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ABSTRACT: The design and synthesis of structured nanomaterials
with dual properties have always been highly attractive in various
fields, especially in the reduction of environmental pollution as well
as the generation of renewable energy. In this study, the synthesized
ternary V2O5−Fe3O4/rGO nanocomposite was investigated to
evaluate both the photocatalytic and electrocatalytic activities for
the removal of methylene blue (MB) dye under UV/visible light
radiation and oxygen evolution reaction (OER), respectively. The
magnetized V2O5−Fe3O4/rGO nanocomposite is characterized by
TEM, FE-SEM (with coupling by elemental mapping), EDS, XRD,
FTIR, Raman, PL, DRS, and UV−vis analyses. The obtained results
show that the graphene oxide substrate is decorated very well using
Fe3O4 and V2O5 nanoparticles and converted to reduced graphene
oxide (rGO). Furthermore, the V2O5−Fe3O4/rGO nanocomposite is considered as an active catalyst material to modify the
commercial glassy carbon electrode for OER using linear sweep voltammetry (LSV). The photocatalytic activity of this novel
nanocomposite revealed 89.2% (kobs = 1.7 × 10−2 min−1) and 76% (kobs = 8.3 × 10−3 min−1) degradation efficiencies of MB dye
under UV and visible light irradiation at room temperature, respectively, and the surface area of the V2O5−Fe3O4/rGO
nanocomposite was examined to be 705.8 cm2/g by N2 adsorption−desorption isotherms. In addition, electrochemical
measurements determined the best OER performance of the ternary nanocomposite with the lowest overpotential (458 mV) and
Tafel slope (132 mV dec−1) compared to the rGO substrate, Fe3O4, V2O5 nanoparticles, and binary nanocomposites. This work
shows much enhancements in both photocatalytic and electrocatalytic activities due to the synergistic effect of the decorated GO
support with V2O5 and Fe3O4 nanoparticles.

1. INTRODUCTION
Recently, controlled synthesis for the design of 2D multi-
component nanomaterials has drawn a great deal of recent
attention because of enhancing their efficiency for desired
applications compared with single-component nanomaterials.1

When designed multipart materials can exhibit dual
applications, they will certainly become a more critical issue
for further consideration. On the other hand, the design and
synthesis of multicomponent nanocatalysts that are effective in
both photovoltaic and electrochemical fields have always been
of interest to researchers due to environmental issues.2

In the past few years, the negative impact of certain
industrial wastes, particularly dye effluent, on human lives is a
significant contemporary issue, especially with respect to water
pollution.3 Various synthesized heterogeneous catalysts have
been extensively researched to remove pollutants from
industrial wastewater.4,5 Due to the economic and environ-
ment-friendly properties, photocatalytic degradation technol-
ogy is considered as a promising application for organic
wastewater treatment in which organic pollution molecules are
broken down into H2O, CO2, Cl, and so on.

6,7 In the topic of
catalysts, whether photocatalysts or electrocatalysts, the

support of catalysts plays a crucial role in catalytic activities,
especially with synergistic effects, for the desired applica-
tions.8,9

In recent decades, graphene has garnered much attention
among all carbon materials because of the outstanding
properties it possesses, such as an expansive surface area,10

outstanding charge carrier mobility,11 excellent electrical
conductivity at room temperature,12 high thermal conductiv-
ity,13 strong carrier density,14 suitable optical transmittance,12

and chemical stability,15 in addition to its potential applications
in water purification as a supporting template. Graphene oxide
(GO) and reduced graphene oxide (rGO) have been modified
with various functional groups containing carboxyl, epoxy,
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carbonyl, and hydroxyl groups to make them less aggregating
and more dispersing in an aqueous solution.16

