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ABSTRACT: High-performance hybrid supercapacitors (HSCs)
have been developed by combining two different electrode
materials with wide potentials and long cycling stabilities. To
develop high-performance HSCs, molybdenum vanadium oxide
(MVO) was hybridized with graphene oxide (GO). The system of
hydrothermal chemical pathways was used to synthesize the
MVO/rGO (MVOG) nanohybrid material. The optimal MVOG
achieves the highest specific capacity of 714.85 C/g compared to
the bare MVO of 270.73 C/g at a sweep rate of 2 mV/s. The HSC
was fabricated with two electrodes, namely, optimal MVOG and
rGO as cathode and anode, respectively. The HSCs exhibit a maximum capacity of 185.06 C/g, with an operating potential of 1.5 V
in 2 M KOH, with a maximum energy and power density of 38.55 Wh/kg and 2434.38 W/kg, respectively. The investigation
conducted in this study reveals that the hybridization of MVO with GO enhances the physiochemical and electrochemical
properties. The prepared MVOG electrode shows a 3-fold increase in supercapacitive efficiency compared to the MVO electrode.
Different nanohybrids using ternary metal oxides with rGO can be developed by the same chemical route and hybridization method.

1. INTRODUCTION
Hybrid supercapacitors (HSCs) represent a promising class of
energy storage devices that amalgamate the advantages of both
conventional supercapacitors and batteries. These devices have
garnered significant attention in recent years owing to their
potential to address the limitations of existing energy storage
technologies.1 The development of high-performance HSC has
been the focus of research, because of the increasing demand
for efficient energy storage systems. A promising approach to
enhance the electrochemical performance of these devices is
the development of nanohybrid materials by combining
transition metal oxides with reduced graphene oxide (rGO).2

Recent developments in the field of energy storage devices,
electronic-based communications, memory devices, electric
vehicles, and the use of high power in a very short time are all
related to electrochemical purposes.3 HSC have recently
received attention because of the demand for integrated
energy storage and conversion systems.4,5 Hybrid super-
capacitors offer high power density similar to conventional
supercapacitors, along with improved energy density com-
parable to batteries, making them ideal candidates for various
applications ranging from portable electronics to electric
vehicles and grid-level energy storage systems.6

Recent progress in hybrid supercapacitor research and
development has led to significant advancements in materials
science, device architecture, and performance optimization.
Novel electrode materials, electrolyte formulations, and

fabrication techniques have emerged that enable enhanced
energy storage capabilities, improved cycle life, and superior
electrochemical performance. Moreover, advancements in
nanotechnology and additive manufacturing have facilitated
the precise engineering of hybrid supercapacitor components
at the nanoscale, further enhancing their efficiency and
scalability.7

Despite the remarkable progress achieved in the field, several
challenges remain to be addressed to fully unlock the potential
of hybrid supercapacitors. Key challenges include the develop-
ment of cost-effective and environmentally sustainable
materials, optimization of electrode−electrolyte interfaces to
minimize internal resistance and maximize energy storage
capacity, and improvement of device stability and durability
over prolonged cycling. Additionally, the scalability of
manufacturing processes and the integration of hybrid
supercapacitors into existing energy storage infrastructures
present logistical and technological challenges that require
innovative solutions.8
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To improve the energy density and long life, several binary
metal oxides have been studied. For example, MnCo2O4 has a
specific capacity of 126 C/g at 1A/g,9 NiFe2O4 using urea as a
precipitant shows the maximum capacity of 337.26 C/g at 1 A/
g,10 and the hierarchical mesoporous structure of NiCo2O4
possesses an outstanding 1006 C/g capacity at 1 A/g. Even at
10 A/g, the material exhibits a 451.5 C/g specific capacity.11

The mesoporous Co−Ni−Zn ternary oxide nanosheet shows a
mesoporous structure (75.4 m2/g), with specific capacity of
1172.2 C/g at 1 A/g, and high-capacity retention of 78.8%
over 2500 cycles, respectively.12 These materials exhibit
excellent electronic conductivity, enhanced structural stability,
and ability to tune redox potentials.13 Still, binary metal oxides
have certain limitations, poor conductivity, and low surface
area when used alone. The integration of binary metal oxides
with other materials, such as nitrogen-doped graphene and
conducting polymers, further enhances their properties. Hence,
to enhance the performance of SCs, many molybdenum- and
vanadium-based binary metal oxides have been studied.14

Electrochemical performance of α-MnMoO4 with different
electrolytes was studied, and the maximum specific capacitance
was 1297.4 C/g at 5 mV/s in H2SO4 electrolyte.15 The
catalyst-free growth of single-crystalline β-Na0.33V2O4 nanowire
shows a specific capacity of 415 C/g at 0.4 A/g.16 Until today,
SC application reports based on molybdenum vanadium oxides
are rare.

