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Abstract: The development of high-performance electrode materials remains a critical challenge in the
advancement of electrochemical supercapacitors for next-generation energy storage systems. In the present work,
reduced graphene oxide (rGO) supported vanadium pentoxide nanocomposites doped with samarium ions were
successfully synthesized through a simple co-precipitation route followed by thermal treatment. The structural,
morphological, and electrochemical properties of rGO/V20s:Sm3+ nanocomposites with different samarium
concentrations (0, 3, 5, and 7 wt. %) were systematically investigated. X-ray diffraction analysis confirmed the
formation of orthorhombic crystalline V20s with good phase purity, while structural parameters revealed crystallite
sizes in the nanometres range. Scanning electron microscopy and high-resolution transmission electron microscopy
studies indicated the formation of rod-like nanostructures uniformly distributed over conductive graphene sheets.
Energy dispersive spectroscopy verified the presence of vanadium, oxygen, samarium, and carbon elements in the
prepared nanocomposites without detectable impurities. Electrochemical properties of the synthesized materials
were evaluated using cyclic voltammetry measurements in a three-electrode system with 2 M KOH electrolyte. The
obtained cyclic voltammograms revealed characteristic redox peaks associated with the pseudo capacitive
behaviour of vanadium oxide. The specific capacitance values calculated from the CV curves demonstrated a strong
dependence on samarium doping concentration. Among the prepared samples, the rGO/V20s5:Sm3+
nanocomposite containing 7 wt. % samarium exhibited the highest specific capacitance of approximately 386.70 F
g-1. The enhanced electrochemical performance is attributed to the synergistic interaction between the conductive
graphene network, the nanorod morphology of V20s, and the lattice modification induced by samarium
incorporation. Furthermore, the electrode displayed good cycling stability during repeated electrochemical cycling.
The antibacterial activity of rGO/Pure V20s and Sm3+-doped rGO/V20s (7 wt. %) nanocomposites against
Escherichia coli and Staphylococcus indicate that Sm3+ doping substantially improves the antibacterial
performance. Thus, these findings suggest that rGO/V20s:Sm3+ nanocomposites represent promising electrode
materials for high-performance supercapacitor applications along with biomedical and cosmeceutical applications.

Keywords: Reduced Graphene Oxide, Vanadium Pentoxide, Samarium Doping, Nanocomposites, Electrochemical
Supercapacitors, Electrochemical Energy Storage

1. Introduction offer high power density, rapid charge—discharge
capability, long cycle life, and excellent reliability under
repeated operation [2]. These advantages make
supercapacitors attractive for applications in hybrid
electric vehicles, portable electronic devices, and grid
energy storage systems. The continuous development
of advanced electrode materials is therefore essential
for improving the performance of supercapacitors and
enabling next-generation energy storage technologies

[3].

In recent decades, the rapid growth of
electronic devices, electric vehicles, and renewable
energy technologies has created an urgent demand for
efficient and reliable energy storage systems [1].
Conventional energy storage devices such as batteries
possess relatively high energy density but suffer from
limited power density and slower charge—discharge
rates. In contrast, electrochemical supercapacitors
have emerged as promising alternatives because they
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Electrochemical capacitors are generally
classified into two main categories based on their
energy storage mechanisms: electric double layer
capacitors (EDLCs) and pseudocapacitors [4]. EDLCs
store energy through electrostatic charge accumulation
at the interface between the electrode and electrolyte,
typically using carbon-based materials such as
activated carbon, carbon nanotubes, and graphene. In
contrast, pseudocapacitors rely on fast and reversible
Faradaic redox reactions occurring at or near the
surface of transition metal oxide electrodes. Due to
these redox processes, pseudo capacitors usually
provide higher capacitance and energy density than
EDLCs. Transition metal oxides such as RuO2, MnOz2,
NiO and V20s have therefore been extensively studied
as promising pseudocapacitive materials for high-
performance energy storage devices [5]. Among the
various transition metal oxides, vanadium pentoxide
(V20s5) has received considerable attention as an
electrode material for supercapacitors due to its
multiple oxidation states, layered crystal structure, high
theoretical capacitance, and relatively low cost [6, 7].
The layered framework of V20s facilitates ion
intercalation and de-intercalation processes during
electrochemical reactions, which significantly enhances
charge storage capability. Furthermore, vanadium-
based oxides possess good chemical stability and
environmental compatibility, making them suitable for
large-scale energy storage applications. Recent studies
have demonstrated that V20s-based nanostructures
exhibit improved electrochemical performance due to
their increased surface area and shortened ion
diffusion pathways [8].

However, despite these advantages, pristine
V20s still suffers from some inherent limitations,
including relatively poor electrical conductivity and slow
electron transport kinetics [9]. These drawbacks can
restrict its practical application as an efficient
supercapacitor  electrode. To overcome these
limitations, researchers have explored various
strategies such as nanostructure engineering,
elemental doping, and hybridization with conductive
carbon materials. In particular, combining V20s with
carbon-based materials such as graphene or reduced
graphene oxide (rGO) has proven to be an effective
approach for improving electrical conductivity and
enhancing overall electrochemical performance [10].