Furthermore, the novel hybrid nanocomposites including
metal oxide nanoparticles and GO/rGO support offer a
remarkable potential to enhance the photocatalytic activity
because of a broad range of various physical, chemical, and
mechanical properties.17 Among several metal oxides used to
prepare hybrid nanocomposites, vanadium pentoxide (V2O5)
with a band gap of 2.2 eV has attracted notable interest
because of its inimitable properties like excellent chemical and
thermal stabilities and structure for photocatalytic degradation
applications.18−21 In one of the most recent studies to remove
MB dye by using vanadium pentoxide, V2O5 nanorods
obtained from the thermal decomposition of ammonium
metavanadate have shown photocatalytic efficiency of 92.4% at
40 °C under visible light,22 However, V2O5 nanoparticles
synthesized by the flame spray pyrolysis process revealed only
about 81% MB dye degradation.23 Furthermore, the
heterojunction of 2D hybrid ZnO/V2O5 has enhanced the
efficiency to remove MB dye to 90% compared to pristine zinc
oxide under visible light irradiation.24 Also, another hetero-
junction structure of V2O5 and BiVO4 has presented 92% of
MB dye degradation for 180 min and an improvement in the
kinetic behavior due to the increased photogenerated charge
lifetime.25

However, photocatalytic dye degradation is limited by the
low band gap energy and the combination of electrons and
holes. As a result, the presence of graphene oxide nanosheets
can restrict the recombination of electron−hole pairs by the
highly active sites of these materials and strong π−π
intermolecular interactions with dyes.26

Another effective semiconductor is magnetite (Fe3O4) with
1.4 eV band gap energy and great superparamagnetic
properties which are beneficial for numerous applications.27−29

In the studies conducted using Fe3O4 to remove dye pollution,
hybrid magnetic Fe3O4@SiO2@Ru degraded 95 and 91% of
methyl orange and methyl red, respectively, in acidic media,30

and ternary Fe3O4/GQD/g-C3N4 heterostructure represented
100% rhodamine B (RhB) dye degradation under visible
irradiation.31 In addition, flower-like MoS2/Fe3O4/rGO
showed a 100% RhB degradation in 40 min under visible-
light irradiation.32

Despite their strong magnetic properties, Fe3O4 nano-
particles in solution tend to cluster into big particles and
decrease the dispersion; thus, rGO-based magnetic nano-
composites can inhibit the aggregation of Fe3O4 nanoparticles,
and also an external magnetic field can be used to separate
them from the solution.33,34 Magnetically separable Fe3O4@
rGO indicated high photocatalytic degradation of 93.3% of MB
dye under visible-light degradation,35 while the nonmagnetic
Gd−V2O5/RGO revealed 97.12% MB dye removal under a
photocatalytic degradation process.36 In addition, in a
photocatalytic investigation, V2O5@rGO demonstrated
98.85% degradation efficiency of MB dye,37 while in a
photoelectrocatalytic process, the same nanocomposite showed
90% photodegradation of MB dye.38 Moreover, the magnetic
Fe3O4−V2O5/rGO nanocomposite revealed effective photo-
catalytic degradation of Acid orange and Bismarck brown
dyes.39 Therefore, the presence of both V2O5 and Fe3O4
nanoparticles modified on rGO nanosheets can extremely
limit the recombination of electron−hole pairs and enhance
the degradation efficiency of nanostructures.

On the other hand, growing concerns about environmental
contamination resulting from the massive consumption of
nonrenewable resources such as fossil fuels have prompted the
global community to investigate green and renewable energy
sources. One promising approach for generating clean energy
is via the electrocatalytic splitting of water using semiconductor
catalysts, which has the potential to provide a sustainable
source of oxygen and hydrogen.40,41 To electrolyze water, two
distinct electrochemical half-cell reactions, the oxygen
evolution reaction (OER) and the hydrogen evolution reaction
(HER), are required. In an electrochemical process, the
reaction overpotential can be quantified by measuring the
potential required to achieve a specific current density, and it is
characterized as the deviation between the actual potential and
the theoretical equilibrium potential for an electrode. More-
over, depending on the direction of the half-cell reaction, the
overpotential could be either positive or negative. In the
electrochemical water-splitting process, highly active catalysts
are essential to reduce the overpotential of the OER and
HER.42 In addition, the OER/HER enables the use of non-
noble metals or metal oxides as electrocatalysts in the alkaline
and acidic media.43,44 Recently, annealed V2O5 showed an
overpotential of 514 mV at the current density of 10 mA cm−2,
with the Tafel slope of 147 mV dec−1 in 1 M KOH.45