HSCs are fabricated using a combination of a porous carbon
electrode and metal oxides, conducting polymers, or metal-
doped carbons. This electrode setup, which combines a high-
pseudocapacitance electrode with a high-double-layer-capaci-
tance electrode, produces high specific powers and energy
densities.17 The electrochemical performance mainly depends
on the structural and electronic properties of the material.18

Due to their maximum capacity, energy, and power density, as
well as excellent cycling stability, HSCs are the most attractive
devices. Nanocomposite-based HSCs provide higher specific
capacities than electric double-layer capacitors (EDLC) and
pseudocapacitors due to the two types of electrode materials
containing different charge storage characteristics.19 Currently,
researchers are successfully developing HSC devices with a
wide operating potential range, good cycling stability, and
improved electrochemical behavior. Furthermore, nanocom-
posite materials can increase the surface area, providing
numerous electrochemically active sites. rGO has superior
electrical properties; hence, it has been used in SC, lithium-ion
batteries, and stretchable electronics.20

So far, various nanohybrid materials based on metal oxide
and rGO have been used, including an rGO//BiVO4 fern-like
hybrid nanostructure with a specific capacitance 241.6 C/g at
0.15 mA/cm2.21 The α-MnCo2O4@NiMoO4//Activated car-
bon device produces 42 Wh/kg energy density and 852.3 W/
kg power density with 93% capacity retention over 8000
cycles.22 Similarly, the asymmetric supercapacitor device α-
Fe2O3/NiO/rGO produces 35.38 Wh/kg energy density at
558.6 W/kg and retains 94.52% capacity over 5000 cycles at 1
A/g23 and the synergistic impact of Ppy additive in rGO/
MnFe2O4/Ppy shows a specific capacity of 232 C/g.24 Also,
the asymmetric α-Fe2O3/MnO2/rGO device delivers an energy
density of 13.2 Wh/kg at a power density of 6124 W/kg with
92% capacitance retention over 5000 cycles at 10 A/g and a
specific capacity of 135.8 C/g at 1 A/g.25 The aforementioned
results indicate that hybrid materials can be used as efficient
electrodes in HSC applications to create reliable, high-rate

capability, high specific capacity, good power density, durable
life, and efficient energy storage devices.

Vanadium oxide (VO) exhibits a high specific capacity of
1474 mAh/g for Li+ intercalation, but it suffers from low
conductivity and stability during cycling.26 Also, the
molybdenum oxides (MoO2 and MoO3) show high theoretical
specific capacities of about 838 mAh/g for dioxide and 1117
mAh/g for trioxides.27 Molybdenum is a well-known multi-
valent element, with oxidation states ranging from −2 to +6. It
exhibits a similar redox potential to vanadium and compatible
crystallographic characteristics, such as compatible ionic radii
and coordination.28 Thus, ternary material based on
molybdenum−vanadium oxide (MVO) provides redox cou-
ples, and it can help in intercalation/deintercalation processes
and also reduce the charge/ion transfer path length during the
process, which can lead to improvement in electrochemical
performance.29 Thus, the motive behind the choice of MVO is
to achieve very high specific capacity. By synthesizing
nanohybrid materials, MVO-rGO (MVOG) can overall
improve the electrochemical performance as per the research
studied so far.

This paper aims to explore and demonstrate a single step
hydrothermal synthesis method for synthesizing nanohybrid
materials such as the Mo−V oxide and rGO. The primary
focus of this synthesis approach is to synthesize materials with
enhanced electrochemical properties suitable for high-perform-
ance hybrid supercapacitors. This article intends to investigate
the structural, morphological, and electrochemical character-
istics of the synthesized nanohybrid material. This inves-
tigation includes detailed analyses of the structure and
composition of the hybrid material. Additionally, the electro-
chemical performance of the resulting hybrid material,
including its specific capacitance, cycling stability, and rate
capability, was thoroughly evaluated.

Overall, the research paper seeks to contribute to the
advancement of supercapacitor technology by presenting a
viable synthesis route for nanohybrid materials that offer
improved energy storage capabilities. These materials hold
promise for various energy storage applications. In this study, a
simple, single-step hydrothermal chemical route method was
utilized to synthesize MVO and MVOG nanohybrids. The
advantage of this synthesis method lies in the simultaneous
reduction of GO to rGO and the synthesis of MVO, with the
growth and size of nanoparticles easily controllable by varying
the deposition parameters. The effects of different amounts of
GO solutions (5, 10, and 15 wt %) in bare MVO were
successfully hybridized, and the prepared MVOG nanohybrid
electrodes were further studied for physicochemical and
electrochemical performance. Hybrid MVOG and rGO
nanosheets were employed as positive and negative electrodes
in the fabrication of the HSC device. To the best of our
knowledge, the MVOG nanohybrid material has been tested
for supercapacitor application for the first time.

2. MATERIALS AND METHODS
2.1. Materials. Analytical reagents ammonium metavanadate

[NH4VO3] ACS reagent ≥99.0%, ammonium heptamolybdate
[(NH4)6Mo7O24·4H2O] ACS reagent ≥99.5%, tartaric acid
[C4H6O6], and nitric acid [HNO3] were purchased from S D Fine
Chem Limited (SFCL). Highly dispersed graphene oxide, potassium
hydroxide (KOH) purity ≥99.99%, polyvinylidene difluoride [PVDF]
(CH2CF2)n with a purity >99.90%, Ni foam with a purity >99.90% (3
× 10 × 50 mm3), and doubled distilled water purity >99.9% were
purchased from Sigma Aldrich and used to prepare the electrode
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without further purification. The details of chemicals are discussed in
note S1 of the Supporting Information.
2.2. Methods (Preparation of MVOG Nanohybrids). The

glassware was cleaned with care. Tartaric acid [C4H6O6] is added to
80 mL of distilled water to dissolve 0.01 M ammonium metavanadate
[NH4VO3]. The mixture was stirred until all of the solute’s particles
were dissolved in the water. After that, a few drops of nitric acid
[HNO3] and 0.01 M ammonium heptamolybdate [(NH4)6Mo7O24·
4H2O] were added to the solution until becomes PH 3. The resulting
mixture was continually stirred until it was a clear yellow color. The
resulting mixture was then put in a 120 mL Teflon bottle and tightly
sealed in the autoclave. After that, the autoclave was placed in a
heating reactor for a 12 h reaction period with a 180 °C temperature
maintained. The dark blue/black colored solution was filtered out
after cooling, and a dark blue/black colored powder was collected.
The collected powder was then subjected to a 4 h annealing process at
400 °C for further characterization needs. In order to prepare the
MVOG nanohybrid materials, GO solution (5 mg/mL) was added to
the above obtained solution under the same experimental conditions.
The detailed chemical reaction for synthesis of MVO is described in
Supporting Information note S2.
2.3. Material Characterization and Electrochemical Anal-

ysis. Various characterization techniques were used to study the
physiochemical and electrochemical properties of the MVO and
MVOG nanohybrids. Importantly, an X-ray powder diffractometer
(Cu Kα λ = 1.54 Å) was used to investigate the crystalline phase and
structural properties of the prepared nanohybrid materials. Scanning
electron microscopy (SEM) was used to analyze the surface of the
nanohybrid materials. Energy dispersive spectroscopy (EDS) was
employed for elemental composition analysis and mapping. High-
resolution transmission electron spectroscopy (HR-TEM) was used
to detect the atomic structure of the samples with high resolution.
The X-ray photoelectron spectroscopy (XPS) technique was utilized
to study the surface chemistry and chemical states. The BET
technique was used to analyze the surface and porosity of the material.
A Bio-Logic 150 potentiostat was used to analyze the electrochemical
properties of samples in 2- and 3-electrode systems. The details about
the Characterization techniques are discussed in note S4 of the
Supporting Information.

3. RESULT AND DISCUSSION
3.1. Physiochemical Properties of MVO and MVOG.

By preparing several nanohybrids using varied proportions of
GO (5, 10, and 15 mL), the hybridization capacity of MVO
was examined. The resulting MVOG nanohybrids were
designated MVOG-1, MVOG-2, and MVOG-3, respectively.
Figure 1(a) shows the X-ray diffraction (XRD) analysis of bare

MVO and MVOG nanohybrids. The most intense peak is
observed at angle 2θ = 21.270°, which belongs to the (001)
plane. The X’pert high score plus software was used to identify
and match the peaks. Additionally, we get the information
regarding phase and crystallinity of MVO and MVOG
nanohybrid materials.

The empirical formula/chemical formula of the compound
formed is Mo0.56V1.44O5 (molybdenum vanadium oxide) and
shows nonstoichiometry. The XRD pattern of MVO and
MVOG nanocomposites shows the same stoichiometry with
ICSD card number 01-073-1822 and the space group C2(5)
indicates that the crystal surface is predominant in the
monoclinic crystal structure for all MVO and MVOG-1, -2,
and -3 nanohybrids. The majority of high-intensity peaks were
matched with the standard data. Also, some minor intensity
peaks were observed, and this may correspond to incoherent
scattering of incident X-rays with the impurities atoms present
in the sample.30

The d spacing values are calculated from X-ray diffraction
pattern using the Bragg’s equation

=d
n

2 sin (1)

The interplanar spacings for each plane were calculated and are
represented in Table S1. Particularly for the planes (110) and
(400), the d values are 0.3463 and 0.2934 nm, respectively.
This d value exactly matches with interplanar spacing using
HRTEM.

The role of rGO in the MVOG composite is to enhance the
conductivity and, thereby, enhance the energy density of the
hybrid material by increasing the number of active sites in the
MVO material. This clearly indicated that rGO did not alter
the MVO crystal structure.31 The existence of each of these
diffraction peaks demonstrates the polycrystalline nature of the
prepared MVO and MVOG nanohybrids. The rGO peaks are
absent in the XRD patterns; hence, XPS spectroscopy was
investigated to confirm the hybridized MVO with rGO.

