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1.0 INTRODUCTION

Hydrogenation is an important chemical process widely used in the synthesis of fine chemicals [1-2], pharmaceuticals [2-5], and
energy storage materials [6-8]. Conventional hydrogenation processes often require harsh operating conditions involving high
temperatures and pressures. These severe conditions result in high energy consumption, increased carbon emissions, and
rapid catalyst deactivation. Therefore, the efficiency of hydrogenation reactions strongly depends on the development of
effective catalysts capable of promoting hydrogen addition under mild conditions. Palladium (Pd) is widely used as a
hydrogenation catalyst because of its exceptional ability to activate hydrogen molecules and facilitate hydrogen in addition to
unsaturated bonds such as alkenes and alkyne [9-11]. Compared with other transition metals, Pd exhibits superior catalytic
activity, selectivity, and versatility under relatively mild reaction conditions. To further improve its catalytic performance, stability,
and recyclability, Pd is commonly supported on nanostructured materials [12].
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To further improve the catalytic performance and stability of hydrogenation catalysts, reduced graphene oxide (rGO)
has attracted considerable attention as a promising support material for Pd due to its unique structural and electronic properties.
rGO provides a large surface area, high electrical conductivity, and abundant defect sites, which facilitate the stabilization and
uniform dispersion of metal particles [13]. In addition, the oxygen-containing functional groups and defect-rich structure of rGO
promote strong metal—support interactions, which can reduce Pd particle aggregation and metal leaching during catalytic
reactions [14]. The excellent electron mobility of rGO also enhances charge transfer between Pd and the support, thereby
improving catalytic activity and reaction efficiency [15]. As a result, Pd—rGO hybrid catalysts exhibit enhanced hydrogenation
performance owing to improved accessibility of active sites and more efficient electron transfer during the catalytic process [16].

Recently, the application of EEFs has gained increasing attention as an alternative approach for improving catalytic
efficiency and reducing the dependence on harsh reaction conditions. EEFs can alter the energy landscape of reaction
intermediates, induce polarization of chemical bonds, and influence charge carrier distribution within catalytic systems. Previous
studies have shown that EEFs can affect hydrogen adsorption behavior and modify the electronic properties of catalyst surfaces,
particularly in Pd-based catalytic systems [17-20]. In Pd-based catalysts, EEFs have been reported to modify the adsorption
energies of reactants and hydrogen species, thereby promoting or suppressing specific reaction pathways. In Pd/rGO systems,
the presence of an electric field may enhance hydrogen adsorption and facilitate hydrogen dissociation on the catalyst surface,
leading to improved catalytic activity and hydrogenation performance. This field-assisted approach enables dynamic modulation
of catalytic activity without altering the chemical composition of the catalyst system [21].

The performance of immobilized Pd—rGO systems is strongly influenced by the type of linker used to bind the catalyst
to the substrate. Linkers play important roles in determining the mechanical stability, chemical compatibility, and electronic
communication between the catalyst and the support. Polymeric linkers such as polyvinylpyrrolidone (PVP), polypyrrole (PPy),
and chitosan are widely used because of their ability to stabilize particles and facilitate catalyst immobilization through covalent
or non-covalent interactions. PVP is commonly used as a stabilizing agent to achieve uniform Pd dispersion, whereas PPy, as
a conductive polymer, can enhance electron transfer between Pd and rGO. Chitosan, a naturally derived polymer containing
amino and hydroxyl functional groups, provides strong metal anchoring and excellent film-forming properties [22]. Depending
on the surface functionality of the substrate, linker attachment may occur through covalent bonding, such as amide or ester
linkages, or through non-covalent interactions including electrostatic attraction and m— stacking. Despite their importance,
systematic studies evaluating the influence of different linker systems on catalyst stability, catalytic activity, and electron
transport under operating conditions remain limited [16].

By integrating experimental and computational approaches, this study aims to evaluate the catalytic behavior of linker-
modified Pd—rGO catalysts supported on cotton textile under external electric fields. Cotton textile has been reported as a
promising support material for Pd/rGO catalysts due to its hierarchical porosity, natural hydroxyl functionality, and flexibility,
which facilitate uniform electric field distribution and improved mass diffusion during hydrogenation reactions [23]. However,
studies investigating the combined effects of external electric fields, linker chemistry, and textile-supported Pd—rGO catalysts
on hydrogenation performance remain limited.

