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Abstract

Nanomaterials have garnered immense interest due to their distinctive physical,
chemical, and electronic properties, making them suitable for various innovative uses.
This study focuses on synthesizing and characterizing these materials, highlightin
their potential applications in immunosensors and dye-sensitized solar cells (DSSCS?.
Several techniques, like chemical vapor deposition and sol-gel methods, are employed
to produce nanomaterials with the desired shape, size, and surface characteristics. To
better understand their structure, chemistry, and optical behavior, advanced tools like
X-ray diffraction and scanning electron microscopy are used. In solar cell applications,
especially DSSCs, nanomaiterials like titanium dioxide (TiOz) significantly improve electron
transfer and light absorption, enhancing energy conversion efficiency. In medical
diagnostics, nanomaterials such as gold nanoparticles and graphene-based systems
enhance the sensitivity and precision of immunosensors. This research underlines the
broad applicability of nhanomaterials in both biosensing and renewable energy. Future
studies aim to develop multifunctional nanomaterials with integrated properties, offering
pathways toward scalable and efficient technological solutions in renewable energy and
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Introduction

Nanomaterials, with their expansive surface areas, high
reactivity, and adjustable properties—such as electrical,
optical, and mechanical—have gained significant attention in
recent years. Their versatility and impressive performance
make them especially well-suited for use in immunosensors
and dye-sensitized solar cells (DSSCs). To maximize the
performance of these materials, careful attention must be
paid to their synthesis and characterization [1,2]. DSSCs, in
particular, have gained popularity as a cost-effective and
efficient alternative to traditional silicon-based solar panels.
As noted by Gou [3], incorporating nanomaterials into DSSCs
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allows for better light absorption and more efficient charge
transport, leading to improved energy conversion. Similarly,
nanomaterials play a critical role in immunosensors by
enhancing sensitivity and selectivity, which is essential
for detecting biomolecules at very low concentrations [4].
Titanium dioxide (TiO;) plays a critical role in dye-sensitized
solar cells (DSSCs) due to its unique properties. Its high surface
area allows for efficient dye adsorption, which is essential for
light harvesting. Furthermore, the electronic band structure of
TiO, facilitates efficient injection of electrons from the excited
dye molecules and their transport through the mesoporous
network to the collecting electrode [5]. The morphology and
crystallinity of the TiO, nanoparticles significantly influence
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the performance of DSSCs, affecting factors such as light
scattering and electron transport pathways [6].

Recently, research has focused on exploring various
nanomaterials, including metal oxides, tin sulfides (SnS
and SnS), and graphene-based materials, for applications
in energy conversion devices and biosensing technologies.
These materials offer exceptional electrical and surface
characteristics, which have shown great promise in improving
the performance of these devices [7,8]. However, challenges
remain in controlling the synthesis process and achieving
consistent characterization [9].

In this study, we present an in-depth investigation
of nanomaterial synthesis, characterization, and their
applications in immunosensors and DSSCs. The primary focus
of this work is to examine reduced graphene oxide (rGO) and
its production processes, as well as its unique characteristics.
Graphene, a two-dimensional carbon material, is known for
its mechanical strength, exceptional electron conduction, and
its sp?>-hybridized bonds arranged in a honeycomb structure.
This study emphasizes thermal reduction as a simpler and
more eco-friendly method for converting graphene oxide (GO)
into reduced graphene oxide (rGO), compared to chemical
reduction methods. The process removes oxygen-containing
groups like carboxyl (-COOH), hydroxyl (-OH), and epoxy
groups from the GO.

Materials and tools

Main components

Carbon source (from pencil lead): Graphite—used as
a precursor for graphene—is extracted from commercially
available pencil lead. The type of pencil lead is important, as it
should ideally contain a high percentage of graphite. The use
of readily available pencil lead as a starting material offers a
cost-effective and accessible route for rGO synthesis, which
has been explored in several studies [10].

Ethanol (C,H_OH): Ethanol is a polar solvent commonly
used in material processing due to its ability to disperse
carbon materials and its volatility, which facilitates solvent
evaporation during drying. It can also play a role in the
reduction process [11].

Acetone (CH,COCH,): Acetone is another polar solvent
frequently employed in graphene processing. It is miscible
with ethanol and water and can help in the exfoliation process
by influencing the surface tension of the liquid medium.
Acetone is also valued for its cleaning efficiency, which can be
beneficial in removing impurities [12].

Triton X-100 (C,,H,,0 (C,H,0)n): Triton X-100 is a
non-ionic surfactant. Surfactants are crucial in reducing the
surface tension between the solvent and the graphite layers,
facilitating exfoliation and preventing re-aggregation of the
resulting graphene sheets. Triton X-100 is widely used in
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nanomaterial dispersion due to its effectiveness and relative
stability [13].

Instruments

UV-visible spectroscopy (Varian and Cary 5000): UV-
Vis spectroscopy is used to analyze the optical properties of
the rGO material, particularly its absorption characteristics.
This technique provides insights into the electronic transitions
within the rGO structure and confirm the restoration of the
m-conjugated network upon reduction [14].

FTIR spectrometer (Avatar 370): Fourier Transform
Infrared (FTIR) spectroscopy identifies the functional groups
present in the material. In rGO characterization, FTIR is
crucial for determining the extent of oxygen-containing group
removal during the reduction process [15].

Scanning electron microscopy (JEOL JSM-6390LV):
SEM provides high-resolution images of the rGO sheet’s
surface morphology. This helps in visualizing the structure,
size, and shape of the rGO flakes [16].

Four-point probe system (Keithley): This system is used
to measure the electrical conductivity or sheet resistance of
the rGO films. It is a standard technique for characterizing the
electrical properties of thin films, including graphene-based
materials [17].

Atomic force microscopy (Park Systems AFM): AFM is
used to determine the thickness and surface topography of
the rGO sheets at the nanoscale. It provides information about
the number of layers and the roughness of the material [18].

X-ray photoelectron spectroscopy (KRATOS Axis Ultra
XPS): XPS is a surface-sensitive technique that provides
information about the elemental composition and chemical
bonding states of the rGO material. It is used to quantify the
amount of oxygen and carbon present and to identify the
types of chemical bonds [19].

Transmission electron microscopy (Philips CM200
TEM): TEM provides very high-resolution images, allowing
for the visualization of the rGO sheet’s structure, including the
number of layers and any defects [20].

X-ray diffraction (Bruker AXS D8 Advance XRD): XRD
is used to analyze the crystal structure of the rGO material.
It provides information about the stacking of the graphene
layers and the interlayer spacing [21].

Synthesis process

The synthesis of reduced graphene oxide (rGO) via thermal
treatment of graphite obtained from pencil lead involves a
reduction process. This method leverages a combination of
thermal energy and a solvent mixture to exfoliate and reduce
the graphite.
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Thermal treatment and reduction

The process initiates with the thermal treatment of
graphite at 400 °C. Thermal reduction is a common method
for converting graphene oxide (GO) into rGO, as it effectively
removes oxygen-containing functional groups [22]. However,
in this case, the process starts directly with graphite, not GO.
The high temperature provides the energy required to disrupt
the Van der Waals forces holding the graphite layers together.
While traditional thermal reduction often involves GO as
a precursor, direct thermal treatment of graphite can also
induce some exfoliation, especially in the presence of specific
solvents. The use of 400 °C suggests a balance between
achieving sufficient exfoliation and preventing excessive
oxidation or degradation of the carbon structure.

Solvent-assisted exfoliation and reduction

The graphite is refluxed in a mixture of ethanol, acetone,
and Triton X-100. This solvent mixture plays a crucial role:
Ethanol and acetone act as solvents to help disperse the
graphite and facilitate the exfoliation process. Their polarity
and volatility contribute to the interaction with the graphite
layers. Ethanol, in particular, has been shown to be effective
in solvothermal reduction processes [11].

Triton X-100, a non-ionic surfactant, is essential for
reducing the surface tension between the graphite layers
and the solvent. This reduction in surface tension promotes
the separation of the layers and stabilizes the resulting rGO
sheets, preventing them from re-aggregating [13].

The refluxing process, which involves boiling the mixture
and condensing the vapors back into the liquid, ensures that
the graphite is continuously exposed to the solvent mixture at
an elevated temperature. This prolonged exposure enhances
both the exfoliation and the reduction processes.

Visual observation

The change in suspension color from the initial state to
black indicates the formation of rGO. As the graphite layers
exfoliate and reduction occurs, the material becomes more
dispersed in the solvent, leading to a darker color. The black
color is characteristic of rGO, signifying the restoration of the
conjugated carbon network.