Figure 1(b) shows the FTIR spectra of all MVOG
nanohybrid materials and confirms the formation of nano-
hybrid materials with the presence of the functional groups in
the samples. The band at 534 cm−1 has been assigned to the
symmetric vibrational bonds for V−O−V.32 The presence of
absorption peak at 920 cm−1 indicates the presence of V4+.33

The absorption peak at 981 cm−1 is assigned to the Mo-
terminal oxygen linked with two or three Mo atoms
(asymmetric stretching of Mo2−O)34 and the peak at 1417
cm−1 is assigned to C−C functional moieties of the graphene
nanosheet. The small absorption bands at 3427 and 3210 cm−1

are attributed to the O−H stretching and to the N−H
symmetric stretching, respectively.35

3.2. XPS Analysis. The elaborated details regarding
elemental composition and various oxidation states of MVO
and MVOG electrodes are characterized by XPS study and
Figure S1(a), the complete survey spectrum of MVO and
MVOG nanohybrids shows the presence of Mo, V, O, and C
elements in the samples. Figure 2(a) represents the Mo 3d X-
ray emission spectrum in MVOG-2, and Figures S1(b), S2(a),
and S3(a) represent Mo 3d XPS fitting for MVO, MVOG-1,
and MVOG-3 samples, respectively. It comprises two spin−
orbit doublet peaks. The high-resolution X-ray emission
spectra are fitted using the Voigt function with the help of
Origin software. The fitted XPS peaks of Mo 3d in MVOG-2
with binding energies of 229.8, 231.16, and 232.64 eV are
assigned to Mo4+ 3d5/2, Mo5+ 3d5/2, and Mo5+ 3d5/2. Also, the
binding energies 233, 234.5, and 236.1 eV are attributed to
Mo4+ 3d3/2, Mo5+ 3d3/2, and Mo5+ 3d3/2.

36 The binding energy
difference between corresponding Mo 3d3/2 and Mo 3d5/2 is in
the range 3.1−3.5 eV and details are shown in Table S2. As a
result of multiple oxidation states existing in Mo 3d, it can

Figure 1. (a) XRD spectra and (b) FTIR of MVO and MVOG
nanohybrids materials.
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transfer multiple electrons to enhance Faradaic redox processes
and prolong discharge time. The most stable oxidation state of
Mo is the Mo4+ 3d state. The full width at half-maximum
(FWHM) value of the Mo4+ 3d state decreases in the case of
MVOG-2 as compared with that of MVO and thereby
increases in % relative peak intensity. It is observed that
there is a slight shift in the position of Mo 3d oxidation peaks
in MVOG, and this shift may be due to hybridization of MVO
with rGO. Also, the binding energies corresponding to
different oxidation states, FWHM of individual oxidation
peaks, and % relative peak intensity are shown in Table S3. In
addition, due to hybridization of MVO with rGO, the %
relative peak intensity in MVOG is higher as compare with that
of MVO.37

Figure 2(b) shows the high-resolution X-ray spectrum of the
V 2p state in the MVOG-2 sample. Also, the XPS spectrum of
V 2p of MVO, MVOG-1, and MVOG-3 is shown in Figures
S1(c), S2(b), and S3(b), respectively. The fitted XPS peaks of
V 2p in the MVOG-2 sample have binding energies 514.87,
151.67, 516.53, 516.75, 522.52, and 524.33 eV assigned to V3+

2p3/2 (hydroxide), V3+ 2p3/2 (oxide), V4+ 2p3/2, V5+2 p3/2, V
2p1/2 (I), and V 2p1/2 (II).38 Vanadium also consists of four
different oxidation states. The most stable state of V 2p is V4+

2p3/2 with a B.E. 516 eV.39 The binding energies
corresponding to different oxidation states, FWHM of
individual oxidation peaks, and % relative peak intensity are
shown in Table S4. It is observed that the peak intensity of the
most stable V 2p state in MVOG-2 is increased as compared
with those of MVO, MVOG-1, and MVOG-3 due to
hybridization. Also, the FWHM value decreases, thereby
increasing the % relative peak intensity. Figure 2(c) shows
the XPS spectrum of O 1s of the MVOG-2 nanohybrid
material. The B.E. values 531, 531.5, and 533.3 eV correspond
to C−O, C−O�H, and bonding due to the chemical
environment in the MVOG-2 sample.40 In addition, the XPS
spectra of O 1s of MVO, MVOG-1, and MVOG-3 are shown
in Figures S1(d), S2(c), and S3(c), respectively. The FWHM
values and % relative intensity of MVO and MVOG-2 for O 1s
are shown in Table S5. Figure 2(d) represents the fitted XPS
spectrum of C 1s in the MVOG-2 sample. The B.E. values
284.99, 285.79, and 288.21 eV are attributed to C−C, C−O−
C, and O−C�C.41 Also, the XPS spectra of C 1s of MVOG-1
and MVOG-3 are shown in Figures S2(d) and S3(d),

respectively. It was found that the peak intensity of the
optimized MVOG-2 nanohybrid was higher than that of the
MVO and MVOG-1 and MVOG-3 nanohybrids. This was
caused by the fact that there were more atoms in each of the
oxidation states and that more of them diffused toward the
surface, increasing the peak intensity.42 The quantitative
analysis of MVO, MVOG-1, MVOG-2, and MVOG-3 is
represented in Tables S6−S9. Also, the carbon to oxygen ratio
is calculated from atomic % using XPS, and it is observed that
for MVOG-2, the C/O ratio is 1.098, which is the maximum as
compared to those of MOG-1 and MOG-3, as mentioned in
Table S10.
3.3. Morphological Analysis. The morphological study of

the MVO and MVOG nanohybrid materials was investigated
to determine the crystal sizes and shapes analyzed by scanning
electron microscopy (SEM). Figure 3(a) represents the SEM