Polycrystalline V2O5 nanorods synthesized through the
polymer-assisted technique coated on Ni foam represented
OER properties, with the Tafel slope of 88 mV dec−1 and
overpotential of 310 mV at 10 mA cm−2.46 Furthermore,
magnetic coral-like Fe3O4 nanoparticles were investigated at
different calcining temperatures, displaying the best perform-
ance with an overpotential of 234 mV and Tafel slope of 100
mV dec−1 at 450 °C.47 In a recent theoretical study carried out
on the Fe3O4(001) surface for OER, transition-metal atoms
including Co, Cu, Ni, and Ti have been doped on the magnetic
surface, and results have predicted an overpotential of about
350 mV for Co-doped Fe3O4 surface in alkaline solution.48

Immobilized Fe3O4 nanoparticles on Ni-based MOFs (metal−
organic frameworks) displayed an overpotential of 295 mV at
10 mA/cm2 and a Tafel slope of 47.8 mV dec−1.49 Moreover,
by using a coupled interface between Fe3O4 and CoO
nanostructures on the substrate of carbon nanotubes, the
overpotential and Tafel slope were obtained as 270 mV and 59
mV dec−1, respectively, for OER.50

Since the GO or rGO sheets can significantly enhance the
quantity of active sites in electrochemistry catalysts as a result
of their enhanced electron transport and increased specific
surface area, ths graphene-based composites modified by V2O5
or Fe3O4 nanoparticles have been investigated as excellent
materials for the electrocatalytic application.51−53 For example,
CoV2O6−V2O5/NRGO exhibits a high intrinsic OER activity
with a Tafel slope of 49.7 mV dec−1 at an overpotential of 300
mV.54 Furthermore, the Fe3O4@Co9S8/rGO composite
demonstrates an overpotential of 340 mV at the current
density of 10 mA cm−2 for OER.55 In contrast to few studies
on the investigation of the electrocatalytic activity of Fe3O4 or
V2O5 nanoparticles on the GO/rGO substrate, there has been
no report on the V2O5−Fe3O4/rGO nanocomposite for the
OER. Thus, the dual applications of the ternary V2O5−Fe3O4/
rGO nanocomposite as a photocatalyst for MB degradation
and an electrocatalyst for oxygen evolution reaction have been
investigated for the first time in this research.
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2. EXPERIMENTAL DETAILS
2.1. Materials. Graphite powder (size <150 μm, 99.99%),

hydrochloric acid (HCl 37%), hydrogen peroxide (H2O2 20%),
potassium persulfate (K2S2O8), potassium permanganate
(KMnO4), sodium nitrate (NaNO3), sulfuric acid (H2SO4
95−97%), phosphorus pentoxide (P2O5), ethylene glycol
(C2H6O2), iron(III) chloride (FeCl3.6H2O), sodium acetate
(C2H3NaO2), trisodium citrate (Na3C6H5O7), ammonium
metavanadate (NH4VO3), absolute ethanol (C2H5OH 99%),
and ammonia solution 25% (NH3, Merck) were procured from
Merck Co.
2.2. Synthesis of GO, rGO, and V2O5@rGO. The

