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Abstract: This study focuses on the synthesis techniques and characterization of graphene and reduced graphene oxide (rGO)
incorporated with palladium (Pd) nanocomposites, which are essential for enhancing electrochemical sensing applications among others.
The nanocomposites in question consist of palladium nanoparticles (Pd NPs) and rGO, which can be synthesized through various methods.
In our synthesis approach, K2PdCls is thermally reduced at 60°C over an 80-minute duration, utilizing ascorbic acid as a reducing agent.
This method facilitates the formation of Pd nanoparticles, leveraging the intrinsic properties of rGO, which possesses a substantial surface
area that makes it an effective catalyst support. The extensive surface area of rGO allows for a greater density of active sites, which, when
combined with Pd NPs, significantly enhances catalytic activity, particularly in processes such as ethanol oxidation, thereby improving
electrochemical performance. Various characterization techniques are employed in this research, including UV-Vis, Raman, PL, TEM,
and X-ray photoelectron spectroscopy (XPS). The findings provide insights into the diverse synthesis mechanisms of these nanomaterials
and their effective applications in electrochemical sensing. Additionally, the investigation addresses the sustainability and reusability of

the nanoparticles for long-term applications in this field.
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1. Introduction

We are utilizing a two-dimensional nanosheet material known
as graphene oxide (GO), which exhibits distinct
characteristics such as an exceptional surface area, high
electrical conductivity, robust thermal stability, and elevated
carrier mobility[1]. The presence of numerous oxygen-
containing functional groups on GO serves as nucleation
centers, creating a wealth of active sites for the deposition of
nanoparticles (NPs). These properties render GO an
outstanding alternative to traditional carbon materials,
enabling a diverse array of applications across
electrochemistry, organic chemistry, and nanotechnology [2].
The versatility of GO is further enhanced through reduction
processes, including light, thermal, and chemical methods[3],
to yield reduced graphene oxide (rGO). In our studies,
palladium (Pd) functions as an electrocatalyst, capable of
facilitating various electrocatalytic reactions. It shows
promising higher energy conversion efficiency while
maintaining low toxicity [4]. Recently, Pd has emerged as a
substitute for platinum (Pt) due to its enhanced activity and
stability, alongside a favorable fit for interactions in relation
to the intermediate spacing between carbon structures [5].

In alkaline environments, Pd electrocatalysts demonstrate the
ability to cleave carbon-carbon (C-C) bonds in ethanol [6], an
advantageous reaction for fuel cell applications [7]. A
significant advantage of using Pd as an electrocatalyst [8] lies
in its relative abundance in the Earth's crust and its cost-
effectiveness, broadening its potential for deployment in fuel
cells. In alkaline conditions, Pd NPs [9] substantially

accelerate reaction rates while enhancing electroactivity. The
increased surface area and the unique atomic arrangement at
the edges and corners of Pd NPs amplify their catalytic
activity. Notably, Pd NPs [10] can adsorb greater amounts of
hydrogen compared to bulk Pd materials, underscoring their
superior  electrochemical performance. Despite the
compelling advantages of Pd-based electrocatalysts, there are
constraints that need consideration when employing them in
direct ethanol fuel cells (DEFCs). Specifically, the
aggregation of Pd NPs can lead to decreased catalytic activity
due to elevated surface energy [11], presenting an area ripe
for further investigation and optimization.

Numerous strategies have emerged to mitigate the
aggregation of palladium nanoparticles (Pd NPs). These
include the development of alloy catalysts utilizing single
metals [12], synthesizing hybrids with relevant materials [13],
and modifying the morphology of the nanoparticles [14]
themselves. Notably, nickel foam (NF) has garnered attention
as a proficient electrocatalyst owing to its advantageous
properties such as a larger surface area [15] and open-pore
structure [16], which also render it a suitable substrate for
platinum (Pt) electrocatalysts. A significant technique in this
realm is localized surface plasmon resonance (LSPR), which
is employed to investigate the nanostructures of noble metals
and their photochemical behaviors [17]. In contemporary
applications, electrochemical reactions [18] are coupled with
LSPR excitation of metallic nanoparticles. The LSPR
excitation for Pd NPs spans the ultraviolet-visible spectrum
[19], with absorbance peaks typically observed between 350
and 400 nm [20]. One specific study identified an absorbance
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peak at 362 nm under LSPR excitation for Pd NPs.
Additionally, polydopamine (PDA) has been recognized as an
effective adhesive polymeric material thanks to its excellent
conductivity and biocompatibility. PDA can be synthesized
through self-polymerization from an aqueous dopamine
solution in an alkaline environment, typically at pH 8.5 [21].
The incorporation of functional groups, such as amine (NH2)
groups in PDA, enhances conductivity and can effectively
reduce graphene accumulation [22].

2. Materials

Palladium chloride (Pdcly), ethanol, deionized water, PVDF
membrane, Sodium borohydride (NaBH4), Hydrogen
peroxide (H20,), Polyvinylpyrrolidone (PVP), Sulphuric acid
(H2S0.), Hydrogen chloride (HCI), Phosphoric acid (H3POs),
and Potassium permanganate (KMnOy),

2.1 Preparation of Reduced Graphene Oxide (rGO)

Reduced graphene oxide (rGO) was synthesized via a thermal
reduction of graphene oxide (GO), which was prepared
through a modified Hummers’ method [23]. A solution was
prepared in a 250 mL flask containing a volume ratio of 9:1
0f 98% H2SO4 to HsPO4, along with 0.75 g of graphite powder
and 4.85 g of KMnOa. This mixture was cooled in an ice-
water bath before being heated to 50°C and stirred for 12
hours. Following this, the mixture was allowed to cool to
room temperature, then poured onto ice. A 0.75 mL aliquot of
30% H20- was added to quench the reaction. The resulting
GO was collected via centrifugation, followed by washing
with 30% HCI and subsequently with 5% HCI solution.
Finally, the rGO was isolated by filtration through a PVDF
membrane, yielding a neutral suspension, which was then
dried at ambient temperature prior to use.

2.2 Preparation of Palladium Nanoparticles (Pd NPs)

Palladium nanoparticles (Pd NPs) were prepared using a
chemical reduction method. Palladium (II) chloride (PdCl.)
was dissolved in deionized water, and polyvinylpyrrolidone
(PVP) served as a stabilizing agent to minimize nanoparticle
aggregation. A reducing agent—sodium borohydride
(NaBH4+)—was added dropwise to the PdCl. solution while
stirring continuously. The transformation of the solution from
a bright yellow to deep, rich dark brown, bordering on black,
vividly  signaled the emergence of palladium
nanoparticles[24]. The reaction was maintained for an
additional 30 to 60 minutes to ensure complete reduction. The
resultant Pd NPs were collected by centrifugation at 8000-

10000 rpm and washed multiple times with ethanol and
deionized water to remove impurities. The purified Pd NPs
were then dried at 60°C in a vacuum oven[25].

2.3 Preparation of Palladium-Reduced Graphene Oxide
Nanocomposites (Pd-rGO)

The Pd-rGO nanocomposites were synthesized through a
hydrothermal method. A mixture was created using 100 mg
of GO in 50 mL of deionized water, resulting in a yellowish-
black suspension. Subsequently, 1 mL of PdCl: and a
stoichiometric amount of sodium hydroxide (NaOH) were
added. Ethylene glycol was added dropwise, serving as a
reducing agent. The reaction mixture was continuously stirred
at room temperature for 6 hours. Following the reaction, the
product was isolated by centrifugation at 8000 rpm for 10
minutes, cleaned extensively with deionized water, and then
dried at 60°C in a vacuum oven for 24 hours.

2.4 Electrode Preparation

Electrochemical measurements were carried out on glassy
carbon rotating disk electrodes (GC-RDE) that were polished
using alumina slurries (0.3 um and 0.5 um) before cleaning
with ethanol and deionized water via sonication. For catalyst
ink preparation, a stable suspension was made by mixing
deionized water, isopropanol, and Nafion in a volume ratio of
4:1:0.05. In the case of Pd/C catalysts, the dispersion was
sonicated for 30 minutes before a 10 pL deposition on the
GC-RDE (0.2471 cm2) was performed. For the rGO-Pd
composites, a 1 mg/mL dilution of the sample was prepared
and sonicated for 30 minutes before applying a 10 pL drop.
All experiments were conducted under identical conditions,
and electrodes were dried for one hour in a fume hood prior
to testing.

3. Results and Discussion
3.1 UV- Vis analysis of rGO- Pd hybrid structure

The UV-Vis absorption spectrum of the rGO-Pd hybrid
structure is presented in Figure 1, illustrating both the
intrinsic optical properties of reduced graphene oxide (rGO)
and the modifications induced by the incorporation of
palladium (Pd) nanoparticles. This spectrum provides critical
insights into the interaction strength between rGO and Pd, as
well as the alterations in electronic transitions[26]. In the
wavelength range of 200-250 nm, a broad absorption feature
is noted, indicative of the accumulation of Pd NPs and their
plasmonic effects.
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Figure 1: UV-Vis spectra of rGO-Pd hybrid structure

The free electrons within the Pd nanoparticles oscillate in this
range, leading to light absorption and exhibiting interband
transitions of Pd. Consequently, the Pd NPs absorb light,
thereby elevating the overall absorbance of the hybrid
structure. A distinct sharp peak at 270 nm corresponds to the
surface plasmon resonance (SPR) of the Pd NPs and reflects
the charge transfer between rGO and Pd. This peak signifies
robust optical coupling between Pd and rGO, facilitating
successful electronic interactions at the hybrid level. Beyond
300 nm, there is a gradual decrease in absorption, likely
indicative of the excitonic transition characteristics of rGO.
The incorporation of Pd significantly enhances the optical
absorption in the UV-Vis range, which is pertinent for
applications in photocatalysis, optoelectronics[27], and
sensing, where effective light absorption is essential. Thus,

the UV-Vis spectra validate the successful formation of the
hybrid structure.

3.2 Photoluminescence analysis of rGO-Pd hybrid
structure

The photoluminescence (PL) spectrum for the rGO-Pd hybrid
structure, depicted in Figure 2, elucidates the electronic
structure, excitonic recombination, and charge transfer
dynamics within the hybrid system. As a bandgap
semiconductor, rGO predominantly exhibits enhanced PL
emission. However, the introduction of Pd nanoparticles leads
to notable modifications in the PL spectrum due to charge
transfer interactions, defect state formation, and excitation
qguenching—where the excitation peaks of rGO are
significantly attenuated by the presence of Pd.
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Figure 2: PL spectra of rGO-Pd hybrid structure

This quenching phenomenon arises from the additional non-
radiative recombination pathways facilitated by Pd, thereby
decreasing the overall PL intensity. The extent of this
quenching is governed by the interaction strength between Pd
and rGO, as well as the size and distribution of the
nanoparticles. The PL spectrum reveals two prominent
emission peaks: a sharp peak at 638 nm and a slightly lower
intensity peak at 637 nm, indicating strong radiative
recombination within the hybrid structure. These peaks
suggest that the inclusion of Pd enhances the optical
characteristics of rGO, attributed to charge transfer processes
and localized surface plasmon resonance (LSPR) of the Pd
nanoparticles[28]. The prominent peak at 638 nm is indicative
of excitonic transitions resulting from a modified band
structure due to the interaction with Pd. Moreover, this peak
may also signify a secondary electronic transition, possibly
stemming from defect states or localized energy levels
associated with the Pd. The remaining spectral region does
not exhibit additional peaks, reinforcing the dominance of the
637-638 nm peaks in the PL response.

3.3 Raman analysis of rGO-Pd hybrid structure
The Raman spectra of the rGO-Pd hybrid structure, illustrated

in Figure 3, provides critical insights into its vibrational
modes, structural characteristics, and the interplay between