MVO image, which shows a flower-like morphology at a
resolution of 5 μm. These flowers are formed by connecting
the nanostrips during hydrothermal synthesis. Similarly, the
nanohybrid MVOG-2 shows the morphology of the dispersed
nanostrips (like dispersed flower petals) wrapped with the
layered rGO nanosheet with a resolution of 5 μm depicted in
Figure 3(b). The elemental composition, distribution, and
EDS spectrum in the nanohybrid MVOG-2 were investigated
by EDS and are shown in Figure S4. All elements (Mo, V, O,
and C) are uniformly distributed over the entire scanned area,
indicating homogeneous hybridization of MVO and rGO.
Elemental compositions of MVO using EDAX are depicted in
Table S11.

Figure 3(c,e) shows the HR-TEM image of the MVO and
MVOG-2 nanohybrid at a resolution of 1 nm. This technique
is used to examine the growth crystal structures and shapes.43

Figure 3(d) also shows the TEM images of MVOG at a high
resolution of 1 nm, which clearly shows the atomic planes with
a d spacing of 0.347 nm, which corresponds to the (110) plane
as compared with XRD data. The magnified image of the TEM
image with d spacing is calculated using Gatan software. Figure
3(e) shows the aligned lattice fringes with the observed lattice
spacing value d equal to 0.293 nm, which corresponds to the
(400) lattice plane, confirmed by the XRD diffraction pattern.
Similarly, Figure S5(a,b) shows the HRTEM image of MVO
and MVOG-2 at 0.5 μm resolution. Figure S5(c,d) shows the
HRTEM image of MVO and MVOG-2 at 100 nm resolution.
Figure S5(e,f) represents the selected area diffraction pattern
(SAED) with hkl planes indexed for the MVO and MVOG-2
nanohybrid at resolution 10 (nm)−1. The live profile of the
interplanar d spacing of MVOG-2 is shown in Figure S6(a,b).

Figure 2. High-resolution XPS spectra of MVOG-2 nanohybrid, (a)
Mo 3d, (b) V 2p, (c) O 1s, and (d) C 1s.

Figure 3. SEM images of (a) MVO and (b) MVOG-2, at 5 μm
resolution. HR-TEM images of (c) MVO and (d) d-spacing for MVO
sample and of (e) MVOG-2 and (f) d-spacing for MVOG-2 sample at
1 nm resolution.
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The quantitative SAED analysis of MVOG-2 nanohybrid is
done with the help of ImageJ software, and the detail
calculation is provided in Table S12. Figures S7 and S8
represents the EDS elemental line mapping of the MVOG-2
nanohybrid using HR-TEM. The quantitative analysis of
MVOG-2 using HRTEM line mapping table is shown in
Table S13.
3.4. Electrochemical Measurements. The electrochem-

ical analysis of the bare MVO and MVOG nanohybrid
composite was performed using a three-electrode system.
MVO/MVOG is used as the working electrode, Pt chip as the
counter electrode, and E vs (Ag/AgCl)/V as the reference
electrode, respectively. The detailed preparation of the reduced
graphene oxide (rGO) electrode is described in Supporting
Information note S3. Combined cyclic voltammetry (CV)
graphs of the MVO and MVOG nanohybrids at a sweep rate of
10 mV/s in the 2 M KOH electrolyte are shown in Figure 4(a).
The optimal MVOG-2 electrode shows high capacity
compared to other electrodes, which is confirmed by the
larger area under the graphs. Figure 4(b,c) represents CV
graphs for bare MVO and MVOG-2 at sweep rates from 2 to
14 mV/s with a potential of 0.6 V having a range from −0.1 to
+0.5 V. Thus, the hybridization of MVO with rGO raises the
current density as compared to bare MVO. This increase in
current density results from the increase in the number of
conducting channels, low internal resistance, increase in the
porosity of the composite material, and the flow of ions
between the electrodes and the electrolyte.44

All MVO and MVOG nanohybrid electrodes exhibit specific
redox pairs associated with Faradaic reversible redox responses
ranging from MoV2O5 to MoV2O5−xOHx. The prominent
redox pair, occurring between approximately 0.195 and 0.336
Ag/AgCl (V), corresponds to reversible redox reactions
involving Mo5+ to Mo4+ transformations. Conversely, the
predominant redox pair within the potential range 0.238−
0.3830 V in MoV2O5 is attributed to the redox reaction linked
to Mo6+ to Mo5+ transformation, as shown in Figure S18.
These redox pairs signify the intercalation of OH− ions into
the MVO matrix during charging, while deintercalation of

electrolyte ions occurs during discharging, as illustrated in the
following reaction45

+ +x xMoV O OH MoV O OH ex x2 5 2 5 (2)

Also, the CV analysis at sweep rates from 2 to 14 mV/s with a
potential of 0.6 V having a range −0.1 to +0.5 V for the
MVOG-1 and MVOG-2 nanohybrid electrodes is shown in
Figure S9(a,b) respectively. The CV graphs for these electrode
materials exhibit redox peaks, and the shapes are not
rectangular, indicating pseudocapacitive charge storage mech-
anisms. As a result of hybridization, an increase in the area
under the CV graphs is observed (increase in the current and
broadening of redox peaks). The difference between the
positive and negative potential (ΔEc,a) is 150.8, 159.2, 188.4,
and 203.5 mV corresponding to MVO, MVOG-1, MVOG-2,
and MVOG-3. Thus, MVOG-2 (ΔEc,a) is smaller compared to
the rest of the electrodes, indicating that it shows high
reversibility in electrochemical redox reactions. The current
response and (ΔEc,a) of these electrodes increase with the
sweep rates.46 The cathodic and anodic peaks shifted toward
positive and negative potentials due to the combined effect of
capacitive-controlled and diffusion-controlled currents.

At higher scan rates, the charge storage behavior is mainly
dominated by the surface-controlled, i.e., capacitive-controlled,
process, while at low scan rate, the diffusion-controlled process
predominates.47 As per power law, understanding the electro-
chemical kinetics using the cyclic voltammetry is provided by48

=i avb (3)

where i is the peak current value, a and b are tunable constants,
and v is the scan rate. Typically, a b value of 0.5 signifies a
diffusion-controlled process, while a b value of 1 indicates a
capacitive-controlled process. Figure 5(a) represents the CV of
MVO at scan rates 2−14 mV/s and corresponding peak anodic
and cathodic current values.

The b value is calculated from the graph of log i versus log v,
as shown in Figure 5(b). The list of the diffusion coefficients in
oxidation and reduction, along with the b values for MVO and
MVOG materials, are tabulated in Table S15. The obtained b
value of MVO is 0.59, which indicates both capacitive-

Figure 4. Cyclic voltammograms of (a) MVO and MVOG-2 nanohybrids at a sweep rate of 10 mV/s, (b) MVO and (c) MVOG-2 electrodes at
sweep rates (2−14 mV/s), and galvanostatic charge−discharge graphs of (d) MVO and (e) MVOG-2 at current densities ranging from 2 to 6 A/g.
(f) Specific capacities of MVO and MVOG nanohybrids at various current densities.
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controlled and diffusion-controlled processes are active but
slightly dominate the capacitive-controlled process due to the
pseudocapacitive nature of the MVO material. While b values
for MVOG decreases with increase of GO concentration,
which suggests that the process is shifting toward diffusion-
controlled.49 The detailed quantitative analysis of diffusion and
capacitive contribution is analyzed by Dunn method using
following equation

= +i k v k v1 2
1/2 (4)

where k1 and k2 are parameters, k1v corresponds to the
capacitive-controlled current, and k2v1/2 corresponds to the
diffusion-controlled current.

At higher scan rates the rapid electron/ion transport and
intercalation/deintercalation processes favor capacitive behav-
ior, where charge accumulation and release occur more readily
on the electrode surface and vice versa with diffusion-
controlled processes. It involves slower mass transport within
the electrode materials and becomes relatively less significant
at elevated scan rates. Consequently, capacitive components
predominate over diffusion-controlled components in the
MVO and MVOG materials. Figure 5(c) shows the capacitive
contribution CV area at 2 mV/s, which is about 2.9% of the
total area. Also, Figure 5(d) shows the proportional
contribution of capacitive and diffusion-dominant capacities
at diverse scan rates. Tables S16 and S17 shows that with
increase in scan rates capacitive-controlled process is
dominating to diffusion-controlled process for anodic as
cathodic peaks. Figure S10(a) shows the variation of cathodic
and anodic peak current with square root of scan rate and
Figure S10(b) corresponding linear fitting of MVO, MVOG-1,
MVOG-2, and MVOG-3, respectively. Similarly, the contribu-
tion of diffusion-controlled current and capacitive-controlled
current for MVO, MVOG-1, and MVOG-3 are shown in
Figures S11, S12, and S13, respectively.

The optimized MVOG-2 nanohybrid electrode shows a
capacity of 714.8 C/g at a sweep rate of 2 mV/s due to the
presence of 3 wt % GO in the MVOG-2 nanohybrid. The
increase in MVOG conductivity results from the uniform
distribution of MVO with rGO.50,51 The specific capacity
calculations are carried out with the help of equations as shown
in Supporting Information note S6.

The investigation of the electrochemical performance of the
MVO and MVOG nanohybrid electrodes were carried out by
galvanostatic charge−discharge (GCD) and electrochemical
impedance spectroscopy (EIS). Figure 4(d,e) and Figure
S9(c,d) illustrate the GCD graphs of MVO and MVOG-2,
MVOG-1, and MVOG-3 at (2−6 A/g), respectively. The
MVO, MVOG-1, and optimized MVOG-2 and MVOG-3
capacity values were 188.86, 350.19, 796.25, and 543.13 C/g at
2 A/g, respectively. The MVOG nanohybrid electrode shows
better electrochemical performance than MVO due to the
incorporation of reduced graphene oxide into the host
material.52 A similar study of the Mo-doped V2O5 material
was carried out for the lithium-ion battery,53,54 due to the
battery-type nature of MVO materials. On the other hand,
rGO has high electrical conductivity, which provides high
charge mobility to the attached MVO particles.55

rGO acts as an EDLC electrode material, synergistically
enhancing the performance of the MVOG composite.
However, increasing the mass loading of rGO leads to a
reduction in the contribution of MVO particles to the overall
capacity. This phenomenon is commonly observed in various
graphene-based supercapacitors, where excessive rGO impedes
ion and charge mobility, thereby diminishing charge storage
capacity.56 Consequently, MVOG-2 demonstrates superior
electrochemical performance compared to those of MVOG-1
and MVOG-3. In the case of MVOG-3, where the GO solution
volume was increased to 15 mL, a decline in electrochemical
performance was observed relative to MVOG-2. This
reduction is likely due to the excessive GO masking of the
active sites of the MVO component, hindering its effectiveness.
This highlights the importance of optimizing the balance
between the rGO and MVO components to maximize the
electrochemical performance of the composite.

Electrochemical results of the present 3-electrode system
and various previously reported energy storage materials are
shown in Table S14. Figure 4(f) shows the response of the
specific capacity (C/g) with the current density (A/g) of the
MVO and MVOG nanohybrid electrodes. Figure S9(e) shows
the capacity retention of bare MVO, MVOG-1, MVOG-2, and
MVOG-3 nanohybrid electrodes using GCD at a 10 A/g for
10,000 cycles. The MVO, MVOG-1, MVOG-2, and MVOG-3
bare nanohybrid retained 85.28%, 89.32%, 93.16%, and 90.73%
of their original capacity, indicating that the nanohybrid
electrodes exhibit appropriate capacity retention. The opti-
mized MVOG-2 nanohybrid electrode shows the maximum
capacity retention compared to those of bare MVO and other
MVOG-1 and MVOG-3 nanohybrid electrodes.

Also, the variation of specific capacity with scan rate is
represented in Figure S9(f). At higher current density and scan
rates, specific capacity decreases due to insufficient dissem-
ination of ions in the MVO and MVOG electrodes. The
specific capacity of all MVOG electrodes is higher than that of
the bare MVO electrode. Among all MVOG electrodes, the
MVOG-2 has the highest specific capacity providing its ability
to charge−discharge quickly. Using the galvanostatic charge−
discharge graphs, the MVO electrode shows a maximum

Figure 5. Electrochemical kinetics measurement of MVOG-2
electrode: (a) CV curves performed at 2−14 mV/s scan rates and
(b) the corresponding linear fitting from (a) cyclic voltammograms
based on log i against log v plots. (c) Capacitive contribution depicted
in blue shadow (red boarder) area at 2 mV/s and (d) proportion
contribution of capacitive and diffusion-dominant capacities at diverse
scan rates.
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capacity of 188.86 C/g at 2 A/g. The optimal MVOG-2
nanohybrid electrode has a capacity of 796.25 C/g at 2 A/g
and retains 67% of its initial value of 535.10 C/g at 6 A/g.
Furthermore, the increase in GO concentration reduces the
value of the specific capacity to 543.13 C/g at 2 A/g. As a
result, hybridization significantly improves the rate capability
and quick charge transport. Thus, the MVOG-2 nanohybrid
material is used to create the HSC device. A comparative table
of CV and charge−discharge (CD) calculations of MVO and
MVOG-1, -2, and -3 electrodes and HSC device is shown in
Table S18.

The electrochemical impedance study of bare MVO and
MVOG nanohybrid electrodes was carried out in the higher
and lower frequency regions, as depicted in Figure S14. From
the studies, the solution resistance (Rs), the charge transfer
resistance Rct, and the Warburg resistance W of all MVOG
hybrid electrodes and bare MVO are shown in Table S19. The
Nyquist graph of MVO and MVOG nanohybrid material does
not exhibit a semicircle at the high-frequency range; hence, the
charge transfer resistance (Rct) is also much less. It is observed
that the values of Rs and Rct for the optimized MVOG-2
electrode are lower than for the MVO, MVOG-1, and MVOG-
3 electrodes, resulting in high charge transfer and conductivity
of the MVOG electrode. In the lower frequency region, the
plot of the MVOG-2 electrode is steeper, resulting in a low W
and higher electrical conductivity among the MVOG electro-
des. This indicates a fast charge transfer and high conductivity
of the MVOG electrodes. Among the MVOG electrodes, the
MVOG-2 electrode shows a higher conductivity. Hence
MVOG-2 was preferred for fabrication of HSC device.
3.5. Hybrid Supercapacitor (HSC). The HSC was

employed to validate the practicality of the MVOG-2
nanohybrid electrode. The electrochemical performance of
HSC was studied using 2-electrode system. In HSC, 2 M KOH
was an electrolyte, and rGO and MVOG-2 were used as the
anode and cathode, respectively. Highly porous glass was used
as a separator. They were all assembled into a portable
electrochemical cell (EC-cell). Thus, the prepared EC-cell is
designated as MVOG//rGO throughout the manuscript. GO

is reduced to rGO in a hydrothermal process and used as an
anode in HSC. The composition of rGO in bare MVOG-2
enhances the electrochemical properties of bare MVO because
of the inherent properties of rGO.57 The CV, GCD, and EIS
were performed for MVOG//rGO (EC-cell). The schematic
representation of the EC-cell is shown in Figure S16. The
energy density can be enhanced by increasing either C or V
using an E = 1/2CV2 equation. In the three electrode setup, the
maximum potential window (V) for MVO and MVOG is 0.6
V. Hence, we fabricate the HSC by adding both electrodes to
the extended window, 0.6 + 1.0 = 1.6 V. Figure S17 shows the
extension of the potential window of MVOG and rGO for a 20
mV/s scan rate. In the HSC, the optimized potential window
of 1.5 V is utilized to enhance the energy and power density.

The CV graph of the rGO electrode is shown in Figure
S15(a), which has a potential window (−1.0 to 0 V) at sweep
rates of 5, 10, 20, 50, and 100 mV/s. The GCD plot of rGO is
shown in Figure S15(b) in the potential window −1.0 to 0 V at
1−8 A/g various current densities. Also, Figure S15(c) shows
the EIS of the rGO electrode. Therefore, the HSC’s optimized
potential window can be 0−1.5 V to obtain the high specific
energy (SE) of the HSC. Figure 6(a) depicts the CV plot at
varying potential windows (1−1.6 V) at a sweep rate of 100
mV/s, to analyze charge storage and charge mobility across the
HSC electrode. Figure 6(b) shows the CV plot of HSC at
sweep rates of 5,10, 20, 40, 60, and 100 mV/s at a potential
window of 1.5 V.

Also, the GCD plots of HSC at different operating potential
windows ranging from 1 to 1.5 V are shown in Figure 6(c).
The HSC GCD plots at 1−5 mA are shown in Figure 6(d) in
an operating potential window of 1.5 V. Figure 6(e) presents
comparative Ragone plots of various reported nanohybrid
materials and the present work. To obtain a high SE value, a
wider and optimized operating potential window was used for
the maximum current response. The HSC exhibits a maximum
energy density of 38.55 Wh/kg (at 1 mA) and a power density
of 2434.38 W/kg (at 5 mA). The HSC device shows a
maximum capacity retention of 90.05% of its original value
over 10,000 cycles at 10 A/g, as shown in Figure 6(f). The

Figure 6. CV plot of HSC at different (a) operating potential windows (1−1.6 V) and (b) sweep rates (5−100 mV/s). GCD plot of HSC at
different (c) operating potential windows (1−1.5 V) and (d) currents (1−5 mA). (e) HSC Ragone graph. (f) Capacity retention of HSC at 10 A/g
using GCD for 10,000 successive cycles.
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SEM analysis of MVO and MVOG-2 electrodes after cyclic
stability over 10,000 cycles is investigated and shown in Figure
S20.

In addition, a comparison table of the energy and power
densities of the reported nanohybrid material is shown in
Table S20. Thus, the electrochemical performance of our HSC
(MVOG) was reported for the first time and exhibits the
superior performance of a supercapacitor. The electrochemical
study of the HSC gives the highest specific capacity of 185.06
C/g at 1 mA. The electrochemical impedance of the HSC
device shows hybridization of MVO with rGO resulting in
higher conductivities. Figure S19(a) represents the variation of
specific capacity with current. Figure S19(b) shows the
Nyquist plot of the MVOG//rGO (EC-cell) and the values
of the equivalent circuits Rs and Rct are 0.6933Ω and 0.682Ω,
respectively. These values are very small, resulting in higher
conductivities.

4. CONCLUSIONS
In this work, MVO and MVOG nanohybrids were successfully
synthesized by the chemical route of the hydrothermal
method. The synthesized MVO nanostructures show a
flower-like morphology, and the MVOG nanohybrids confirm
nanostrips wrapped with rGO nanosheets that increase
porosity, conductivity, and overall electrochemical properties.
Variations in the GO content in MVO are noticeable in the
electrochemical performance of MVOG nanohybrids. The
optimal MVOG-2 electrode exhibits a maximum capacity of
714.85 C/g, which is much higher than the bare MVO of
270.73 C/g at a sweep rate of 2 mV/s. HSC fabrication using
positive and negative MVOG-2 and rGO electrodes was also
used. The HSC delivered the highest capacity of 185.06 C/g at
1 mA and the corresponding maximum energy and power
densities of 38.55 Wh/kg and 2434.38 W/kg, respectively. The
HSC device exhibits an excellent long cyclic stability of 90.05%
over 10,000 successive GCD cycles at 10 A/g. Thus,
hybridization with rGO enhances the overall electrochemical
performance of bare MVO. Hence, using the hydrothermal
method, hybridization of different binary transition metal
oxides with rGO can be prepared.
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