modified Hummer’s technique was used to synthesize GO;56

briefly, the graphite powder was first mixed with an 80 °C
solution of P2O5, K2S2O8, and H2SO4 in a pretreatment step,
and then the dark blue mixture was washed and filtered to
achieve the neutral pH. The prepared preoxidized graphite
powder was poured into a cold 0 °C solution of H2SO4 and
NaNO3, and then KMnO4 was gradually added within 20 min
under stirring and cooling. The obtained solution was stirred
for 60 min at 35 °C, which turned to a light brownish pasty
mixture. The solution is mixed with DI water under the
temperature of 98 °C for 30 min and oxidized with H2O2 to
achieve a bright yellow solution. The mixture was washed with
DI water and 10% HCl solution, centrifuged, and dried at 65
°C for 5 h to reach the reddish brown graphene oxide
nanosheets. Then, the synthesized graphene oxide was
converted to reduced graphene oxide using a chemical
reduction process with ethylene glycol. In the next step, a
standard solvothermal technique was used to prepare the
V2O5@rGO nanocomposites. First, 500 mg of NH4VO3 was
added to heated ethylene glycol, and the mixture was stirred
for 4 h. The GO dispersion containing 30 mg of synthesized
GO powder in 50 mL of ethylene glycol was added to the
prepared NH4VO3 solution and was further stirred for 6 h. The
resulting solution was later transferred into a stainless steel
autoclave with Teflon lining and kept for 24 h at 180 °C. The
solution was dried in the oven at 70 °C and annealed at 500 °C
for 2 h. The same procedure was used to produce V2O5
without graphite oxide powder.57

2.3. Synthesis of Fe3O4 and Fe3O4@rGO. By using a
one-pot solvothermal process, the Fe3O4@rGO nanocompo-
site was prepared. 50 mg of the synthesized GO and 500 mg of
FeCl3.6H2O were dissolved in 25 mL of ethylene glycol and
stirred for 2 h, followed by 25 mg of Na3C6H5O7 and 1.8 g
NaOAc. To make a clear mixture, the solution was ultra-
sonicated continuously for 30 min. Then, the mixture was
sealed in a Teflon-lined autoclave at 200 °C for 16 h. The
black Fe3O4@rGO nanocomposites were centrifuged and
carefully washed with ethanol/deionized water for purification.
The Fe3O4 nanoparticles were made using the same processes
as the above without the use of GO powder.58

2.4. Synthesis of V2O5−Fe3O4/rGO. The ternary V2O5−
Fe3O4/rGO nanocomposite was fabricated using 100 mg of the
synthesized Fe3O4@rGO powder, which was dissolved in 50
mL of ethylene glycol and stirred for 3 h. Then, the pH was
adjusted with ammonia solution (25%) to 11−12, and the
solution was mixed for 2 h. After 500 mg of NH4VO3 was
added, the solution was stirred for 8 h at 70 °C and then
transferred to a Teflon-lined autoclave for 48 h at 180 °C.
Then, the resultant combination was washed, dried, and

annealed for 2 h at 500 °C, yielding the brownish yellow
V2O5−Fe3O4/rGO sample.
2.5. Characterization Techniques. Fourier transform

infrared spectroscopy (FTIR) (Thermo AVATAR) and XRD
analysis (Philips PW-1730) were conducted to analyze the
functional groups and crystalline structures of the synthesized
samples, respectively. Also, Raman spectroscopy was run to
consider the vibrational modes in the ternary nanocomposite.
Field emission scanning electron microscopy (FE-SEM)
coupled with elemental mapping and energy-dispersive X-ray
spectroscopy (EDS) analysis (Mira 3-XMU) and transmission
electron microscopy (TEM) (Philips EM 208S) are employed
to characterize the surface topography with the elemental
distributions and nanoparticle morphology of the synthesized
nanoparticles and also binary and ternary nanocomposites.
Brunauer−Emmett−Teller (BET) (Belsorp Mini II) analysis
was executed to give information about the surface areas of the
ternary nanocomposite. Additionally, photoluminescence (PL)
(Eclipse Agilent Technologies) and UV−visible diffuse
reflectance spectroscopy (DRS) (S_4100 SCINCO) measure-
ments were recorded to analyze the optical properties of the
V2O5 semiconductor as the synthesized nanoparticle and the
ternary nanocomposite. The electrochemical measurement was
run by a PGE-18 (potentiostat/galvanostat/electrochemical
impedance spectroscopy) system.
2.6. Photocatalytic Degradation Experiment. Photo-

catalytic investigations were conducted under the irradiation of
low-pressure UV light (125 W UV lamp) and visible light (50
W LED lamp). The adsorption/desorption equilibrium was
first checked by stirring 3 mg of the catalyst in a 30 mL
aqueous reaction mixture (dye concentration: 9.38 × 10−6 M
at pH = 7) in the dark for 30 min. Then, 2 mL of the reaction
mixture was taken out at periodic intervals throughout the
irradiation period. An external magnet was used to separate the
photocatalyst, and the supernatant was then gathered. UV−
visible spectrophotometry at a fixed wavelength of 664 nm for
the MB dye was utilized to assess the residual dye
concentration in the solution. The following equation (eq 1)
was used to determine the photocatalytic degradation of
nanostructures.