2.0 EXPERIMENTAL

This experimental procedure consists of four parts which is the synthesis of Pd-rGO, synthesis of Pd-rGO with linker,
hydrogenation of octene with presence of external electric field and computational study on Pd-rGO and linker system.

2.1 Materials

Graphene oxide (GO), palladium chloride (PdCl,, 299.9%), sodium borohydride (NaBH,), ethanol (CH;CH,OH, 299.8%),
phosphoric acid (H;PO,), pyrrole monomer (C,HsN), ammonium persulfate [(NH,),S,Og], methanol (CH;OH), hydrazine hydrate
(N2H4'H,0), sodium hydroxide (1 M NaOH), chitosan ((CsH11NO,),), acetic acid solution (3%, CH;COOH), and hydrazine
(N2H4-H,0) were purchased from Sigma-Aldrich. Polyvinylpyrrolidone (PVP, (C¢HsNO),) was obtained from QReC, while
ethylene glycol [(CH,OH),] was supplied by Honeywell Riedel-de Haén. Deionized water (H,O) was used throughout the study.

2.2 Synthesis of Pd-rGO: without and with linkers

Pd-rGO

Graphene oxide (GO, 0.03 g) was dispersed in distilled water (150 mL) by ultrasonication for 30 minutes. Subsequently, PdCl,
solution (6.0 mL, 0.885 mg mL™") was added to the GO suspension, followed by ultrasonication for 2 hours to promote the
interaction between Pd ions and GO sheets [24]. Freshly prepared NaBH, solution (6.0 mL, 0.2 M) was then added dropwise,
and the reaction mixture was continuously stirred at room temperature for 24 hours. The resulting Pd—-rGO product was collected
by centrifugation and washed several times with distilled water and ethanol to remove residual PdCI, and unsupported Pd
particles [24]. Finally, the product was dried in an oven at 50°C overnight.
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First linker: polyvinylpyrrolidone (Pd-PVP/rGO)

GO (0.06 g) was dispersed in deionized water (50 mL) containing polyvinylpyrrolidone (PVP, 0.0071 g) and sonicated at room
temperature for 1 hour [25]. Subsequently, PdCI, solution (10 wt.% in 10 wt.% HNO;, 99.999%, 1000 pL) was added to the
suspension, and the mixture was stirred for 3 hours. Ethylene glycol (154.9 mL) was then slowly introduced as both a stabilizing
and reducing agent. The resulting mixture was heated under microwave irradiation (1000 W) for 12 minutes. The obtained dark
black product was filtered and washed several times with hot deionized water (40 mL) and ethanol (10 mL) to remove residual
impurities. Finally, the product was dried in an oven at 80°C overnight [25].

Second linker: polypyrrole (Pd-PPy/rGO)

GO (0.12 g) and cetyltrimethylammonium bromide (CTAB, 0.273 g) were dispersed in deionized water (100 mL) and sonicated
for 30 minutes [26]. A mixture of phosphoric acid and pyrrole monomer (45 mL, 0.0047 mol L") was added gradually, and the
solution was stirred for 2 hours at 15°C. Polymerization was initiated by the slow addition of ammonium persulfate (APS, 0.141
g), followed by continuous stirring for 4 hours at the same temperature. The resulting black precipitate was filtered, washed with
methanol, and dried under vacuum. To prepare rGO/PPy, the dried GO/PPy sample was reduced using hydrazine hydrate. For
Pd loading, rGO/PPy powder (0.25 g) was dispersed in ethylene glycol (30 mL) by ultrasonication for 1 hour. PdCl, solution (7
mg mL™") was then added under vigorous stirring, and the pH of the mixture was adjusted to 7 using 1 M NaOH solution. The
suspension was subsequently subjected to microwave irradiation using a conventional microwave oven (1000 W, 2.45 GHz) at
30 s intervals for a total of 2 minutes. The resulting slurry was centrifuged, washed with deionized water, and dried under vacuum
at 100°C [26].

Third linker: chitosan (Pd-CS/rGO)

Chitosan (CS, 0.4 g, >400 mPa-s) was dissolved in 3% acetic acid solution (40 mL) under continuous stirring, followed by the
addition of GO solution (100 mL, 4.0 mg mL™") [27]. After stirring for 2 hours, the mixture was heated to 85°C, and hydrazine
hydrate (10 mL, N,H,-H,O) was added as a reducing agent. The reaction mixture was stirred for 24 hours, during which the
solution color gradually changed from brown to black, indicating the reduction of GO. The pH of the suspension was then
adjusted to approximately 9 using 1.0 M NaOH solution. The resulting precipitate was collected by centrifugation (6000 rpm),
washed repeatedly with deionized water until neutral pH was achieved, and freeze-dried to obtain CS—rGO. For the preparation
of Pd—CS/rGO, PdCl, (0.0531 g) was first dissolved in HCI solution (51.30 mL, 2.0 mol L™") and diluted with deionized water (40
mL). The pH of the solution was adjusted to 6 by dropwise addition of 1.0 M NaOH under mechanical stirring. Subsequently,
CS—rGO (0.5 g) was added to the Pd-containing solution and stirred until the supernatant became colorless. Freshly prepared
NaBH, solution (0.0141 g in 25.60 mL deionized water) was then added under continuous stirring, and the mixture was further
stirred for 12 hours. Finally, the obtained solid product was washed with deionized water and dried at 45°C [27].

2.3 Characterization

Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR)

ATR-FTIR spectroscopy was used to qualitatively identify the functional groups present in Pd/rGO, Pd—PVP/rGO, Pd-PPy/rGO,
and Pd-CS/rGO composites. The spectra were recorded using a PerkinElmer FTIR spectrometer (Series 1600). Approximately
1-2 mg of dry catalyst powder was directly placed onto the ATR crystal without additional sample preparation. For each sample,
32 scans were collected in the wavenumber range of 4000—400 cm™ with a spectral resolution of 4 cm™ to improve the signal-
to-noise ratio. Background spectra were recorded prior to each measurement.

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

ICP-OES was employed to determine the palladium loading and evaluate the metal incorporation efficiency in the Pd/rGO
catalysts. Approximately 10—20 mg of catalyst sample was digested using a mixture of concentrated nitric acid (HNO3) and
hydrochloric acid (HCI) under controlled heating conditions until complete dissolution was achieved. The resulting solution was
diluted to a known final volume using deionized water. Standard palladium solutions with known concentrations were used to
establish calibration curves. The emission intensity of Pd at its characteristic wavelength was measured under optimized plasma
conditions, and the Pd content was calculated and expressed as weight percentage relative to the total catalyst mass.

Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) analysis was carried out to examine the surface morphology, structural features, and Pd
dispersion of the Pd/rGO catalysts using a JEOL JSM-5510LV microscope. A small amount of catalyst powder was dispersed
onto conductive carbon tape mounted on an aluminum stub. Prior to imaging, the samples were sputter-coated with a thin
conductive layer to minimize charging effects during analysis. SEM images were obtained under high-vacuum conditions at
various magnifications, which were x500, x1500, and x5000, using an accelerating voltage ranging from 5 to 20 kV. The
morphology of the rGO sheets, surface texture, and degree of particle aggregation were qualitatively evaluated. In addition, the
dispersion of Pd on the rGO surface and the morphological differences among catalysts containing different linker systems were
compared.
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2.4 Hydrogenation of octene under the influence of external electric field (EEF)

The hydrogenation setup is illustrated in Figure 1. Prior to catalyst coating, the cotton fabric was subjected to a scouring
treatment using anhydrous sodium carbonate (Na,COj3). The treated fabric was then immersed in the Pd-rGO dispersion and
sonicated for 30 min, followed by drying at 55 °C for 1 h. This coating process was repeated 10 times to achieve uniform catalyst
deposition on the textile surface. The EEF-assisted hydrogenation system was assembled using H-TEC Education’s 1-Cell
Rebuildable Polymer Electrolyte Membrane Electrolyzer Kit and a PeakTech P6120 AC/DC laboratory power supply. The
catalyst-coated textile was positioned inside the electrolyzer and used as the catalytic platform. The system was connected to
a DC power supply and supplied with H, gas at a constant flow rate of 30 mL min~". Subsequently, 3 mL of 1-octene was
introduced into the system, and the hydrogenation reaction was carried out for 3 min. After the reaction, the hydrogenated
product was collected in a vial, and the catalyst-coated textile was rinsed with hexane to recover any remaining product. The
same procedure was repeated for Pd—PVP/rGO, Pd—PPy/rGO, and Pd—CS/rGO catalysts. In Figure 1, the cotton textile coated
with reduced graphene oxide was replaced with cotton textile coated with Pd—rGO catalysts.

Hy
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layer ¥ Anodic gas
diffusion layer
2 ]
cotton textile
palladium Source
reduced graphene generator
oxide
Cathodic catalyst N Anodic liquid
layer diffusion layer
Alkene
(1-octene) Cathode plate

Figure 1 : lllustration of the 1-octane hydrogenation set up with the presence of external electric field (EEF)

2.5 Density-functional calculations

All calculations were performed using DFT implemented in the Gaussian16 program package [28]. To simplify the computational
model while retaining the key electronic characteristics of the linker systems, the monomer forms of the three linkers were used
to represent the corresponding polymeric linkers. The selected monomer structures preserve the main functional groups
responsible for interaction with Pd species and charge distribution behavior. Geometry optimization was carried out using the
B3LYP functional with the LanL2DZ basis set. This exchange-correlation functional has been widely used for the studies of
graphene-based material [23, 29, 30]. The optimized structures were subsequently used for electronic structure analysis,
including Molecular Electrostatic Potential (MEP) mapping and Highest Occupied Molecular Orbital (HOMO)-Lowest
Unoccupied Molecular Orbital (LUMO) analysis, to evaluate the electronic characteristics and charge distribution of the linker
systems relevant to Pd—-rGO catalysis.

3.0 RESULTS AND DISCUSSION

3.1 ATR-FTIR Analysis

Figure 2 presents the ATR-FTIR spectra of Pd/rGO catalysts synthesized using three different linker systems: PVP, PPy, and
chitosan. The spectra were evaluated to confirm the successful incorporation of the linker molecules and to understand the
bonding interactions between the Pd, rGO, and the polymer matrices. For all samples, the broad absorption bands observed in
the 3200-3500 cm™" range are assigned to O—H and N—H stretching vibrations. The more pronounced O—H and N—H stretching
bands observed for Pd/PPy/GO can be attributed to the presence of pyrrolic nitrogen atoms in the PPy chains and their
interaction with residual oxygen-containing groups on the GO surface. These functional groups promote intermolecular hydrogen
bonding, resulting in band broadening and increased absorption intensity in the 3200-3500 cm™ region. Furthermore, the
polymeric nature of PPy provides a larger number of surface-active sites capable of retaining adsorbed water molecules, which
may further contribute to the enhanced O—H stretching absorption.



Razak et al. / J. Mater. Life Sci. 5:1 (2026) 92-102

N-H c=C ‘N—Hbend c-0
O-H stretch ATR-FTIR SPECTRA 1620 1560 . 1200
3400 3300 amide } 1;60
Pd-GO———— o '
1650 iy

3600 3100 2600 2100

wavenumber (cm)

600

Figure 2 : Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectra for Pd/GO the blue line, Pd-
PVP/rGO (polyvinylpyrrolidone) the red line, Pd-PPy/rGO (polypyrrole) the green line, and Pd-CS/rGO (chitosan) the purple
line

In Pd-PVP/rGO, a distinctive peak corresponding to the C=0 stretching vibration of the pyrrolidone ring appears around
1650 cm™. The appearance of this peak, along with its minor shift compared to pure PVP, indicates a coordination interaction
between the carbonyl groups of PVP and the surface of the Pd. Meanwhile, Pd-PPy/rGO displays characteristic C—N stretching
and ring vibrations within the 1300—1550 cm™ region. These distinct features verify that the polypyrrole matrix was successfully
integrated onto the rGO support. The preservation of these sharp PPy bands shows that the conductive polymer backbone
remains stable and intact after metal deposition.

For Pd-CS/rGO, distinct absorption bands emerge for N—H bending around 1550-1600 cm™ and C-O stretching near
1020-1080 cm™. These specific peaks confirm the integration of chitosan functional groups, particularly the amine and hydroxyl
networks known for chelating transition metals. Notably, the bands in the chitosan spectrum appear broader and more intense
compared to the PVP and PPy systems. This structural difference indicates a higher degree of localized interaction between the
Pd and the chitosan matrix. This enhanced chemical binding is expected to improve palladium stabilization and minimize
potential metal leaching during catalytic testing.

3.2 ICP-OES results

ICP-OES was used to quantify the Pd content of the synthesized Pd-rGO with the presence of linkers and to evaluate the
efficacy of linker systems in immobilizing Pd. The analysis utilized a calibration curve (0.05—1.00 mg L") with excellent linearity
(R? =0.99998), and quality control samples showed recoveries of approximately 100%, confirming measurement reliability. As
shown in Table 1, the Pd loading varied significantly depending on the linker system: Pd-PVP/rGO contained 0.31 w% Pd,
whereas Pd-CS/rGO contained 4.58 w%.

Table 1 : Weight percentage of Pd (w%) in different linkers:
polyvinylpyrrolidone (Pd-PVP/rGO) and chitosan (Pd-Cs/rGO)

No. Catalyst Weight Percentage of Pd (w%)
1.  Pd-PVP/rGO 0.31
2.  Pd-CS/rGO 4.58

Pd—PVP/rGO catalyst showed a Pd loading of 0.31 w%, with a low relative standard deviation (RSD = 1.00%) and
acceptable repeatability. This relatively low Pd content indicates that although PVP is effective in regulating the dispersion of
Pd nanoparticles, its interaction with Pd is primarily weak and non-covalent. Consequently, less Pd is anchored on the rGO
surface, resulting in reduced metal loading. In contrast, the chitosan-linked Pd-rGO catalyst exhibited a substantially higher Pd
loading of 4.58 w% with a low RSD of 0.60%. This significant increase in Pd concentration highlights chitosan’s strong chelation
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capacity, as its abundant amine and hydroxyl functional groups can coordinate Pd ions during synthesis. The strong chemical
interaction between chitosan and Pd enhances metal immobilization and minimizes Pd loss during sample preparation and
washing.

Although ICP-OES data for Pd—PPy/rGO are not shown, qualitative comparison based on synthesis behavior and
scanning electron microscopy (SEM) morphology suggests an intermediate Pd loading, where PPy provides sufficient anchoring
while maintaining electrical conductivity. Overall, the ICP-OES results demonstrate that linker chemistry plays a crucial role in
determining Pd loading and metal utilization efficiency.

3.3 SEM analysis

Figure 3 shows the surface morphology and dispersion of Pd—-rGO catalysts prepared with different linker systems, examined
by scanning electron microscopy (SEM) at magnifications of x500, x1500, and x5000. At low magnification (x500), the
Pd-PVP/rGO sample exhibited relatively smooth, layered rGO sheets with minimal aggregation, indicating good exfoliation and
a uniform coating. In contrast, Pd-PPy/rGO showed a rougher, more granular surface, attributed to the PPy coating forming a
continuous conductive network over the rGO sheets. Pd-CS/rGO displayed a compact, textured morphology, consistent with a
chitosan-based matrix embedding rGO and Pd nanoparticles. Meanwhile, at intermediate magnification (x1500), Pd-PVP/rGO
presented finely dispersed features without large Pd agglomerates, as evidenced by small white dots, confirming the stabilizing
role of PVP. Pd—PPy/rGO exhibited interconnected nodular structures, suggesting uniform PPy growth and effective Pd
anchoring within the polymer network. Pd—CS/rGO showed denser domains, correlating with higher Pd loading but also
indicating partial encapsulation of Pd by chitosan.

At high magnification (x5000), Pd-PVP/rGO maintained relatively uniform dispersion, although individual Pd
nanoparticles were difficult to resolve owing to their small size. Pd-PPy/rGO displayed well-distributed features, supporting
strong Pd-PPy/rGO interactions and good electrical connectivity. Pd-CS/rGO revealed clustered regions, which may reduce Pd
accessibility but enhance mechanical stability and resistance to leaching. Specifically, the PVP-linked catalyst exhibited a
smooth, continuous surface with finely dispersed Pd particles, confirming that PVP acts as an effective stabilizer by regulating
particle growth. However, areas of lower particle density were also observed, suggesting weak anchoring between Pd and the
rGO support. This primary physical interaction may account for the lower metal loading and increased susceptibility to Pd
leaching during catalysis.

The PPy-linked catalyst showed a more interconnected and textured morphology, with rGO sheets partially coated by
a polymeric PPy network that incorporated Pd particles, thereby enhancing surface coverage and electrical connectivity. The
conjugated PPy backbone facilitates electronic communication between Pd and rGO, a feature particularly beneficial for electric-
field-assisted hydrogenation, where efficient charge redistribution is required. The chitosan-linked catalyst exhibited a denser,
rougher morphology. Aggregated but well-anchored Pd domains were observed, indicating strong interactions between Pd and
the amine/hydroxyl functional groups of chitosan. The increased surface coverage reflects enhanced Pd immobilization,
consistent with chitosan's chelating capacity. Although some particle clustering was visible, this morphology is expected to
improve catalyst stability and reduce metal leaching, despite a slight decrease in active site accessibility.

Overall, the SEM results demonstrate that linker chemistry profoundly influences catalyst morphology. PVP promotes
fine dispersion but weak anchoring, PPy generates interconnected and conductive structures, and chitosan enhances Pd
immobilization through strong chemical interactions. These morphological differences provide a structural basis for the variations
in Pd loading, stability, and catalytic efficiency observed in ICP-OES and hydrogenation studies.

3.4 Catalytic hydrogenation under EEF

The catalytic performance of the Pd/rGO catalysts was evaluated through the hydrogenation of 1-octene, and the results are
summarized in Table 2. Among the catalysts studied, Pd—CS/rGO exhibited the highest catalytic activity, achieving 11.3%
conversion of 1-octene to octane. The enhanced activity of Pd—CS/rGO is likely associated with its higher Pd loading, as
determined by ICP-OES analysis (see Table 1), where Pd—CS/rGO showed significantly greater Pd incorporation compared
with the other linker systems. The amino and hydroxyl functional groups of chitosan may provide stronger coordination with Pd
species during catalyst synthesis, resulting in improved Pd immobilization and a higher density of accessible active sites.
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Figure 3 : Scanning electron microscopy (SEM) image for Pd-PVP/rGO (polyvinylpyrrolidone; left), Pd-PPy/rGO
(polypyrrole; middle), and Pd-CS/rGO (chitosan; right) at (a) x500, (b) x1,500, and (c) x5,000 magnification

Table 2 : GC-FID analysis of 1-octene hydrogenation over Pd/rGO with different linker systems: polyvinylpyrrolidone (PVP),
polypyrrole(PPy), and chitosan (CS) under an external electric field

No. Catalyst Concentration of Concentration of Conversion of octene
n-octene (mg/mL) n-octane (mg/mL) to octane (%)
1. Pd-PVP/rGO 400.1563 0.3105 0.08
2. Pd-PPy/rGO 333.2710 1.0680 0.32
3. Pd-CS/rGO 1.8847 0.2413 1.3

Pd-PPy/rGO exhibited moderate catalytic performance, which is 0.32%, compared with the other catalysts. The
conductive nature of the PPy linker may facilitate electron transfer and enhance H, activation under the applied external electric
field. In addition, the nodular surface morphology observed from SEM analysis suggests relatively good dispersion and
interaction between Pd and the PPy-modified rGO support. However, the lower catalytic activity compared with Pd—CS/rGO
indicates that Pd incorporation and active site availability may still be limited in the PPy-based system. Meanwhile, Pd—PVP/rGO
showed the lowest catalytic activity, with only 0.08% conversion of 1-octene. The low performance may be attributed to
insufficient Pd loading and weaker interactions between Pd and the rGO support. Although PVP can act as a stabilizing agent
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during synthesis, excessive surface coverage or limited Pd anchoring may reduce the accessibility of catalytic active sites. The
high residual concentration of n-octene after reaction further suggests limited hydrogenation efficiency under the applied reaction
conditions.

3.5 HOMO-LUMO Analysis of three different linker monomers

Figure 4 shows the optimized structures of the linker monomers obtained from the DFT calculations. The corresponding HOMO-
LUMO plots in reveal distinct electronic characteristics for each linker monomer, which may influence their interactions with Pd
and the rGO support as shown in Figure 5. For the vinylpyrrolidone, as shown in Figure 5a, the HOMO is mainly localized around
the carbonyl-containing pyrrolidone ring, whereas the LUMO is distributed along the vinyl group. This orbital distribution suggests
that vinylpyrrolidone mainly interacts with Pd through coordination at the carbonyl oxygen, with limited electron delocalization
across the molecule. Such electronic behavior may contribute to the relatively weak enhancement of catalytic performance
observed under the external electric field despite the good dispersion of Pd.

(a) Vinylpyrrolidone (a) Pyrrole (b) Chitosan

Figure 4 : The optimized structure of monomer forms from three different linkers

(a) Vinylpyrrolidone monomer

(b) pyrrole monomer

(c) Chitosan monomer

Figure 5. The HOMO (left) — LUMO (right) mapping of the monomer form from three different linkers

In contrast, the pyrrole shows HOMO and LUMO distributions spread across the conjugated pyrrole ring as shown in
Figure 5b. The overlap between these orbitals suggests relatively good electronic mobility and charge transfer capability within
the molecule. These properties may support electron redistribution between Pd and the rGO support under the applied electric
field, which could contribute to the improved catalytic performance observed for the Pd—PPy/rGO system during hydrogenation.
For the chitosan, which can be seen from Figure 5¢, the HOMO is primarily localized around the amino and hydroxy! functional
groups, whereas the LUMO is mainly distributed along the saccharide backbone. The presence of electron-rich functional groups
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indicates a strong tendency for interaction with Pd species, which may assist Pd immobilization and catalyst stability. However,
the non-conjugated structure of chitosan may limit electron delocalization compared with the pyrrole system.

3.6 Molecular electrostatic potential (MEP) maps

The Molecular Electrostatic Potential (MEP) maps in Figure 6 provide additional insight into the charge distribution of the linker
monomers and their potential interactions with Pd species. For the vinylpyrrolidone, a relatively negative electrostatic potential
is observed around the carbonyl oxygen atom, suggesting the presence of localized coordination sites for Pd binding. However,
the overall charge distribution appears relatively uniform, which may indicate limited contribution to long-range charge transfer
within the system.

(a) Vinylpyrrolidone monomer (b) Pyrrole monomer (c) Chitosan monomer

Figure 6 : The Molecular Electrostatic Potential (MEP) maps of the monomer form from three different linkers: (a)
vinylpyrrolidone, (b) pyrrole, and (c) chitosan

In contrast, pyrrole exhibits broader regions of negative electrostatic potential distributed across the conjugated pyrrole
ring. This distribution suggests a greater ability to support charge delocalization and electron mobility throughout the molecule.
Such characteristics may contribute to improved electron transfer and enhanced responsiveness of the catalyst system under
the applied external electric field. For chitosan, the negative electrostatic potential is mainly localized around the amino and
hydroxyl functional groups. This localized charge distribution indicates strong interaction capability with Pd species and may
support improved Pd immobilization within the catalyst system. However, compared with pyrrole, the more localized nature of
the charge distribution may limit electron mobility under external electric field conditions.

4.0 CONCLUSION

In this study, the effects of different linker systems on the performance of palladium-reduced graphene oxide (Pd—-rGO) catalysts
under an external electric field (EEF) were successfully investigated. Pd—rGO catalysts incorporating polyvinylpyrrolidone (PVP),
polypyrrole (PPy), and chitosan (CS) linkers were synthesized and characterized using ATR-FTIR, SEM, and ICP-OES
analyses. The characterization results confirmed successful incorporation of the linker systems and showed that linker chemistry
influenced catalyst morphology and Pd incorporation. ICP-OES analysis revealed that Pd—CS/rGO exhibited the highest Pd
loading (4.58 wt%), indicating stronger interaction between Pd species and the amino and hydroxyl functional groups of chitosan
during catalyst synthesis. Catalytic evaluation through the hydrogenation of 1-octene under EEF-assisted conditions also
showed that Pd—CS/rGO achieved the highest conversion (11.3%), while Pd—PPy/rGO and Pd-PVP/rGO exhibited lower
conversions of 0.32% and 0.08%, respectively.

DFT calculations revealed differences in the electronic distribution and electrostatic characteristics of the linker
monomers. The HOMO-LUMO and MEP analyses showed that pyrrole exhibited more delocalized electronic distribution across
the conjugated pyrrole ring, whereas the chitosan monomer showed more localized electron density around the amino and
hydroxyl functional groups. In contrast, vinylpyrrolidone displayed relatively localized electronic distribution mainly around the
carbonyl-containing pyrrolidone ring. These differences in electronic characteristics may influence the interaction between the
linker systems and Pd; and were generally consistent with the experimental observations on Pd incorporation and catalytic
performance.
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