palladium (Pd) nanoparticles and reduced graphene oxide
(rGO). The intensity plotted against Raman shift reveals well-
defined peaks that correspond to the phonon modes of rGO,
along with additional features attributed to the incorporation
of Pd nanoparticles. Notably, the spectrum reflects various
modifications that illuminate strain effects, vibrational
modes, and electron-phonon interactions. Through Raman
spectroscopy[29], we can characterize structural aspects such
as double carbon-carbon bonds and electron-phonon coupling
in graphene[30]. The prominent peak, referred to as the G
peak, appears at approximately 1600 cm™, resulting from
first-order scattering of sp? carbon atoms in the Exg mode[31].
A secondary peak, identified as the D peak, manifests at 1350
cm, indicative of structural defects or grain boundaries
typical of amorphous carbon. The spectra indicate that the
reduction of graphene oxide (GO) to rGO was successfully
achieved following annealing. It is evident in the figure that
the G peak of the GO-Pd hybrid corresponds to 1600 cm™ and
the D peak of the rGO-Pd composite aligns at 1351 cm™. The
intensity ratio (Io/l) between the D and G peaks serves as a
measure of defect density and the extent of graphitization in
the graphene material[32]. For the GO-Pd nanocomposite, the
In/lg ratio is 0.93, exceeding the rGO-Pd ratio of 0.89, which
indicates a higher defect density in the GO structure
compared to rGO, thereby confirming the reduction process
post-annealing.
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Figure 3: Raman spectra of rGO-Pd hybrid structure

3.4 TEM analysis of rGO-Pd hybrid structure

The morphology and structural features of the rGO-Pd hybrid
material were performed by TEM. The TEM and HRTEM
images reveal a uniform distribution of Pd nanoparticles on
the graphene surface (Figure 4a). The observed wrinkling of
the graphene sheets signifies the inherent flexibility of rGO,
while the uniformity in Pd distribution suggests a strong
interaction between the Pd and rGO. Certain regions exhibit
noticeable agglomeration of Pd nanoparticles. In Figure 4(b),
a scale of 20 nm is employed to closely view the Pd
distribution on rGO; most nanoparticles adhere to a specific
size range, although some variability in diameter is presented
in the histogram. A narrow distribution depicted in the
histogram indicates a well-controlled synthesis process,
whereas a broader distribution reflects size variation in the
hybrid structure. The uniform dispersion of Pd nanoparticles
signifies effective hybridization; the observed size variation

implies constraints in growth during the synthesis. The darker
regions in the imagery represent Pd-rich zones, suggesting
localized aggregation. Figure 4(c) applies a high
magnification at a 2 nm scale, confirming the crystalline
nature of the hybrid, characterized by clear lattice fringes. An
interplanar spacing of 0.225 nm correlates with the (111)
planes of Pd within the rGO-Pd composites, supporting the
structural integrity of the material. The lattice fringes indicate
a crystalline Pd with minimal defects, indicative of a robust
interaction between the components of the hybrid. Bright
spots identified as Pd on rGO signify incorporation without
inducing lattice distortion. Lastly, Figure 4(d) presents a
broader view of the hybrid's morphology, wherein the rGO
exhibits a sheet-like structure with dark spots representing
incorporated Pd nanoparticles, an essential feature for
sustaining the electronic and catalytic properties of the
composite.
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3.5 XPS analysis of rGO-Pd hybrid structure

X-Ray Photoelectron Spectroscopy (XPS) provides valuable
insights into the composition and structural characteristics of
composite materials, thereby augmenting our understanding
of their properties. The XPS spectra effectively characterize
the components within the hybrid, elucidating the chemical
states of the constituents and shedding light on the surface
characteristics of the particles. In Figure 5a, the complete
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The C 1s spectrum for Pd/GO displays a peak with binding
energies at 284.5 eV, which is attributed to C-C, bonding. In
comparison, the C 1s spectrum of Pd/rGO presents a peak at
binding energies of 284.5 eV, correlating with the
contributions of C-C bond [33] (Figure 5c¢). The annealing
process induces differences between Pd/GO and Pd/rGO,
where internal stresses are alleviated, reducing hardness and
enhancing interaction between the Pd and GO. The Pd 3d
peaks in the XPS spectrum for Pd/GO comprise two features:
a binding energy of 335.0 eV for Pd 3d5/2 and 340.1 eV for
Pd 3d3/2, indicating the presence of Pd(0)[34]. Additionally,
a weaker pair at 336.9 eV and 342.4 eV for Pd 3d5/2 and Pd
3d3/2, respectively, suggests the presence of Pd(I1)[35]. The
binding energy associated with Pd/rGO in the Pd 3d state is
elevated compared to the Pd/GO composite, indicating a
modification in the electronic structure and a potential shift in
the Fermi level[36] of the d-band.

3.6 Sensor performance of Arsenic analysis using DPV

In terms of sensor performance for arsenic analysis using
Differential Pulse Voltammetry (DPV), the electrochemical
sensing capabilities of the rGO-Pd hybrid were evaluated.
The DPV measurements were systematically recorded while
varying the concentration of As(I11) from 0.1 to 1.0 parts per
billion (ppb), at a scan rate of 10 mV/s and within a potential
range of 0.1 to 0.4 V (Figure 6). The DPV curve analysis
indicates a distinct variation in shape and magnitude as the
concentration of arsenic in the solution [37] varies. Notably,
as arsenic levels increase[38], we observe a shift in potential
alongside an enhancement of the oxidation peak current,
signaling improved electrocatalytic properties of the rGO-Pd
hybrid structure employed for arsenic detection in biological
systems. The investigation was conducted at a pH of 6.0,
which resulted in a reduced oxidation peak.
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Figure 6: Differential Pulse Voltammetry (DPV) response of rGO-Pd hybrid structure with Arsenic concentrations varying
from 0.1-1.0 ppb.

A redox reaction is occurring at the electrode, reflecting a
transition between the cathodic and anodic peaks, indicative
of pseudocapacitive behavior. The reversible interaction
between Pd ions and the solution interface contributes to this
behavior, underscoring the electrochemical sensing
performance of the rGO-Pd composite. The peak potential
recorded is 0.26 V, and an increase in As(l1l) concentration
from 0.1 ppb to 1.0 ppb correlates with a rise in the anodic
peak current. This increment suggests a larger accessible
surface area on the electrode, thereby enhancing its
electrocatalytic characteristics. The integration of Pd
nanoparticles with reduced graphene oxide (rGO)
significantly augments the electrocatalytic oxidation process.
Comparatively, the rGO-Pd hybrid demonstrates a larger
differential pulse voltammetry (DPV) response area than
pristine Pd nanoparticles, leading to increased charge
storage[39] capacity as reflected in a higher DPV response

peak. Thus, it can be deduced that the incorporation of rGO
enhances the capacitance of the Pd nanoparticles.

Cs=1At/m AE
where
Cs — Specific capacitance
| — Discharge current
At-Discharge time
m — Active mass of the electrodes
AE — IR discharge drops

Data analysis indicates that increased current density is
associated with decreased specific capacitance of the
electrodes—characteristics of  pseudocapacitance that
improve electrochemical sensing applications. Notably, this
decrease in specific capacitance translates to an increase in
current, which ultimately reduces ion discharge time across
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the electrodes. The results illustrate that as current density
rises, discharge time diminishes, leading to a voltage drop
across the electrodes, which reflects a modification in the
specific capacitance attributable to the rGO-Pd hybrid
structure [40]. This enhancement in overall performance,
characterized by increased specific capacitance, results in a
greater number of nucleation sites for energy storage.
Additionally, the embedding of palladium nanoparticles onto
the reduced graphene oxide matrix boosts electron transport
both at the surface and within the rGO-Pd hybrid framework,
significantly improving the electrode's performance and
efficiency, alongside a reduction in resistance that broadens
its practical applications.

4. Conclusion

We have successfully synthesized Pd nanoparticles (NPs),
reduced graphene oxide (rGO), and rGO-Pd nanocomposites,
with characterization revealing significant enhancement in
the physiochemical properties of rGO due to the integration
of active Pd NPs. Characterization techniques suggest that the
formation of the rGO-Pd hybrid structure increases surface
area while improving stability and conductivity. The
interaction between rGO and Pd NPs enhances charge transfer
dynamics and catalytic efficiency, positioning this material as
advantageous for applications in energy storage devices,
biosensors, and fuel cells. UV-Vis spectroscopy provides
insights into the structural and optical properties of the rGO-
Pd hybrid, promoting its utility in optoelectronic and catalytic
applications.  Additionally, = Raman  analysis  and
TEM/HRTEM studies further validate its versatility across
various fields. The sensor performance for arsenic detection
via DPV highlights the applicability of the rGO-Pd hybrid in
catalysis, sensing, and energy storage technologies.
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