Reduced graphene oxide has attracted
widespread interest in energy storage research
because of its high surface area, good electrical
conductivity, and excellent mechanical stability [11].
The presence of residual oxygen functional groups in
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rGO also facilitates strong interaction with metal oxide
nanoparticles, enabling the formation of stable hybrid
nanocomposites. When V20s nanostructures are
anchored onto rGO sheets, the graphene network
provides efficient electron transport pathways while
simultaneously preventing particle aggregation [12].
This synergistic interaction significantly improves ion
diffusion and charge transfer processes within the
electrode material [13]. Another promising approach
for improving the electrochemical performance of V20s
is the incorporation of rare-earth dopants. Rare-earth
ions can modify the electronic structure, enhance
charge carrier mobility, and introduce additional active
sites for redox reactions. Among various rare-earth
elements, samarium (Sm3+) has shown potential for
improving the structural and electrochemical
characteristics of transition metal oxide materials due
to its unique electronic configuration and large ionic
radius [14]. The introduction of Sm3+ ions into the
V20s lattice can induce lattice distortion and increase
defect density, which may enhance electrochemical
activity and charge storage capability.

Besides the energy storage properties,
semiconductor nanostructures are also being
engineered for the direct antimicrobial activity to use
them as potential for biomedical and cosmeceutical
applications. The rGO-modified TiO2 exhibited an
enhanced antibacterial activity against E. hormaechei
under UV-Visible light irradiation [15]. The enormous
surface area of rGO also fosters strong physical
contacts with bacterial cell walls, allowing for close
contact between the nanocomposite and microbial
cells. This contact can cause mechanical stress and
direct membrane damage, leading in increased
permeability, leaking of internal components, and
ultimately cell death [16]. The presence of reduced
graphene oxide (rGO) significantly  enhances
antibacterial performance by serving as an electron
acceptor and transporter. This function helps to
suppress charge recombination and consequently
increases the production of reactive oxygen species
(ROS), which are critical for antibacterial activity [17].
A number of researchers confirmed the effectiveness of
charge carrier mobility and redox sites to prevent the
bacterial growth and support of biomedicine [18-20].

Based on these considerations, the
development of rGO-based V20s nanocomposites
doped with rare-earth elements represents a promising
strategy for designing high-performance supercapacitor
electrodes. In the present study, rGO/V20s and Sm3+-
doped rGO/V20s nanocomposites with different
samarium concentrations (0, 3, 5 and 7 wt. %) were
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synthesized using a simple co-precipitation method.
The structural, morphological, and compositional
properties of the prepared nanocomposites were
investigated using X-ray diffraction (XRD), scanning
electron microscopy (SEM), high-resolution
transmission electron microscopy (HR-TEM), and
energy dispersive spectroscopy (EDS). Furthermore,
the electrochemical behaviour of the synthesized
nanocomposites was evaluated through cydlic
voltammetry measurements to determine their
potential application as electrode materials for
advanced  supercapacitor devices also, their
antimicrobial properties were explored.

2. Experimental Section
2.1 Materials

All chemicals used in this investigation were of
analytical grade and were used without further
purification. Ammonium metavanadate (NHaVO3),
samarium (III) nitrate hexahydrate (Sm(NO3z)3'6H20),
concentrated hydrochloric acid (HCI), graphite powder,
sodium nitrate (NaNOs), potassium permanganate
(KMnO4), hydrogen peroxide (H202), ethanol, and de-
ionized water were employed as starting materials for
the synthesis of the nanocomposites. The chemicals
were selected because of their high purity and
compatibility with solution-based synthesis methods.
Transition metal oxide nanostructures prepared
through wet chemical routes often exhibit better
crystallinity and compositional homogeneity when high-
purity precursors are used. Solution-based chemical
synthesis methods are widely adopted for preparing
electrode materials for supercapacitors because they
enable good control over particle morphology,
crystallite size, and compositional tuning [21].

2.2 Preparation of Pure V.05 and Sm?3*
Doped V.05

Vanadium pentoxide nanoparticles were
synthesized through a simple co-precipitation
technique, which is considered a reliable and scalable
approach for producing metal oxide nanostructures
with controlled morphology. In a typical synthesis
procedure, ammonium metavanadate was dissolved in
30 mL of de-ionized water and magnetically stirred for
approximately 30 minutes at room temperature to
obtain a homogeneous precursor solution. A few drops
of hydrochloric acid were then slowly added to the
solution in order to initiate precipitation and to regulate
the pH of the reaction medium. The mixture was
continuously stirred for an additional 20 minutes,
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leading to the formation of a vyellow precipitate
corresponding to the vanadium oxide precursor.

The precipitated product was collected through
filtration and thoroughly washed several times using
ethanol and de-ionized water in order to remove any
residual ions or unreacted precursor species. The
washed material was subsequently dried at room
temperature for 24 hours to eliminate moisture. Finally,
the dried precursor was calcined at 600 °C for 5 hours
in order to obtain crystalline vanadium pentoxide
(V20s). Thermal treatment during calcination promotes
crystallization and removes residual organic or hydroxyl
species, thereby improving the structural stability of
the final material. Similar synthesis conditions have
been widely reported for preparing crystalline V20s
nanostructures suitable for electrochemical energy
storage applications [22].