= [ ] ×C CDegradation efficiency(%) 1 / 100t o (1)

In the above equation, Co and Ct represent the original dye
concentration and the amount of dye that is still present in the
mixture at time t, respectively. The pH of the solution
containing MB dye was tested by employing either a 0.1 M
HCl or a NaOH solution during a series of experiments. In 30
mL of the solution, 3 mg of the ternary photocatalyst was
added, and the initial and final pH values of the solution were
recorded. Moreover, after one cycle of degradation, the
nanocomposite was separated by a magnetic field, washed
with water/ethanol, and dried in an oven for the recycling
experiment.
2.7. Preparation of Modified Glassy Carbon Electrode

(GCE) and Electrochemical Measurement. A homoge-
neous solution made of 2 mg of synthesized samples, 10 vol %
nafion (0.2 wt %), and 800 μL of ethanol was first sonicated for
30 min. After sonication, 6 μL of the suspension was drop-
casted evenly on a cleaned glassy carbon electrode (GCE),
which was utilized as the working electrode, and subsequently
immersed in an electrolyte of 1 M KOH. The counter and
reference electrodes were considered to be Pt and silver
chloride, respectively (Ag/AgCl). Linear sweep voltammetry
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(LSV) was executed to present the electrocatalytic oxygen
evolution reaction of the synthesized nanostructures. Fur-
thermore, electrochemical impedance spectroscopy (EIS)
analyses were performed over a frequency range of 0.1−1
MHz at an AC amplitude of 20 mV.

3. RESULTS AND DISCUSSION
3.1. Structural and Morphological Analysis. Figure 1a

shows the FTIR analysis of GO, nanoparticles (Fe3O4 and
V2O5), binary nanocomposites (V2O5@rGO and Fe3O4@
rGO), and ternary nanocomposite (V2O5−Fe3O4/rGO) to
consider the presence of different functional groups. The IR
spectrum of functional groups on pristine GO containing
oxygen demonstrates three main peaks at 3243, 1030, and
1720 cm−1, attributed to the stretching vibration of the
hydroxyl group, C−O (carboxyl group), and C�O (carbonyl
group), respectively, while the peak at 1619 cm−1 can be
assigned to the C�C stretch vibration in graphene skeleton
rings. As shown in Figure 1a, the IR spectrum of Fe3O4 and
V2O5 nanoparticles represents strong peaks at 580, 1020, and
840 cm−1, which are ascribed to Fe−O, V�O, and V−O−V
vibration modes, respectively. Furthermore, the roughly strong
observed peak at about 3450 cm−1 for the nanoparticle spectra
is assigned to the OH bending of water. The main peaks in the
FTIR spectrum of the Fe3O4@rGO sample at 3438, 1637,
1091, and 1753 cm−1 are, respectively, related to O−H, C�C,
C−O, and C�O functional groups, while the peak at 580
cm−1 is connected to Fe−O.59 The presence of C�O bonds at
wavenumber 1753 cm−1 and C�C bonds at 1637 cm−1

indicates the presence of rGO nanosheets. Furthermore, the
IR spectrum of V2O5@rGO exposes all V2O5 vibrations, and
the diffraction peak at 1261 cm−1 confirms the presence of
rGO.36,60 Finally, the spectrum of the ternary V2O5−Fe3O4/
rGO nanocomposite shows peaks at 588, 819, and 1012 cm−1

related to Fe−O, V−O−V, and V�O functional groups,
respectively, which confirmed the decorated GO substrate with
metal oxide nanoparticles. