated them until they melted and then peeled them off to make very thin
graphene sheets with silicon domains inside them. Figure 2 shows a diagram. For the first time, a direct link between
composition, interfacial chemistry, defect structure and the change in the optical bandgap from 1.25 to 1.56 eV has been
found by carefully changing the graphene-to-silicon ratio and fine-tuning the exfoliation parameters. To find the
structure-property relationship that controls how the composites behave electronically and thermally, full
characterizations are done using XRD, Raman spectroscopy, FTIR, UV-Vis spectroscopy, FESEM/EDX, TGA/DSC and four-
point probe measurements. The initial comprehensive structure-bandgap-conductivity correlation for electrochemically
exfoliated Gr-Si composites offers novel insights into the influence of Si incorporation on electronic states,
microstructure, and transport properties.

So, compositional engineering gives Gr-Si hybrids new chances to be used in next-generation semiconductors,
optoelectronics and photovoltaics.

Despite extensive reports on graphene-silicon heterostructures at the device level, most prior studies rely on chemical
doping, CVD growth, or complex transfer processes, which limit scalability and reproducibility. Furthermore, the majority
of existing works do not systematically correlate graphene-silicon composition with interfacial bonding, defect
evolution, and bandgap modulation at the material level. In particular, the mechanisms governing bandgap tunability
arising from Si-O-C interfacial domains and mt-network disruption remain insufficiently understood.

In this study, we address these limitations by introducing a scalable electrochemical exfoliation strategy combined with
controlled powder metallurgy processing to engineer graphene-silicon composites with tunable bandgaps. By varying
silicon content within a percolation-preserving compositional window, we establish, for the first time, a comprehensive
structure bandgap conductivity relationship in electrochemically exfoliated Gr-Si composites.
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2. MATERIALS AND CHARACTERIZATION

Graphene was created by electro-exfoliating graphite with distilled water, sodium sulfate, graphite, silicon and a silver
rod. Graphite and silicon were combined in a variety of molar ratios, including 85:15, 80:20 and 75:25. To create a
homogenous mixture, a known amount of both powders was carefully mixed for roughly 20 minutes using a dry, clean
mortar and pestle. A hydraulic jack was pressed from the bottom plate to compress the powder under pressure into a
shape or size after 1 g of silicon-graphite combination was charged into a die to create the tablets. A high-temperature
furnace was used to treat the resulting sintered tablet. For three hours, it was maintained at a steady temperature of
350°C while being exposed to an electrical input of 20 A and 300 V. A tougher and more resilient tablet resulted from the
enhanced inter-particle bonding and grain boundary densification made possible by this heat exposure. All synthesis
steps were repeated at least three times to ensure reproducibility and consistent trends were observed across batches.
The electrochemical exfoliation voltage was 3 volts, electrolyte concentration was Na,SOy4, 56.17 gm in 400 ml, stirring
rate 200 to 300 rpm and the exfoliation duration was kept constant to minimize experimental variability. Uncertainty in
the optical bandgap determination was estimated from linear-fitting errors in the Tauc plots, while electrical
measurements were averaged across multiple probe placements. The graphite-silicon tablet served as the anode and a
silver rod as the cathode. A DC power source supplied voltage with a steady current. With occasional stirring and 30-
minute interval inspections, the exfoliation process lasted for seven to ten hours. Figure 3 illustrates that the exfoliated
material eventually settled to the beaker's bottom and was gathered for additional processing.

o,

(c) Composite Tablet
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Figure 3. Process flow chart of exfoliated graphene-silicon composites.

3. RESULTS AND DISCUSSION

3.1 XRD Analysis

The crystal structure and phase purity of pure silicone and Si 15-25%-Graphene 75-85% mixtures were examined through
XRD analysis. The scattered maxima of the specimens were identified by comparing them to the established reference
Silicon Cubic (Diamond-type, Fd3m) JCPDS 00-026-1481 and Graphene hexagonal JCPDS 00-041-1487. The XRD patterns
were collected in the 26 range of 15°-65°, validating the successful synthesis of the Si-graphene composite and the
crystalline characteristics of the prepared samples.

Table 1. Summary of XRD analysis from XRD peaks.
Peak Position (26) Phase Miller Intensity Comments
Indices (a.u.)
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19.03 Graphene 100 High (Gr 85% + Si | Presence of graphitic plan%@ﬂ%‘_%\ég}e&
15%) graphene.

26.62° Graphene 002 High (Gr 85% + Si | Characteristic graphene stacking reflection
15%)

28.07° Silicon 111 Medium (Gr85%+Si | Crystalline Si diffraction peak
15%)

29.03° Silicon 200 Medium (Gr 85% + Si | Silicon cubic phase reflection
15%)

32.14° Silicon 220 Medium (Gr 85% +Si | Stable Si orientation plane
15%)

29.12° Silicon m High (Gr 80% + Si | Higher Siloading increases peak intensity
20%)

32.32° Silicon 200 Medium (Gr 80% + | Silicon cubic phase reflection
Si 20%)

33.92° Silicon 311 Medium (Gr 80% + | Indicative of Si crystallinity
Si 20%)

29.10° Silicon m High (Gr 75% + Si | Dominant Sisignal at high Si content
25%)

48.93° Silicon 3N Lower (Gr 75% + Si | Reduced intensity due to graphene
25%) suppression

Table 1 shows the main diffraction peaks seen in Gr-Si composites, along with their Miller indices and relative intensities.
For the Gr 85% + Si 15% sample, strong and sharp graphene reflections show up at 19.03° (100) and 26.62° (002). The
broadened graphene (002) diffraction peak at 26.62° with reduced intensity compared to bulk graphite confirms partial
exfoliation and reduced stacking order rather than pristine graphite. The absence of a diffraction peak near 10-12°,
typically associated with graphene oxide, further excludes the formation of GO. Increased FWHM values and reduced
crystallite sizes indicate few-layer graphene formation with induced microstrain resulting from electrochemical
exfoliation and silicon incorporation. This shows that there are multilayer graphitic domains. Silicon reflections that
match the 111, 200 and 220 planes show up at 28.07°, 29.03° and 32.14°, respectively. This means that the Si is well-
crystallized and is embedded in the graphene matrix. As the Si content rises to 20-25 wt.%, the Si peaks get stronger,
while the graphene peaks get weaker. This orderly change in peak intensity shows that the amount of Si is going up and
the amount of long-range graphitic order is going down as the amount of silicon increases.

After 15% Si doping, graphene shows strong patterns at the diffraction peaks of 26.62° and 28.07°. The diffraction pattern
of silicon has clear peaks that match the 111, 200, 220 and 331 planes. This shows that it is crystalline and has a pure phase.
The 100 and 002 planes are visible in graphene. The XRD figure shows that the silicon peaks become stronger, while the
characteristic graphene peaks get weaker as the amount of silicon increases. Previous studies have shown that the
characteristic graphene diffraction peak is usually weaker in Si-graphene composites because silicon scatters light so
much [23][24]. We compared the peak positions and full width at half maximum (FWHM) of different phases and planes
to standard values. This showed that the structure was well-ordered and crystalline. Emphasizing the effect of different
amounts of silicon and graphene in the composites. 85 wt.% graphene and 15 wt.% silicon had the highest crystallinity,
85.39%, the largest crystallite size, 131.392 nm and the lowest dislocation density, 5.792 x 10°* nm-? in the carbon phase. It
also had the smallest distortion degree, 0.0688, which shows that it had better structural order, mechanical integrity
and stability. Crystallographic parameters of the tested samples are listed in Table 2.

The d-spacing values are calculated using Bragg’s law [25]:

i) d=—2

2 sin6
Were,
A =1.5406 A (Cu K radiation) and 0:22—9

Q)

The following formula is used to determine the degree of crystallinity (%):

. Ac
") Xc_Ac+Aa (2)

Were,
Ac=Area of Crystalline

The following Scherrer's formula [26], [27] is used to compute the dimension of crystallite (nm):

) der e G)
Were,

K=0.9 (constant of Scherrer)

A=0.154006 nm (X-ray source wavelength)

B=Full width at half maximum in radians
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. . . 1

iv) Displacement Density = (4)

Were,

D=Crystallite size (nm)

v) Micro strain e=B/4tan6 (5)
Were,

B=Full width at half maximum in radians

6= Top location in radians

Table 2: Crystallographic parameters of the tested samples

Sample Name % of Crystallinity Average Crystalline | Dislocation Density | Average Macrostrain
Size (nm) (nm x1000) (g)
Gr 85%+Si 15% 85.39 132.392 5.792 0.0688
Gr 80%+Si 20% 66.11 115.736 7.465 0.0783
Gr 75%+Si 25% 73.84 126.978 6.202 0.0824
5 = ——Gr 75%+Si 25%
5] =5 g B 5 Gr 80%+Si 20%|
g S-8 g = B [—Cr8s%tsiisw
= T, 83 =
= = o
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Figure 4: XRD pattern observed in Si 15-25wt.% and graphene 75-85 wt.% composites.
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3.2 Raman Analysis

(cc)

Figure 5 shows the intensity-normalised micro-Raman spectra of the exfoliated Gr-Si composites with varying
compositions. All spectra exhibit a prominent and sharp peak at ~520 cm™, which is assigned to the first-order optical
phonon mode of crystalline silicon, as documented in previous studies [28]. The narrow linewidth and high intensity of
this peak indicate that the silicon phase retains good crystallinity after composite formation, in excellent agreement with
X-ray diffraction results and previous literature reports. Notably, the relative intensity of this Si peak increases
systematically with increasing silicon content (from Si 15% to Si 25%), reflecting the compositional dependence of the
Raman response. In addition to the silicon feature, all samples display the characteristic carbon-related bands, namely
the D band (~1350 cm™), G band (~1580 cm™) and 2D band (~2700 cm™), confirming the successful incorporation of
graphene within the composite matrix. These peaks are caused by the second-order two-phonon scattering of graphene
layers [29]. The G band arises from first-order E,g phonon scattering, while the D band is defect-activated first-order
scattering, and the 2D band is second-order two-phonon scattering. The 2D band is detected in all spectra; however, it
appears broader and less intense than the G band. The estimated intensity ratio (IG /I,D = 0.59) remains below unity for
all samples, which is characteristic of few-layer graphene rather than monolayer graphene combined with the broadened
2D lineshape, is consistent with few-layer graphene rather than monolayer graphene. This observation is consistent with
the expected outcome of the exfoliation process and indicates the formation of multilayer graphene with a certain
degree of structural disorder. Furthermore, a gradual decrease in the intensity of the D, G, and 2D bands is observed with
decreasing graphene content (from 85% to 75%), confirming the compositional tunability of the carbon phase within the
composites. Subtle variations in the IG/ID ratio among the samples suggest minor differences in defect density and
degree of disorder, likely arising from variations in graphene dispersion and its interaction with the silicon matrix. Overall,
the Raman analysis confirms the coexistence of crystalline silicon and few-layer graphene, as well as their successful
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integration, with composition-dependent structural characteristics that are expected to influence the ngc\ﬂmﬁél‘de Online

performance of the Gr-Si composites. POk

si —— Gr 75% + Si 25%
; G band —— Gr 80% + Si 20%
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Figure 5: Micro Raman spectroscopy of Si-Graphene composites.

3.3 UV-Vis Analysis

Figure 6 shows the absorbance spectra of Gr-Si composites with different compositions that were measured between
300 and 1100 nm. All of the samples have a sharp absorption edge between 350 and 400 nm, which is typical of m-mt*
electronic transitions in graphene's sp>-bonded carbon domains. The overall absorbance intensity increases steadily as
the amount of graphene goes up. This is because the m-electron network gets bigger, which makes it better at collecting
light. In Si-rich compositions, like Gr 75: Si 25, the absorption edge shifts slightly to the red. This is because of band tailing
effects caused by defects at the Si-O-C interface and mid-gap states that are close to those defects [30]. On the other
hand, the Gr 85%: Si 15% composite has a clearer absorption onset and a higher baseline absorbance across the visible-
NIR range. This means that the carrier delocalization is better and the recombination loss is lower.

Using Tauc plots of (ahv)2 versus photon energy (hv), we figured out the optical bandgap (Eg) of the graphene-silicon
(Gr-Si) composites from the UV-Vis absorption data. We assumed that the electronic transition was allowed directly. We
figured out the absorption coefficient aaa from the measured absorbance and we extended the linear part of each
(ahv)2 curve to meet the energy axis at (ahv)2. This technique is frequently utilized for graphene-based semiconductors
and thin-film hybrid materials [21],[23]. We used Tauc's relation [31] to figure out the samples' optical bandgap energy
(Eg) like this:

vi) (ahv)" = A(hv - Eg) (6)

Were,

a = absorption coefficient =2.3o3*%1 ( A= Absorbance, t=thickness)[32]
t = Thickness [33]

hv = photon energy

Eg = optical bandgap energy

A = Constant

n = Depending on the type of electronic transition

Figures 6 (a) to (d) show the Tauc plots for the Gr 85% + Si 15%, Gr 80% + Si 20% and Gr 75% + Si 25% composites. The optical

bandgaps were extracted by linear extrapolation of (ahv)? versus photon energy, yielding values of 1.25 eV, 1.50 eV and
1.56 eV for increasing silicon content. This method is consistent with established graphene-silicon hybrid semiconductor
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studies. So, as the silicon content goes from 15 wt.% to 25 wt.%, the optical bandgap goes from 1.25 eV to 1.56 eVieTHjgicle Online
S . . . DOI:"10.1039/D5NA01111F
shows that adding Siis a good way to change the electronic structure of Gr-Si hybrid systems.

The gradual rise in Eg with Si loading is due to changes in the graphene mt-electron network caused by silicon atoms and
Si-O-Cinterfacial bonding. Adding Si creates localized electronic states and partial sp>—sp’® rehybridization, which breaks
up mt-band delocalization and creates a finite bandgap. Similar mechanisms for widening the bandgap have been found
in silicon-doped graphene, where Si 3p orbitals interact with graphene m-states to create energy levels that depend on
the composition [34, 35]. These studies demonstrate that Si doping or Si-C hybridization can alter optical absorption

aj
Q . . . . . .
S edges, generate mid-gap states and enhance the effective bandgap via structural distortion and symmetry breaking.
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Figure 6:(a) UV-Vis absorbance spectra of graphene-silicon composites with different compositions in the 300-1100 nm
range. The absorbance increases as the amount of graphene increases. (b)-(d) Tauc plots, which show (ahv)2 as a
function of photon energy, show that the bandgap changes between 1.25 and 1.56 eV depending on the composition.
This is because of Si-O-C interfacial interactions and graphene mt-state coupling.
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3.4. Thermal Analysis (TGA-DSC)

The thermogravimetric profiles in Figure 7(b) show three areas where all the samples lost mass. Thermal stability was
evaluated based on degradation onset temperature and residual mass behavior rather than total mass loss. Although
the Si-rich composite exhibits higher total mass loss due to silicon oxidation, the delayed onset of major degradation and
formation of protective Si-O-C networks indicate enhanced thermal resistance at elevated temperatures. However, the
Gr-Si composites show a small increase in mass (1-3%) below 200 °C, especially in the Si-rich samples from this study, which
they said was due to Si particles oxidizing and taking up oxygen at early stages [36]. This anomaly is due to the early
oxidation of silicon particles and Si-O-C domains that are on the surface when there is oxygen in the air. A gradual decline
means that the remaining organic groups are oxidizing, and the oxygen-containing groups C-O, C=0, and Si-O-C are
breaking down. It is shown that adding Si improves thermal passivation by creating silica-like shells at the interface.
Above 700 °C, the carbon lattice breaks down and Si turns into SiO, in the air, which causes a sharp weight loss of 10-15
%. This shows that adding more silicon makes the material more thermally stable. Figure 7 (a) shows the differential
scanning calorimetry (DSC) curves of graphene-silicon (Gr-Si) composites taken in air from room temperature to 1200 °C.
The wide endothermic region below 300 °Cis where moisture is released, and surface species break down. The successive
exothermic peaks at higher temperatures (500-850 °C) are where defective carbon is oxidized and Si-O-C and SiO,
networks are formed. Figure 7 (c) shows derivative DSC curves (heat-flow rate versus temperature). There are several
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exothermic maxima between 500 °C and 850 °C, which correspond to the oxidation of carbon domains in order arfd'thgicte Ontine

restructuring of the Si-O-C network. The Si-rich composite Gr 75: Si 25) has the sharpest and most tempgr%{'ullpé%gﬁ%/t%
exothermic peak, which shows that the protective SiO, passivation layer that forms at the interface makes the material
more thermally stable and slows down the start of oxidation [37].
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Figure 7: a) DSC, b) TGA and c) Derivative DSC thermograms of graphene-silicon composites showing initial mass gain
due to silicon oxidation and enhanced thermal stability with higher Si content.

3.5. FTIR Analysis

Figure 8 shows the FTIR spectra of Gr-Si composites with different compositions (Gr 85% + Si 15%, Gr 80% + Si 20% and Gr
75% + Si 25%). It shows that the surface functionalization changes significantly as the silicon content goes up. Normalized
FTIR peak intensities reveal a systematic increase in C=O and C-O vibrational modes with increasing silicon content,
indicating enhanced oxidation and interfacial bonding. This trend supports bandgap widening via localized electronic
states and partial sp>—sp? rehybridization. The peak at about 3066 cm™, which corresponds to aromatic C-H stretching,
is the same in all three samples. This shows that the sp?> carbon domains in the graphene are still there [38]. The C=0
stretching peak at about 1755 cm™ gets stronger as the amount of silicon increases. This means that more oxidation is
happening and more carboxyl and ester groups are forming. As more silicon is added, the C-O stretching peak at 1180
cm™ gets stronger. This means that there are more oxygenated functional groups [39]. The peak around 2407 cm™,
which is due to 0O=C=0 stretching, is stronger in the Gr 80% + Si 20% composite. This means that samples with moderate
silicon content can hold more CO;, [40]. The FTIR spectrum shows a peak at 667 cm™ that is usually linked to C-Br
stretching or O-H bending in alcohols or phenols. It shows that there is either a carbon-bromine bond or a hydroxyl
group, which gives us information about the material's chemical makeup [41]. The Si-O bond, which is usually seen
around 512 cm™, is not very clear in the FTIR spectra. So, these samples don't show any clear signs of Si-O bonding. Also,
as the amount of silicon increases, the amount of oxidation, oxygen functionalities and Si-O bonding also increases. This
makes the bandgap wider and the conductivity lower. The Gr 75% + Si 25% composite (S3) has the most oxidation and
the biggest bandgap [42, 43]. The functional groups and chemical bonding of the tested samples are noted in Table 3.
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Table 3: Compare the functional groups and chemical bonding of the tested samples.
Sample Name Peak Position Functional Groups Class Peak Details
Wavenumber [cm™]
3633 O-H (Free) | Alcohol, Phenol Strong, sharp
(Alcohol/Phenol)
3062 C-H (Aromatic) Aromatic Medium to weak
Hydrocarbon
2356 0=C=0 Carbonyl Strong absorption
S1 2938 N-H (Amine salt) Amine Salt Strong, broad
1770 =0 Ester, Aldehyde Strong, sharp
1527 N-O Nitro compound Medium
1299 c-O Alcohol, Ether Strong, sharp
968 C=C Alkene Medium
581 Cl Halo compound Strong, sharp
609 C-Br Halo compound Strong
3409 N-H stretching Primary Amine Medium
2969 C-H stretching Alkane Medium
2337 0=C=0 Carbon dioxide Strong, sharp
1677 C-H bending Aromatic compound | Medium
s2 1369 O-H bending Alcohol Medium
1068 C-N stretching Amine Strong
647 C=Cstretching Alkene Medium
497 C-Cl stretching Alkyl chloride Strong, sharp
3629 O-H (Free) | Alcohol, Phenol Strong, broad
(Alcohol/Phenol)
3054 C-H (Aromatic) Aromatic Medium to weak
Hydrocarbon
2356 0=C=0 Carbonyl Strong absorption
S3 2938 N-H (Amine salt) Amine Salt Strong, broad
1758 =0 Ester, Aldehyde Strong, sharp
1515 N-O Nitro compound Medium
1153 c-O Alcohol, Ether Strong, sharp
964 c=C Alkene Medium
513 C Halo compound Strong
609 C-Br Halo compound Strong
R
—— Gr 85%+8Si 15%
g
:
304

3.6. FESEM Analysis

T T
400 800

T T T T
1200 1600 2000 2400
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Figure 8: FTIR spectroscopy of silicon drop graphene samples.

FESEM was employed to study the surface morphology and microstructural evolution of the Gr-Si composites. Figure 9
(a) depicts the microstructure of a 15% Si addition, characterized by smooth, wrinkled graphene sheets that create a
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continuous conductive network, interspersed with a limited number of finely dispersed Si nanoparticles. Ei%Jrg/' “%%)ideoom"”e
shows the enlarged graphene area where the lamellar carbon layers tightly overlap, which makes sure that there are 1éewNA L
defect sites and a lot of electrical connectivity. This morphology will allow for metallic-like conduction with an optical

band gap of about 1.25 eV. The homogeneous texture with low surface roughness also shows that the sheets stick
together well and that Si does not fully agglomerate. This confirms that graphene keeps its natural two-dimensional
continuity and high carrier mobility even when Si concentration is low [4]. This gets rough and grainy, with Si clusters

evenly spread out throughout the graphene matrix. In the same way, the area marked in Figure 9 (b) had Si clusters

inside the graphene flakes and the interfacial Si-O-C zones from partial oxidation and bonding between Si and C atoms

were shown during thermal processing in Figure 9 (c). The morphology suggests that silicon atoms are partially
integrated into the graphene framework, resulting in defect states at the interfaces and localized energy levels.

Si-righ Cluster
__-,nml
Graphene Region °

i;‘l.. o

(b) FESEM images of graphene 80% + silicon 20% composites for sample two.
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(c) FESEM images of graphene 75% + silicon 25% composites for sample three.
Figure 9: Field Emission Scanning Electron Microscopy images of graphene + silicon (a) Gr 85% + Si 15%, (b) Gr 80% + Si
20% and (c) Gr 75% + Si 25% composites for samples one, two and three.

The presence of conductive graphene and semiconducting Si-O-C domains elucidates the intermediate bandgap (1.50 eV)
identified in UV-Vis/Tauc analysis. Similar hybrid interfaces have been documented to enhance charge separation and
photocarrier longevity in graphene-Si composites [44], [45]. Figure 9(c) shows that 25% of the Si FESEM images are made
up of big silicon granules and broken graphene sheets. This shows that Si is clumping together and graphene is less
continuous. The Si-O-C-rich cluster zones show that oxidized silicon cores are surrounded by disordered carbon. This
suggests that there is some phase separation and the formation of silica-like shells. The morphological transformation
indicates a definitive shift from metallic graphene behavior to semiconductor-like performance, analogous to the
findings in the Si-functionalized graphene systems reported by Xu et al. [46].
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Figure 10: Energy-Dispersive X-ray spectra of graphene + silicon (a) Gr 85% + Si 15%, (b) Gr 80% + Si 20% and (c) Gr 75% + Si
25% composites.
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In Table 4, the elemental makeup of graphene-silicon composite samples with weight ratios of 85:15, 80: 20 a
taken at magnifications of 1000x, 2000%, 50000x and 75000x. The table shows that Cand O are the most common ato
elements in all of the samples, while Si is present in smaller amounts. The Gr 75% + Si 25% sample had the most carbon
atoms (69.02 Atom%), which means it had a lot of graphene in it. The amount of silicon atoms went down as the amount
of graphene went up.
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Table 4: Elemental analysis of graphene-silicon (Gr-Si) composite samples at different weight ratios.
Sample Element (keV) Mass (%) Sigma Atom (%)
CK 0.277 52.31 0.30 60.60
Gr 85% + Si 15% OK 0.525 42.13 0.51 36.64
Si K* 1.739 5.56 0.12 2.76
Total 100.00 100.00
Element (keV) Mass% Sigma Atom
Gr 80% + Si 20%) CK 0.277 50.53 0.27 58.50
OK 0.525 45.44 0.50 39.50
Si K* 1.739 4.03 0.10 2.00
Total 100.00 100.00
Element (keV) Mass? Sigma Atom?
Gr 75% + Si 25%) CK 0.277 61.98 0.27 69.02
OK 0.525 35.80 0.48 29.93
Si K* 1.739 2.22 0.07 1.06
Total 100.00 100.00

Elemental identification based solely on FESEM contrast is insufficient. Therefore, EDX spectra were used to confirm
compositional variations. It is noted that EDX is surface sensitive and semi-quantitative. Hence, measured silicon
contents may differ from bulk precursor ratios due to exfoliation induced segregation, oxidation and spatial
heterogeneity. Figures 10 (a) to (c) show the EDX spectra of Gr-Si composites with three different samples. The spectra
show characteristic elemental peaks for C Ka (0.28 keV), O Ka (0.52 keV), and Si Ka (1.74 keV). The spectra show that
carbon, oxygen and silicon are all present in all of the samples, which proves that silicon was successfully hybridized into
the graphene framework. The changes in relative intensity show changes in composition and shape that are in line with
what FESEM shows. Figure 10 (a) shows that 85% Gr + Si 15% of the high carbon content (52 wt.%) and moderate oxygen
level (42 wt.%) show that a continuous graphene matrix is dominant, with only a small amount of Si (5.6 wt.%). This
composition matches the smooth, conductive shape seen in FESEM and explains why the optical bandgap is the lowest
(1.25 eV). Figure 10 (b) shows an 80% Gr +20 % Si spectrum with 50.53 wt.% C, 45.44 wt.% O, and 4.03 wt.% Si. The Si
percentage looks a little lower than in S1, but the higher oxygen content suggests that there is more interfacial oxidation
and Si-O-C bonding. This agrees with the granular shape seen in FESEM for this sample. These oxidized domains create
localized electronic states that make it harder for carriers to move around. This is consistent with the intermediate
bandgap (1.50 eV) and the highest sheet resistance of the samples. The composition shows a transition zone where
graphene sheets and Si-O-C regions are present at the same time, which makes the structure more disordered. Figure 10
(c) shows (Gr 75% + Si 25%), the relative Si peak intensity goes up and the O Ka signal gets stronger. This suggests that Si
oxidation and Si-O-C bond formation are both happening more quickly. The higher oxygen content (45 wt.%) shows that
there is more interfacial hybridization, which is in line with the granular texture seen in FESEM. These Si-O-C linkages
create localized electronic states that partially open the bandgap (1.50 eV) and keep the conductivity at a moderate level.
The compositional trend (C > O > Si) and the changes in the Si and O peaks show that Si-O-C interfaces are forming over
time, which control the pathways for charge transport. There have been reports of similar behavior in graphene-silicon
nanohybrids, where controlled Si oxidation and interfacial bonding change how well the materials work for both light
and electricity [47].

Figure 11: Four-point probe resistivity measurements of Graphene-Silicon (Gr-Si) composites;(a) Sheet Resistance (Rs)
and Conductivity (o) versus Silicon Content, (b) Graphical Correlation between Bandgap (Eg) and Electrical Conductivity
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composites.
Nominal composition Bandgap Eg (eV) Sheet resistance Rs (kQ) Conductivity o (S m™)
(Gr:Si)
85:15 1.25 8.179 1.223
80:20 1.50 9.678 1.033
75:25 1.56 8.867 1.128

Table 5 shows a summary of electrical conductivity and how it relates to structure. Four-point probe measurements at
room temperature indicate that conductivity diminishes as the optical bandgap expands from 1.25 eV (Gr 85% + Si 15%) to
1.56 eV (Gr 75% + Si 25%), which aligns with the gradual disruption of the m-conjugated graphene network due to Si
incorporation. S1(Gr 85 %/Si 15 %) has the lowest sheet resistance (8.179 kQ; 1.223 S m-1) because FESEM shows that the
graphene pathways are continuous and the Si is well-dispersed. S2 (Gr 80 %/Si 20 %) has the highest resistivity (9.678 kQ;
1.033 S m-1) because the Si clusters are coarser, which stops percolation, and the Raman ID/IG is higher. S3 (Gr 75 %/Si
25 %) has the biggest bandgap, but it still regains some conductivity (8.867 kQ; 1.128 S m-1) because graphene ribbons
go around Si agglomerates and make new conductive networks. Similar to earlier research, adding Si to graphene broke
up m—networks, raised the bandgap, and lowered conductivity [48]. These results, along with TGA/DSC evidence of silica-
like passivation at high temperature, show that the quality of Si dispersion, not just the amount, controls the transport-
bandgap trade-off in Gr-Si composites. This means that S1 can be used for contact/interconnect roles and S3 can be used
for optoelectronic junctions where a wider gap with moderate conductivity is needed. Our findings for S1-S3 establish
a correlation between the expanding band gap and diminishing conductivity in our Gr-Si composites [49].

3.7. SURFACE TOPOGRAPHY AND PARTICLE ANALYSIS

Figure 12 shows the analysis of the FESEM image application in Mountain 9, including surface topography, 3D views, and
particles. The Gr85+Si15 sample had very small particles, about 0.22-0.30 pm, and very large, with a perimeter of 900 um
and a low particle density of about 0.15 particles/mm?. These big groups made sharp height changes in the 3D surface
model, which made the topography uneven, with isolated high peaks being the most common. The surface became
much more even as Si rose to 20 wt.%. The Gr80+Si20 sample had a particle density of about 0.19-0.21 particles/mm? and
the range of particle sizes got smaller. The smallest features were still between 0.18 and 0.25 um and the largest particles
had a perimeter of only about 600-650 um. The average size of the particles stayed around 3.0-3.3 um, which shows that
the smaller particles were well-distributed. The corresponding 3D view showed a surface with a fine texture because
there were a lot of moderate-height protrusions and no sudden changes in elevation, which is consistent with better
dispersion. The particle density in the Gr75+Si25 sample was about 0.18-0.20 particles/mm?, which is similar to the 20% Si
composition. However, the particle size distribution was wider again.
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Figure 12: 3-D views, surface topography, and particle analysis of composite (a) Gr 85% + Si 15%, (b) Gr 80% + Si 20%, and
(c) Gr75% + Si 25%.

The smallest sizes were between 0.20 and 0.28 pm, and the biggest features had a perimeter of 720 to 780 ym. The
average size went up to about 4.4-4.8 ym, which means that agglomeration happened again. The 3D topography showed
wide, connected hills instead of separate peaks. The observation also showed that higher Si loading helps thicker and
more connected surface domains grow. Overall, the best morphology was achieved at 20 wt.% Si, because height
distribution, along with particle size and density, was able to create the most stable and uniform surface structure.

4. CONCLUSIONS

This study introduces an innovative electrochemical exfoliation technique to manipulate the bandgap of graphene with
regulated silicon integration, facilitating a distinct transition from semi-metallic to semiconducting properties. Graphene-
silicon composites with composition dependent bandgaps ranging from 1.25 to 1.56 eV. Silicon acts as an interfacial
modulator, inducing m-network disruption through Si-O-C bonding and localized electronic states. The quality of silicon
dispersion, rather than absolute silicon content, governs the trade-off between bandgap opening and electrical
conductivity. This is because graphene has a natural limit of zero bandgap. Through extensive structural, morphological,
thermal, optical, and electrical analyses, we establish for the first time a complete structure-bandgap-conductivity
correlation for electrochemically exfoliated Gr-Si composites, providing new insights into how compositional tuning
influences electronic state modulation.

The cold sintering and controlled electrochemical exfoliation fabrication method used here is a scalable way to get
around the current material-level limits of graphene-silicon hybrids by making it possible to engineer the bandgap in a
precise and repeatable way. XRD and Raman studies show that mid-gap defect states appear and graphitic crystallinity
is disrupted as silicon content rises. UV-Vis and Tauc analyses show that the bandgap widens depending on the
composition, which is due to Si-O-C interfacial bonding and partial sp>—sp?® rehybridization. The most important thing is
that the quality of dispersion, not the amount of silicon, affects transport performance: Graphene-rich composites
(Gr85:Si15) have high conductivity and low defect densities, which makes them good for high-frequency interconnects.
Intermediate compositions (Gr80:Si20) have higher sheet resistance because Si-O-C clusters and silicon-rich materials
(Gr75:Si25) partially regain conductivity through secondary graphene networks while also being more thermally stable.

Thermal analysis has shown that all of these composites are very stable at high temperatures. Si-rich samples, on the
other hand, showed the formation of a protective SiO2 passivation shell above 700 °C, which shows that they can be
used in high-temperature devices. FESEM and EDX characterization further illustrate composition-dependent
morphological evolution, wherein well-dispersed silicon nanoparticles facilitate coherent electron pathways at low Si
loading and provoke agglomeration at elevated Si content, thereby enhancing bandgap widening through localized
electronic state formation.

In general and especially where tunable band gaps and controlled thermal stability are needed, these results show that
Gr-Si composites are exciting materials for semiconductor, optoelectronic, and photovoltaic applications. So, the
Gr75:Si25 composition is a good mix of semiconducting performance and moderate conductivity for optoelectronic
junctions. Future research should concentrate on integrating density functional theory and molecular dynamics
simulations to elucidate atomic-scale details regarding bandgap evolution and interfacial charge-transfer mechanisms.
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