For the preparation of samarium-doped V205
samples, the same procedure was followed with the
addition of samarium (III) nitrate hexahydrate as the
dopant precursor. Different weight percentages of
Sm3+ ions (3, 5, and 7 wt. %) were introduced into the
precursor solution prior to precipitation. The rare-earth
dopant ions become incorporated into the V20s lattice
during the calcination process, which can modify the
structural properties and electronic characteristics of
the resulting oxide material. Rare earth doping is
known to introduce lattice distortions and defect sites
that enhance electrochemical activity in transition
metal oxides [23].

2.3 Synthesis of rGO

Reduced graphene oxide was synthesized
using the modified Hummers method, which is one of
the most widely used chemical approaches for
producing graphene-based materials on a large scale.
In this method, graphite powder was oxidized in a
strongly acidic medium in order to introduce oxygen-
containing functional groups into the graphite
structure, thereby facilitating exfoliation into graphene
oxide sheets. Initially, a reaction beaker containing
concentrated sulphuric acid was placed in an ice bath
maintained at approximately 0 °C to control the
reaction temperature. Graphite powder was gradually
added into the acid solution under continuous stirring.
Sodium nitrate was then introduced into the mixture,
followed by the slow addition of potassium
permanganate as the oxidizing agent. The oxidation
process resulted in the formation of graphite oxide with
abundant oxygen-containing functional groups such as
hydroxyl, epoxy, and carboxyl groups.
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After oxidation, de-ionized water was slowly
added to the mixture, which caused the temperature to
increase and promoted the exfoliation of graphite oxide
layers. Hydrogen peroxide was then introduced
dropwise to terminate the oxidation reaction and to
reduce residual permanganate ions. The resulting
product was filtered and washed repeatedly to remove
acidic impurities. Finally, the material was subjected to
thermal treatment at 300 °C for two hours, which
reduced graphene oxide into reduced graphene oxide
(rGO). The reduction process restores partial electrical
conductivity by removing a significant fraction of
oxygen functional groups and reconstructing the
conjugated graphene network. Reduced graphene
oxide has been widely used as a conductive matrix in
nanocomposite electrode materials because of its
excellent electrical conductivity and large surface area
[24].

24 Synthesis of
Nanocomposites

The rGO/V20s5:Sm3+ nanocomposites were
synthesized through a simple mixing and thermal
treatment approach. In a typical preparation, 0.5 g of
the synthesized V20s or Sm3+-doped V20s powder
was dispersed in 100 mL of de-ionized water.
Subsequently, 0.1 g of reduced graphene oxide was
added to the suspension. The mixture was
magnetically stirred for approximately one hour at
room temperature to ensure uniform dispersion of
V20s nanoparticles over the graphene sheets. During
this process, the oxide particles become anchored onto
the surface of rGO due to electrostatic interactions and
physical adsorption. After thorough mixing, the
suspension was filtered and washed several times
using ethanol and de-ionized water to remove loosely
attached particles. The resulting composite material
was then calcined at 400 °C for two hours to improve
interfacial contact between V205 nanoparticles and the
rGO matrix. The formation of such hybrid
nanostructures enhances electron transport pathways
and prevents particle agglomeration, thereby improving
electrochemical performance in energy storage devices
[25].

rGO/V205:Sm3+

2.5 Material Characterization

The structural and morphological
characteristics of the synthesized nanocomposites were
investigated using several advanced characterization
techniques. The crystal structure and phase purity of
the prepared samples were examined using powder X-
ray diffraction (XRD) analysis with Cu Ka radiation (A =
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0.15406 nm). XRD measurements were performed
using a Shimadzu XRD-6000 diffractometer. The
diffraction patterns obtained from XRD analysis provide
valuable information regarding crystallinity, lattice
parameters, and average crystallite size of the
materials. Surface morphology and microstructural
features of the nanocomposites were analysed using
field emission scanning electron microscopy (FE-SEM,
Hitachi SU-8000) operating at an accelerating voltage
of 10 kV. High-resolution transmission electron
microscopy (HR-TEM) wusing a JEOL JEM-2100
microscope was employed to further investigate
particle morphology and crystallographic structure at
the nanoscale level. Elemental composition and
distribution within the nanocomposite samples were
determined  through energy dispersive  X-ray
spectroscopy (EDS) attached to the SEM instrument.
These combined characterization techniques provide
comprehensive information regarding the structural
integrity and compositional uniformity of the
synthesized materials.

2.6 Electrochemical Measurements

The electrochemical performance of the
prepared rGO/V20s5:Sm3+  nanocomposites was
evaluated using cyclic voltammetry (CV) measurements
in a three-electrode configuration. A 2 M potassium
hydroxide (KOH) aqueous solution was used as the
electrolyte because of its high ionic conductivity and
stability for alkaline electrochemical systems. The
working electrode was prepared by dispersing 1 mg of
the nanocomposite material in 1 mL of distilled water
followed by ultrasonication for approximately 30
minutes to obtain a uniform suspension. A small
volume (3 pL) of the dispersion was drop-cast onto the
surface of a glassy carbon electrode (GCE) and allowed
to dry at 60 °C under reduced pressure for one hour.
To improve adhesion and mechanical stability of the
electrode coating, a small quantity of Nafion solution
(0.5 wt. % in ethanol) was applied over the deposited
material and dried again at 30 °C for three hours. The
electrochemical measurements were carried out using
an electrochemical workstation with the modified GCE
as the working electrode, a platinum wire as the
counter electrode, and an Ag/AgCl electrode as the
reference electrode. The specific capacitance of the
electrode materials was calculated from the cyclic
voltammetry curves using the standard electrochemical
relation between current response, scan rate, and
potential window. The electrochemical characteristics
obtained from CV measurements provide important
information about charge storage behaviour, redox
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reactions, and ion transport processes occurring within
the electrode material.

3. Result and Discussion
3.1 X-Ray Diffraction Analysis

The crystal structure and phase purity of the
synthesized rGO/V20s and rGO/V205:Sm3+
nanocomposites were analysed using X-ray diffraction
(XRD). The diffraction patterns confirm that the
prepared materials  possess a  well-defined
orthorhombic crystal structure corresponding to
vanadium pentoxide. The observed diffraction peaks
are in good agreement with the standard diffraction
data of orthorhombic V20s (JCPDS card no. 72-0598),
indicating the successful formation of the desired
crystalline phase without any secondary impurity
phases. The prominent diffraction peaks corresponding
to the crystallographic planes (200), (010), (110),
(101), (400), (011), (301), (020), (411), (600), (121),
(002), (012), (421), (312), and (701) appear at
diffraction angles around 15.5°, 20.5°, 21.9°, 26.5°,
31.2°, 32.5°, 34.4°, 41.4°, 45.6°, 47.4°, 49.0°, 51.3°,
55.8°, 59.2°, 61.2°, and 62.2°, respectively. The sharp
and narrow diffraction peaks observed in the XRD
patterns (Figure 1) indicate that the synthesized
nanocomposites possess good crystallinity.

rGO/V,0,:Sm™ 7 wt.%)

rGO/V,0,.:Sm™ 5 wt.%

rGO/V,0,:Sm™ 3 wt.%

Intensity (a.u.)
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Figure 1. XRD Spectrum of rGO/V20s:Sm3* (0, 3, 5

and 7 wt. %) nanocomposites
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The presence of reduced graphene oxide
within the composite matrix does not significantly
disturb the crystalline structure of V20s, although
slight variations in peak intensity are observed with
increasing Sm3+ doping concentration. In particular,
the intensity of the (200) diffraction peak gradually
decreases after the incorporation of rGO and samarium
ions, suggesting a modification in the lattice structure
due to dopant incorporation and interaction with
graphene sheets. Similar structural modifications have
been reported in graphene-based transition metal
oxide nanocomposites where lattice distortion occurs
due to dopant substitution and interfacial interactions
with carbon materials [26].

The crystallite size of the prepared samples
was estimated using the Debye—Scherrer equation,
which relates the broadening of diffraction peaks to the
size of crystalline domains. The calculated average
crystallite sizes of the rGO/V20s:Sm3+ nanocomposites
range from approximately 66 nm to 87 nm. The
variation in crystallite size with increasing samarium
content indicates that the dopant ions influence the
nucleation and growth of V20s crystallites during the
synthesis process. Rare-earth dopants are known to
influence grain growth by altering lattice strain and
defect density within the crystal structure.

In addition to crystallite size, other structural
parameters such as microstrain and dislocation density
were also determined from the XRD data. The
calculated microstrain values fall within the range of
approximately 0.00148 to 0.00172, indicating slight
lattice distortion within the crystal structure.
Dislocation density, which represents the number of
lattice defects present in the crystal, varies with doping
concentration and shows a tendency to decrease at
higher dopant levels. These variations suggest that
samarium incorporation modifies the internal lattice
structure and may influence charge transport
behaviour in the electrode material. Structural defects
and lattice distortions often contribute to enhanced
electrochemical activity by providing additional active
sites for redox reactions and facilitating ion diffusion
within the electrode material [27].

The lattice parameters calculated from the
diffraction data also confirm slight structural changes in
the orthorhombic lattice upon Sm3+ doping. These
changes arise because the ionic radius of samarium
differs from that of vanadium, resulting in lattice
distortion when samarium ions partially substitute
vanadium sites or occupy interstitial positions.
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Table 1. Structural parameters of rGO/ V205:Sm3*+ composites

Average Average Average Lattice parameters
Material crystallite micro dislocation density | (A)
size (nm) strain x10% (line/m~2) | a b c
rGO/Pure V20s 87.3392 0.001587 2.1947 11.495 | 4.346 | 3.557
rGO/ V20s5:Sm3* 3 wt.% 66.1847 0.001724 3.1017 11.447 | 4.331 | 3.555
rGO/ V20s:Sm3* 5 wt.% 80.9881 0.001488 1.8928 11.395 | 4.384 | 3.542
rGO/ V20s5:Sm3* 7 wt.% 78.1193 0.001594 2.2011 11.374 | 4.382 | 3.544
Such structural modifications are often due to enhanced ion diffusion and increased electrode—
beneficial for electrochemical energy storage electrolyte contact area [28].

applications because they create additional pathways
for ion transport and improve electrochemical kinetics.
Table 1 lists the Structural parameters of rGO/
V20s:Sm3* composites. Overall, the XRD analysis
confirms the successful synthesis of crystalline
rGO/V20s5:Sm3+ nanocomposites with orthorhombic
structure, good phase purity, and controlled crystallite
size.