Results

The structural, morphological, and optical properties of
rGO were thoroughly characterized using a suite of techniques.
The results confirm the successful synthesis and reduction of
graphene oxide.

UV-Vis absorption spectroscopy

Asillustrated in Figure 1 and Table 1, the UV-Vis absorption
spectrum of rGO shows a sharp and prominent absorption
peak at 276 nm, attributed to the m—m* transitions of aromatic
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UV-Vis Absorption Spectrum of rGO
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Figure 1: UV-Vis Absorption Spectrum of rGO - The absorption peak at 276 nm

is clearly visible, indicative of the carbon-oxygen transitions in rGO.

Table 1: Properties of Nanomaterials.

Property Observation
UV-Vis Absorption Peak 276 nm
FTIR Water Molecule Peak 1630 cm™
FTIR Alkoxy Group Peak 1043 cm™
Ellipsometry Thickness 5nm
Raman Spectroscopy D/G Ratio 1.23

SAED Pattern
SEM Flake Size
TEM Planar Structure Size
AFM Layer Height

Hexagonal diffraction

Small (<1 um) to large flakes
<300 nm
2.5nm

C =Cbonds. This peak is indicative of the partial restoration of
the conjugated graphene network post-reduction. The redshift
from the original GO peak (~230 nm) confirms the effective
reduction and exfoliation of GO, consistent with previously
reported data [23,24].

FTIR spectroscopy: The FTIR analysis revealed a
deformation band of water molecules at 1630 cm™ and
stretching vibrations of alkoxy (C-0-C) groups at 1043 cm™,
confirming the presence of residual oxygen-containing groups.
The absence of prominent C = O and C-OH peaks supports
the successful chemical reduction of GO to rGO, which is in

agreement with findings by Zhang, et al. [25].

Ellipsometry: Ellipsometry measurements showed that
the rGO film has a bilayer structure with an approximate
thickness of 5 nm, which is typical for few-layer graphene and
indicates efficient film deposition.

Raman spectroscopy: The D-band at 1289 cm™ and D2-
band at 1403 cm™, along with a G-band at 1610 cm™, suggest
structural flaws in the rGO. The intensity ratio between the D
and G bands (ID/IG = 1.23) indicates the presence of disorder
and reduced sp? domains due to oxidation. Figure 2 shows
the Raman spectrum of reduced graphene oxide (rGO), which
provides insights into the material’s structural integrity and
defect density. D Band (~1350 cm™) - This peak, marked
with an orange dashed line, is associated with the breathing
modes of sp? carbon rings and is activated by defects or
disorder in the graphene lattice. The intensity of this band
reflects the degree of structural imperfections present in
the rGO, which are typically introduced during the oxidation

www.clinmedcasereportsjournal.com m



Exploring Nanomaterials: Synthesis, Characterization, and Applications in Solar Cells and Immunosensing

Raman Spectroscopy of rGO
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Figure 2: Raman Spectroscopy of rGO - This illustrates the D band at 1350 cm™

and G band at 1590 cm™, with the D/G intensity ratio serving as an indicator of
the degree of disorder in rGO.

and reduction processes. G Band (~1590 cm™) - Indicated
by the purple dashed line, this band corresponds to the in-
plane vibration of sp?-bonded carbon atoms. It is a signature
of graphitic structures and appears in both pristine graphene
and its derivatives. The intensity ratio of the D to G bands ID/
IG serves as a quantitative measure of disorder. A higher ratio
implies a greater level of structural defects and a reduction in
ordered sp? domains. In this sample, the noticeable intensity
of the D band compared to the G band confirms that the rGO
retains significant disorder, likely due to residual oxygen
groups and lattice distortions, which is common in chemically
or thermally reduced graphene oxide [26,27]. This spectrum
is consistent with Raman features reported in previous rGO
studies and supports the successful partial reduction of GO,
resulting in a defective yet conductive graphene-like structure.

Electrical properties

Figure 3 illustrates the relationship between electrical
conductivity and reduction time for reduced graphene oxide
(rGO). As the reduction time increases from 0 to 55 minutes,
there is a clear upward trend in conductivity, starting from
approximately 0.2 S/cm and rising to over 4.0 S/cm. This
gradual enhancement in electrical performance reflects the
progressive removal of oxygen-containing functional groups
such as hydroxyl, carbonyl, and epoxide moieties, which act
as electron-scattering centers. The steep increase during
the initial 10-15 minutes suggests that the early stages of
reduction are the most impactful in restoring conductive
sp® carbon networks. Beyond 30 minutes, the conductivity
increase becomes more gradual, indicating a saturation point
where most reducible oxygen species have been eliminated.
This trend supports findings from previous literature [23],
where thermal and chemical reduction processes consistently
improved electrical properties of GO. The improved
conductivity makes rGO a strong candidate for applications in
electronics, sensors, and energy storage devices, where low
resistivity and high carrier mobility are crucial. Using a four-
probe method, the sheet resistance of rGO ranged between
200 - 300 Q/o. After the reduction process, the material
showed improved electrical performance, with resistivity at
approximately 1.450 x 1073 Q. cm and a carrier density of 4.117
x 10™* ions/cm?. Thermal treatment successfully enhanced
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Conductivity vs Reduction Time of rGO
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Figure 3: Conductivity as a Function of Reduction Time - This plot illustrates
the correlation between conductivity and reduction time, indicating an

enhancement in electrical properties as oxygen-containing groups undergo
reduction.

Table 2: Electrical Properties of rGO.

Value
200-300 Q/0
1.450 x 1073 Qecm
4117 x 10** ions/cm?

Property

Sheet Resistance

Conductivity

Carrier Density

the electrical, morphological, and structural properties of
reduced graphene oxide compared to untreated pencil lead.
The process produced disordered multilayer graphene
sheets with improved optical and electrical characteristics
by removing a significant amount of oxygen-containing
functional groups. Thanks to these properties, rGO shows
promise for use in applications like catalysis, sensors, and
electronics (Table 2).

SEM (Scanning Electron Microscopy)

SEM imaging revealed the morphology of rGO sheets,
showing flakes of widely varying sizes—from sub-micron
(<1 um) to over 160 um in lateral dimensions. This variation
suggests that the exfoliation process effectively broke apart
graphite layers, resulting in heterogeneous flake sizes,
a hallmark of successful top-down exfoliation from bulk
graphite sources.

This size distribution may be beneficial for applications
where surface area and edge defect density play a role, such as
catalysis and sensing. Similar observations were made by Zhu,
et al. [28], who reported that sonication-assisted exfoliation
leads to polydisperse rGO flakes, depending on sonication
time and medium Figure 4(a).

TEM (Transmission Electron Microscopy) and AFM
(Atomic Force Microscopy)

TEM images further confirmed the planar and sheet-like
structure of rGO, with lateral sizes under 300 nm in nanoscale
regions. The sheets displayed characteristic transparent,
wrinkled morphology, which is characteristic of ultrathin
graphene derivatives.

To quantify thickness, AFM analysis was performed,
yielding an average layer height of ~2.5 nm. This suggests that
the material consists of few-layer graphene, which is typical
for thermally or chemically reduced GO, where full monolayer
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exfoliation may not always be achieved. Studies by Liu, et al.
[29] have shown that rGO derived through similar processes
often presents layer heights between 1-3 nm, indicating 2-5
graphene layers per flake Figure 4(b).

These results demonstrate that the annealing and
film formation steps were effective in achieving partial
delamination, essential for improving electrical conductivity
and increasing surface activity.

SAED (Selected Area Electron Diffraction)

The SAED pattern of the synthesized reduced graphene
oxide (rGO) revealed a distinct hexagonal symmetry,
characterized by diffraction spots corresponding to lattice
planes such as [002], [100], and [101]. This pattern directly
confirms the crystalline nature of rGO, despite the partial
disorder introduced during oxidation and reduction. The
[002] reflection corresponds to the graphitic interlayer
spacing, while [100] and [101] reflections confirm the in-plane
hexagonal symmetry of the carbon atoms in the graphene
lattice Figure 4(c).

These results are consistent with prior studies by Eda, et
al. [30], who reported similar polycrystalline diffraction rings
or spot patterns for chemically reduced GO, indicating that
partial restoration of the sp? carbon framework occurs even
in the presence of residual oxygen functionalities.

XPS (X- ray Photoelectron Spectroscopy)

XPS analysis revealed the elemental composition and
bonding states of rGO, showing dominant C 1s peaks
corresponding to sp*-hybridized carbon (C = C), along with
reduced intensities of oxygen-related peaks such as C-O
(epoxide/ether), C = O (carbonyl), and O - C = O (carboxyl).
The significant decrease in the intensity of these oxygen

500 nm

(c)

Figure 4: q) SEM, b) TEM, c) SEM large image, d) SAED shows four different

images related to the characterization of a material, likely graphene or a
similar layered material.
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peaks post-reduction demonstrates the successful removal of
oxygen-containing groups Figure 4(d).

The presence of residual carbonyl and epoxide signals,
however, indicating a partial reduction, which is commonly
observed in thermal or mild chemical reduction routes. These
findings align with reports by Gao, et al. [31], who noted that
complete elimination of oxygen groups I s challenging, and a
C/0 ratio increase from ~2 to ~10 is typically observed after
reduction.

This chemical transformation is critical as it restores
electronic conjugation in the carbon lattice, directly improving
electrical and optical performance, which was observed in
your UV-Vis and conductivity studies.

Figure 4 illustrates various imaging modalities and
characterizations (a) This is a Scanning Electron Microscopy
(SEM) image at a relatively low magnification. It shows
a collection of large, overlapping flakes or sheets of the
material. The scale bar indicates 50 pm. This image provides
an overview of the macroscopic morphology of the sample,
showing its layered structure and the size of the individual
flakes.

(b) Panel (b) shows a Transmission Electron Microscopy
(TEM) image at a much higher magnification. It shows a thin,
transparent sheet of the material, revealing its fine structure.
The scale bar indicates 200 nm. The wrinkles and folds in the
sheet are visible, suggesting its two-dimensional nature and
flexibility.

(c) This appears to be another SEM image, possibly a higher
magnification view of the edge of a flake similar to those seen
in (a). The scale bar indicates 500 nm. This image provides a
closer look at the thickness and edge profile of the material’s
layers.

(d) This is a Selected Area Electron Diffraction (SAED)
pattern. The bright spots arranged in a hexagonal lattice
indicate that the material is crystalline and likely has a
hexagonal structure. This type of diffraction pattern is
characteristic of materials like graphene. The white scale
bar in the image provides a reference for the spacing of
the diffraction spots, which can be used to determine the
crystallographic parameters of the material.

Discussion

Nanomaterials are poised to drive innovation in
renewable energy and medical diagnostics as nanotechnology
continues to advance. Researchers are working to develop
new compositions and structures that increase the versatility
of these materials. Geim and Novoselov [32] introduced
graphene, which has exceptional electrical, thermal, and
mechanical properties due to its two-dimensional structure
made of carbon atoms arranged in a hexagonal pattern.
Their research showed how graphene’s remarkable electron
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mobility, flexibility, and transparency could revolutionize
fields like electronics, energy storage, and material sciences,
sparking worldwide interest in graphene research.

The characterization results obtained in this study are
strongly supported by findings from previous and recent
research. The UV-Vis absorption spectrum of rGO, which
revealed a peak at 276 nm, aligns with results reported
by Diez-Betriu, et al. [33], who observed a redshift in the
absorption peak following reduction of graphene oxide. This
shiftis indicative of the partial restoration of the m-conjugated
network, affirming the effectiveness of the exfoliation and
reduction process. A more recent study by Kumar, et al. [34]
further confirms this behavior, reporting similar redshifts
and increased absorption intensity as a function of reduction
efficiency.

FTIR spectroscopy: The FTIR analysis revealed a
deformation band of water molecules at 1630 cm™ and
stretching vibrations of alkoxy (C-0-C) groups at 1043
cm™?, confirming the presence of residual oxygen-containing
groups. The absence of prominent C = O (typically around
1720 cm™) and C-OH (broad peak around 3200-3400 cm™)
peaks supports the successful chemical reduction of GO to
rGO, indicating a significant decrease in these functionalities.
This observation is consistent with findings by Zhang, et
al. [35], who demonstrated a similar reduction in oxygen-
related peaks after chemical treatment of GO. Furthermore,
Stankovich, et al. [21], in their seminal work on graphene-
based composite materials, also utilized FTIR to confirm the
removal of oxygen functionalities during the reduction of
graphite oxide. The presence of residual C-O-C and adsorbed
water is frequently reported in chemically reduced graphene
oxide, as highlighted by Marcano Bogado, etal. [36], suggesting
that complete removal of oxygen is often challenging and
depends on the reduction method and conditions.

Ellipsometry: Ellipsometry measurements showed that
the rGO film has a bilayer structure with an approximate
thickness of 5 nm, which is typical for few-layer graphene
and indicates efficient film deposition. The thickness of few-
layer graphene obtained through deposition techniques
can vary, and a thickness of around 5 nm often corresponds
to approximately 5-15 layers, depending on the stacking
and functionalization. Studies by Li, et al. [37] have utilized
ellipsometry to characterize the thickness of graphene films
deposited on various substrates, reporting similar thicknesses
for few-layer structures. Moreover, Blake, et al. [38], in their
early work on suspending graphene sheets, also discussed the
characterization of few-layer graphene using techniques that
correlate with ellipsometric thickness measurements. The
formation of a thin, uniform filmis crucial for many applications
of rGO, and ellipsometry provides a non-destructive method
for assessing this property, as demonstrated in the work of
Gao, et al. [39] on the controlled deposition of graphene films.
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Raman spectroscopy: The D-band at 1289 cm™ and

D2-band at 1403 cm™, along with a G-band at 1610 cm™,
suggest structural flaws in the rGO. The D-band is attributed
to the breathing mode of k-point phonons of A;g symmetry,
activated by defects, edges, and disorder. The G-band arises
from the first-order scattering of the E,g phonon at the
Brillouin zone center and is characteristic of sp? hybridized
carbon materials. The intensity ratio between the D and G
bands (I&lt;sub>D&lt;/sub>/1&It;sub>G&lt;/sub> = 1.23)
indicates the presence of disorder and reduced sp? domains
due to oxidation and the subsequent reduction process. Figure
2 shows the Raman spectrum of reduced graphene oxide
(rGO), which provides insights into the material’s structural
integrity and defect density.

D Band (~1350 cm™) - This peak, marked with an
orange dashed line, is associated with the breathing modes
of sp? carbon rings and is activated by defects or disorder
in the graphene lattice. The intensity of this band reflects
the degree of structural imperfections present in the rGO,
which are typically introduced during the oxidation and
reduction processes. The relationship between the D-band
intensity and defect density has been extensively studied
by Ferrari and Robertson [40] in the context of amorphous
and nanocrystalline carbon materials, and their insights
are applicable to understanding defects in graphene-based
materials.

G Band (~1590 cm™) - Indicated by the purple dashed
line, this band corresponds to the in-plane vibration of sp?-
bonded carbon atoms. It is a signature of graphitic structures
and appears in both pristine graphene and its derivatives. The
position and shape of the G-band can also provide information
about doping and strain in the graphene lattice, as discussed by
Dresselhaus, et al. [41] in their review on Raman spectroscopy
of carbon nanotubes and graphene.

The intensity ratio of the D to G bands (I&It;sub>D&lIt;/
sub>/I&It;sub>G&lt; /sub>) serves as a quantitative measure
of disorder. A higher ratio implies a greater level of structural
defects and a reduction in ordered sp? domains. In this sample,
the noticeable intensity of the D band compared to the G band
confirms that the rGO retains significant disorder, likely due
to residual oxygen groups and lattice distortions, which is
common in chemically or thermally reduced graphene oxide
[42,43].Elias, et al. [44] demonstrated that the [&It;sub>D&lt; /
sub>/1&It;sub>G&lt; /sub> ratio in graphene oxide increases
upon oxidation and then decreases but rarely reaches the low
values of pristine graphene after reduction, indicating the
persistent presence of defects. This spectrum is consistent
with Raman features reported in previous rGO studies and
supports the successful partial reduction of GO, resulting in
a defective yet conductive graphene-like structure [45], who
provided a comprehensive review of Raman spectroscopy as a
tool for characterizing graphene and related materials.
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In terms of electrical properties, the measured sheet
resistance between 200-300 /Y and enhanced conductivity
also support previous conclusions. Diez-Betriu, et al. [33]
demonstrated that reduction processes improve the electrical
performance of rGO films, a finding supported by Li, et al. [46],
who reported that reduction temperature and atmosphere
significantly influence electrical conductivity by decreasing
oxygen-related electron scattering.

The comprehensive characterization of the synthesized
reduced graphene oxide (rGO) through SEM, TEM, AFM,
SAED, and XPS provides a multi-faceted understanding of its
morphology, structure, crystallinity, and chemical composition.

The SEM analysis revealed a heterogeneous population of
rGO flakes with lateral dimensions ranging from sub-micron to
over 160 pum. This polydispersity is a common outcome of top-
down exfoliation methods from bulk graphite, as highlighted
by Zhu, et al. [28]. More recent studies employing similar
sonication-assisted exfoliation techniques continue to report
comparable size distributions, emphasizing the difficulty in
achieving perfectly uniform flake sizes at scale [47,48]. The
presence of such a size distribution can be advantageous for
applications like catalysis and sensing, where a high surface
area and a significant number of edge defects (more prevalent
in smaller flakes) are desired [49].

Further investigation using TEM confirmed the typical
sheet-like morphology characteristic of rGO flakes at the
nanoscale, exhibiting the typical transparent and wrinkled
texture associated with ultrathin graphene derivatives.
Complementary AFM measurements yielded an average layer
height of approximately 2.5 nm, indicating the formation of
few-layer graphene (typically 2-5 layers). This finding aligns
with earlier work by Liu, et al. [29] and is consistent with
more recent studies on chemically or thermally reduced GO
[50]. The partial delamination achieved is, however, crucial
for enhancing electrical conductivity and surface activity,
which are key properties for many applications [51].

The SAED pattern unequivocally demonstrated the
polycrystalline nature of the synthesized rGO, revealing
a distinct hexagonal symmetry with diffraction spots
corresponding to the [002], [100], and [101] lattice planes.
This observation confirms the partial restoration of the sp?
carbon network despite the disorder introduced during
oxidation and the presence of residual oxygen functionalities.
These observations are consistent with the findings of Eda,
et al. [30]. More recent studies utilizing SAED to characterize
rGO produced through various reduction methods continue
to show similar patterns, indicating the retention of graphitic
structure even with incomplete reduction [52]. The [002]
reflection’s presence signifies the graphitic interlayer spacing,
while the [100] and [101] reflections confirm the in-plane
hexagonal arrangement of carbon atoms, fundamental to the
graphene structure.
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XPS analysis provided crucial insights into the elemental
composition and chemical bonding states. The dominant
C 1s peak, primarily attributed to sp*-hybridized carbon
(C = C), along with the significantly reduced intensities of
oxygen-related peaks (C-O, C = O, O-C = O) post-reduction,
clearly demonstrates the successful removal of a substantial
portion of the oxygen-containing groups introduced during
the oxidation of graphite. This aligns with the findings of Gao,
et al. [31]. Recent research continues to focus on optimizing
reduction techniques to further minimize residual oxygen
content to enhance the intrinsic properties of graphene
[53]. Residual carbonyl and epoxide signals observed in the
XPS spectra suggests a partial reduction, which is typical for
many thermal or mild chemical reduction routes and reflects
a common trade-off to preserve the structural integrity of
graphene-based materials [54-59]. The multi-technique
characterization of the synthesized rGO reveals a material
composed of few-layer graphene flakes with a range of
lateral dimensions, exhibiting a polycrystalline graphitic
structure with a significant reduction in oxygen-containing
functional groups. Although the reduction was not complete,
the resulting material retains essential characteristics of rGO,
making it suitable for various applications. Future work could
focus on optimizing the synthesis and reduction processes to
achieve a higher degree of reduction while maintaining the
desired morphology and structural integrity.

Conclusion

This study highlights a cost-effective approach to
synthesizing reduced graphene oxide (rGO) using pencil
lead as the starting material. The resulting rGO has enhanced
conductivity and structural characteristics, making it suitable
for applications such as thin films in Dye-Sensitized Solar Cells
(DSSCs) and biosensor electrodes. The research demonstrates
that thermal reduction is an efficient and environmentally
friendly way to produce high-quality rGO on a large scale.
In conclusion, the comprehensive characterization of
the synthesized reduced graphene oxide (rGO) confirms
the effective partial reduction of graphene oxide and the
formation of a functional material suitable for a range of
practical applications. The UV-Vis spectroscopy indicates
the restoration of the m-conjugated network, a hallmark
of effective reduction. FTIR analysis reveals the significant
reduction of oxygen-containing groups, although residual
functionalities persist, a common observation in chemically
reduced GO. Ellipsometry demonstrates the formation of
few-layer rGO films with controlled thickness, crucial for
applications requiring thin and uniform coatings. Raman
spectroscopy confirms the presence of structural disorder
alongside the graphitic structure, a balance that often dictates
the material’s properties. The electrical measurements
further support the enhanced conductivity of the rGO. These
findings collectively demonstrate that while the reduction
process effectively improves the properties of GO, it results
in a material with a unique combination of conductivity and
structural characteristics.
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