3.2 SEM and EDS Analysis

The surface morphology and microstructural
characteristics of the synthesized nanocomposites were
examined using scanning electron microscopy (SEM).
The SEM images (Figure 2) reveal that the prepared
rGO/V20s5:Sm3+ nanocomposites exhibit a rod-like
nanostructured morphology with relatively uniform
distribution. These nanorod structures appear to be
loosely aggregated and distributed over the graphene
sheets, forming a porous network structure. The
presence of reduced graphene oxide within the
composite  matrix  prevents excessive particle
agglomeration and facilitates the formation of well-
distributed nanostructures.

The formation of rod-like nanostructures is
particularly  advantageous  for  electrochemical
applications because such morphologies provide a
larger active surface area for electrolyte interaction.
Increased surface area enables more electrochemically
active sites for charge storage reactions, thereby
improving the overall capacitance of the electrode
material. Moreover, the porous arrangement of
nanorods creates open pathways for electrolyte
penetration, which facilitates efficient ion transport
during electrochemical cycling. Previous studies have
demonstrated that nanorod and nanowire structures of
V20s provide improved electrochemical performance
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Energy dispersive X-ray spectroscopy (EDS)
analysis was conducted to verify the elemental
composition of the synthesized nanocomposites. The
EDS spectra (Figure 3) clearly confirm the presence of
vanadium (V), oxygen (O), samarium (Sm), and carbon
(C) elements in the prepared samples. The absence of
additional peaks in the spectra indicates that no
detectable impurities are present in the synthesized
materials. Elemental mapping (Figure 4 a-b, Figure 5 a-
b) further confirms the uniform distribution of these
elements throughout the composite structure,
suggesting successful integration of samarium dopants
and graphene within the V205 matrix. The
homogeneous distribution of carbon, vanadium,
oxygen, and samarium elements plays an important
role in improving electrochemical performance. Uniform
dispersion of graphene sheets ensures effective
electrical conductivity pathways, while the distributed
metal oxide nanoparticles provide active sites for
Faradaic reactions. Such synergistic interaction
between graphene and metal oxide components has
been widely reported to enhance charge storage
capability in composite electrode materials [29].

3.3 HR-TEM Analysis

High-resolution transmission electron
microscopy (HR-TEM) was employed to further
investigate the microstructural features of the
synthesized nanocomposites at the nanoscale level.
The HR-TEM images (Figure 6a-d) clearly reveal the

rod-like  morphology of the rGO/V20s:Sm3+
nanocomposites, which is consistent with the
observations obtained from SEM analysis. The

nanorods appear to be well dispersed on the surface of
the reduced graphene oxide sheets, forming a hybrid
nanostructure.
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Figure 2. The surface morphology of rGO/V20s5:Sm3* (0, 3, 5 and 7 wt. %) nanocomposites
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Figure 3. The surface morphology of rGO/V20s:Sm3* (0, 3, 5 and 7 wt. %) nanocomposites
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(a)
(b) rGO/V,0s:5m* 3 wt.%

Figure 4 (a). Elemental Mapping of pure rGO/V20s:Sm3* (0 wt. %) nanocomposites, (b). Elemental
Mapping of pure rGO/V20s:Sm3* (3 wt. %) nanocomposites
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Figure 5 (a). Elemental Mapping of pure rGO/V205:Sm3+ (5 wt. %) nanocomposites, (b). Elemental
Mapping of pure rGO/V205:Sm3+ (7 wt. %) nanocomposites
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The intimate contact between V20s nanorods
and graphene sheets is particularly beneficial for
electrochemical applications. Graphene provides a
conductive framework that facilitates rapid electron
transport during electrochemical reactions, while the
V205 nanorods serve as active pseudocapacitive
materials responsible for charge storage.

This combination significantly enhances both
electrical conductivity and electrochemical activity. The
selected area electron diffraction (SAED) patterns
(figure 6e-h) obtained from HR-TEM measurements
show distinct diffraction rings and bright spots,
indicating the polycrystalline nature of the synthesized
nanocomposites. The presence of well-defined
diffraction spots further confirms the high crystallinity
of the prepared materials. Polycrystalline structures
with  nanoscale grains often exhibit improved
electrochemical behaviour because grain boundaries
can act as additional active sites for ion diffusion and
redox reactions.

Figure 6. The TEM images (a — d) and SAED
pattern (e — h) of rGO/V20s:Sm3* (0, 3, 5 and 7 wt. %)
nanocomposites
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3.4 Electrochemical Performance

The electrochemical performance of the
rGO/V20s5:Sm3+  nanocomposite  electrodes was
evaluated using cyclic voltammetry (CV) in a three-
electrode system with 2 M KOH aqueous electrolyte.
The CV curves recorded at different scan rates ranging
from 5 to 100 mV s-! reveal the characteristic
electrochemical behaviour of the electrode materials.
The CV curves (Figure 7) exhibit distinct redox peaks,
which clearly indicate the occurrence of Faradaic
charge storage processes associated with the
pseudocapacitive behaviour of the V20s electrode
material. These redox peaks correspond to reversible
oxidation and reduction reactions involving vanadium
ions in different oxidation states. The presence of
these peaks confirms that the charge storage
mechanism of the synthesized nanocomposites is
dominated by pseudocapacitance rather than purely
electrostatic  double-layer  capacitance.  Similar
electrochemical behaviour has been widely reported for
vanadium oxide-based supercapacitor electrodes [30].

The specific capacitance values calculated from
the CV curves show a clear dependence on the
samarium doping concentration. The calculated
capacitance values for rGO/V20s:Sm3+ (0, 3, 5, and 7
wt. %) nanocomposites are approximately 169.65,
194.90, 204.49, and 386.70 F g-1, respectively. Among
these samples, the 7 wt. % Sm3+-doped V20s
composite exhibits the highest specific capacitance.
This significant enhancement in capacitance can be
attributed to several synergistic effects. First, the
incorporation of samarium ions introduces lattice
defects and additional electrochemically active sites
within the V20s structure. Second, the presence of
reduced graphene oxide improves electrical
conductivity and facilitates rapid electron transport
throughout the electrode material. Finally, the nanorod
morphology provides increased surface area and
efficient electrolyte accessibility.

Another important parameter for evaluating
supercapacitor performance is cycling stability. The
long-term electrochemical stability of  the
rGO/V20s5:Sm3+ electrode was examined through
repeated CV cycling up to 1000 cycles at a scan rate of
100 mV s-1. The CV curves (Figure 8) recorded during
cycling remain almost unchanged in shape, indicating
excellent reversibility and electrochemical stability of
the electrode material. The ability to maintain stable
electrochemical performance during repeated charge—
discharge cycles is essential for practical supercapacitor
applications.
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Figure 7. CV of the rGO/V20s:Sm3* (0, 3, 5 and 7 wt. %) nanocomposites at different scan rates (5, 25,
50, 75 and 100 mV s1).

The observed stability suggests that the
composite structure effectively prevents structural
degradation and maintains efficient charge transport
pathways during prolonged electrochemical operation.
Overall, the enhanced electrochemical performance of
the rGO/V20s5:Sm3+ nanocomposites can be attributed
to the combined effects of graphene conductivity, rare-
earth doping, and nanostructured morphology. These
synergistic features significantly improve ion transport,
electron mobility, and electrochemical activity within
the electrode material, making the synthesized
nanocomposite a promising candidate for advanced
supercapacitor applications.

3.5 Galvanostatic Charge—Discharge (Gcd)
Analysis

The charge—discharge characteristics of the
synthesized rGO/V20s and rGO/V20s:Sm3+ (3, 5, and
7 wt.%) nanocomposites were systematically

E—
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investigated using galvanostatic charge—discharge
(GCD) measurements at various current densities
ranging from 1 to 5 mA g-! (Figure 9 a—d). The
obtained GCD profiles exhibit nonlinear and asymmetric
charge—discharge behaviour, which is a clear signature
of pseudocapacitive energy storage governed by
Faradaic redox reactions associated with the vanadium
redox couples (V5+/V4+). Unlike ideal electric double-
layer capacitors that display triangular charge—
discharge curves, the present electrodes show curved
potential-time profiles with a gradual voltage rise
during charging and a non-linear decay during
discharging. This behaviour confirms that the charge
storage mechanism is dominated by diffusion-
controlled redox processes rather than purely
electrostatic adsorption. The deviation from linearity is
particularly pronounced at lower current densities,
where electrolyte ions have sufficient time to penetrate
deeper into the electrode structure and participate in
redox reactions.
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Figure 8. CV curves of rGO/V20s:Sm3* electrode at a scan rate 100 mV s upto 1000 cycles.

A notable feature observed in all GCD curves is
the presence of a distinct initial potential drop (IR
drop) at the beginning of the discharge process. This
drop arises from the internal resistance (Rs) of the
electrode system, including electrolyte resistance,
intrinsic material resistance, and interfacial contact
resistance. Importantly, the magnitude of the IR drop
decreases with increasing samarium  doping
concentration, indicating a reduction in internal
resistance due to improved electrical conductivity and
enhanced charge transport pathways provided by the
rGO network and dopant-induced lattice modification.
The discharge time, which is directly proportional to
the specific capacitance, shows a strong dependence
on both current density and samarium content. At a
given current density, the discharge duration follows
the order rGO/V20s5:Sm3+ (7 wt. %) > 5 wt. % > 3
wt. % > pure rGO/V20s.

This trend is consistent with the cyclic
voltammetry results and confirms that the
incorporation of Sm3+ ions significantly enhance the

—
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charge storage capability of the electrode material. The
7 wt. % doped sample exhibits the longest discharge
time, indicating superior capacitance performance. This
enhancement can be attributed to several synergistic
effects,

1) lattice distortion induced by Sm3+ doping,
which introduces additional electrochemically
active sites,

2) improved electrical conductivity due to the rGO
framework, facilitating rapid electron transport,
and

3) nanorod morphology of V20s, which provides a
high surface area and short ion diffusion
pathways.

Furthermore, the GCD curves retain their
overall shape across different current densities,
indicating good rate capability and structural stability of
the electrode materials. Although the discharge time
decreases with increasing current density, the
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preservation of curve morphology suggests that the
electrode maintains efficient charge storage behaviour
even under high-rate conditions. The specific
capacitance (C;) of the electrode materials was
calculated from the discharge curves using the relation,

(1)

Where 1 is the applied current, At is the
discharge time, m is the mass of the active material,
and AV is the potential window excluding the IR drop.
The calculated capacitance values are in good
agreement with those obtained from cyclic
voltammetry, further validating the electrochemical
performance of the synthesized nanocomposites.
Overall, the GCD analysis demonstrates that samarium
doping effectively enhances the electrochemical
performance of rGO/V20s nanocomposites by
improving conductivity, increasing active sites, and
facilitating ion transport. Among all the samples, the
rGO/V20s5:Sm3+ (7 wt.%) electrode exhibits the best
charge—discharge  characteristics, confirming its
suitability as a high-performance electrode material for
advanced supercapacitor applications.
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3.6 Electrochemical
Spectroscopy (EIS) Analysis

Impedance

Electrochemical impedance spectroscopy (EIS)
was performed to evaluate the charge transport
characteristics and ion diffusion behavior of the
rGO/V20s and rGO/V20s:Sm3*+  nanocomposite
electrodes. The Nyquist plots of all samples (Figure 10)
exhibit a predominantly linear response over the entire
frequency range, with no clearly distinguishable
semicircle in the high-frequency region. This behaviour
indicates that the electrochemical process is primarily
governed by diffusion-controlled kinetics with negligible
charge transfer resistance. The absence of a
pronounced semicircle suggests that the charge
transfer resistance (Rct) at the electrode—electrolyte
interface is very low, which can be attributed to the
high electrical conductivity of the rGO network and the
effective electronic coupling between V20s nanorods
and graphene sheets. The nearly linear impedance
response corresponds to Warburg-type behaviour,
arising from the diffusion of electrolyte ions within the
porous electrode structure [31].
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Figure 9. GCD curves of (a) rGO/pure V20s (b) rGO/V20s:Sm3* 3 wt. % (c) rGO/V20s5:Sm3* 5 wt.%

(d) rGO/V20s:Sm3* 7 wt.% nanocomposites.
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Figure 10. Electrochemical Impedance Spectroscopy

A clear distinction between the samples is
observed in terms of the slope and extent of the linear
region. The rGO/V20s (pure) electrode exhibits the
longest and steepest line, indicating relatively slower
ion diffusion and higher overall impedance. In contrast,
the Sm3+-doped samples show progressively reduced
impedance values, with the trend, rGO/V20s (pure) >
3 wt.% > 5 wt.% > 7 wt.%. Among all samples, the
rGO/V20s5:Sm3+ (7 wt.%) nanocomposite displays the
shortest and least steep line, suggesting enhanced ion
transport kinetics and reduced diffusion resistance.
This improvement can be attributed to several
synergistic effects. First, the incorporation of samarium
ions introduces lattice distortions and defect sites
within the V20s structure, which facilitate ion diffusion
and increase electrochemically active sites. Second, the
presence of reduced graphene oxide provides a highly
conductive network that enhances electron transport
throughout the electrode. Third, the nanorod
morphology of V20s offers open channels and short
diffusion pathways, enabling efficient electrolyte
penetration.

Furthermore, the slight deviation from perfect
linearity observed near the low-impedance region
indicates a minor contribution from interfacial
processes, although it remains insignificant compared
to the dominant diffusion-controlled mechanism. The
consistent reduction in impedance with increasing

NanoNEXT 7(1) (2026) 85-103

samarium content confirms that doping effectively
enhances both electronic conductivity and ionic
mobility within the electrode material [32]. The EIS
results are in strong agreement with the cyclic
voltammetry and galvanostatic charge—discharge
analyses, where the rGO/V20s5:Sm3+ (7 wt.%)
electrode exhibited the highest specific capacitance
and superior rate capability. The combined
electrochemical findings demonstrate that samarium
doping and graphene hybridization significantly
improve charge transport properties, making the
nanocomposite an efficient electrode material for high-
performance supercapacitor applications.

3.7 Antibacterial Activity

The antibacterial activity of rGO/Pure V20s and
Sm3+-doped rGO/V20s (7 wt. %) nanocomposites was
evaluated against Escherichia coli and Staphylococcus
aureus using the agar well diffusion method at
different dosage at the concentration of 1mg/mL (10,
30, and 50 pL). The rGO/Pure V205 composite
exhibited moderate activity against Escherichia coli
with zones of inhibition measuring approximately 5
mm, 8 mm, and 15 mm for 10, 30, and 50 L,
respectively. Staphylococcus aureus, showing inhibition
zones of 4 mm and 5 mm at lower concentrations and
a maximum zone of 25 mm at 50-uL dosage.
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Figure 11. Antibacterial activity of (a) rGO/Pure V20 and (b) Sm3+-doped rGO/V20s against human
pathogenic bacteria

The Sms3+-doped rGO/V20s (7 wt.%)
nanocomposite demonstrated significantly enhanced
antibacterial efficacy against both bacterial strains, with
inhibition zones of 9 mm, 17 mm, and 20 mm for
Escherichia coli and 9 mm, 16 mm, and 27 mm for
Staphylococcus aureus at 10, 30, and 50 L,
respectively. The positive control exhibited consistent
and distinct inhibition zones, confirming the reliability
of the experimental conditions. Overall, the results
indicate that Sm3+ doping substantially improves the
antibacterial  performance of the rGO/V20s
nanocomposite against both Gram-negative and Gram-
positive bacteria, on the dosage depended manner
(Figure 11).

The presence of reduced graphene oxide (rGO)
plays a crucial role in enhancing antibacterial
performance by acting as an electron acceptor and

—
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transporter, thereby suppressing charge recombination
and amplifying ROS production [15,17]. The large
surface area of rGO also promotes strong physical
interactions with bacterial cell walls, facilitating close
contact between the nanocomposite and microbial
cells. This interaction can lead to mechanical stress and
direct membrane damage, resulting in increased
permeability, leakage of intracellular components, and
eventual cell death [16, 33]. The enhanced
antibacterial activity observed for the Sm3+-doped
rGO/V20s (7 wt.%) nanocomposite against Escherichia
coli and Staphylococcus aureus can be attributed to
synergistic effect and interactions of nanocomposite
and the bacterial cell membrane, which leads the
potential antibacterial activity against test pathogens
[20, 14]. In the present study indicates the dose
dependent antibacterial activity suggests that increased
nanocomposite dosage enhances ROS accumulation

Page 99 of 103



Vol 7 Iss 1 Year 2026

Senthil Kumar Nagarajan et al., /2026

and intensifies membrane disruption effects. Overall,
the maximum activity of the Sm3+-doped rGO/V20s
nanocomposite is attributed to a combined mechanism
involving oxidative stress mediated by ROS, efficient
charge separation facilitated by rGO, and direct
physical damage to bacterial membranes, making it a
promising candidate for biomedical and cosmeceutical
applications.

5. Conclusion and Future Perspectives

In this study, rGO/V20s and samarium-doped
rGO/V20s5:Sm3+ nanocomposites with different dopant
concentrations were successfully synthesized using a
simple co-precipitation method followed by thermal
treatment. Structural characterization using X-ray
diffraction confirmed the formation of orthorhombic
V205 with good crystallinity and phase purity. The
calculated  crystallite  sizes ranged  between
approximately 66 nm and 87 nm, indicating nanoscale
structural  features that are beneficial for
electrochemical applications. Slight variations in lattice
parameters and microstrain values were observed with
increasing Sm3+ doping concentration, suggesting that
samarium ions were successfully incorporated into the
V20s lattice. Morphological investigations using SEM
and HR-TEM revealed that the synthesized
nanocomposites possess a rod-like nanostructure
distributed over reduced graphene oxide sheets. The
formation of this hybrid architecture provides a
conductive network that enhances electron transport
while also preventing nanoparticle aggregation. Energy
dispersive spectroscopy further confirmed the presence
of vanadium, oxygen, samarium, and carbon elements
with uniform distribution throughout the composite
structure.

Electrochemical studies carried out using cyclic
voltammetry demonstrated clear pseudocapacitive
behaviour associated with reversible Faradaic redox
reactions. Among the prepared samples, the
rGO/V20s5:Sm3+ nanocomposite containing 7 wt.%
samarium exhibited the highest specific capacitance of
approximately 386.70 F g-i. This enhanced
performance is attributed to the combined effects of
graphene-assisted electrical conductivity, rare-earth-
induced lattice modification, and the nanorod
morphology of V20s. The electrode material also
displayed good electrochemical stability during
repeated cycling, indicating its suitability for practical
supercapacitor applications. The results obtained in this
work demonstrate that rare-earth doping combined
with graphene hybridization is an effective strategy for

NanoNEXT 7(1) (2026) 85-103

improving the electrochemical performance of
transition metal oxide electrodes. The rGO/V205:Sm3+
nanocomposite developed in this study shows
promising characteristics for use in next-generation
energy storage devices, particularly in high-power
supercapacitor systems. Future research could further
improve the performance of such nanocomposite
electrodes by optimizing synthesis parameters,
exploring other rare-earth dopants, and investigating
different graphene loading ratios. In addition,
advanced electrochemical analyses such as
galvanostatic charge—discharge measurements,
electrochemical impedance spectroscopy, and long-
term cycling tests would provide deeper insight into the
charge storage mechanism and stability of these
materials. Such studies would contribute to the
development of more efficient and durable electrode
materials for sustainable energy storage technologies.
The Sm3+-doped rGO/V20s (7 wt. %) nanocomposite
showed a much stronger antibacterial effect against
both bacterial strains. At 50 pL, the inhibition zones
were 20 mm for Escherichia coli and 27 mm for
Staphylococcus aureus. The positive control showed
clear and consistent inhibition zones, which proved that
the experimental conditions were reliable. In general,
the results show that Sm3+ doping greatly improves
the antibacterial activity of the rGO/V20s
nanocomposite against both Gram-negative and Gram-
positive bacteria, depending on the dose. The highest
activity of the Sm3+-doped rGO/V20s nanocomposite is
due to a combination of oxidative stress caused by
ROS, efficient charge separation caused by rGO, and
direct physical damage to bacterial membranes. This
makes it a good candidate for use in medicine and
cosmetics.
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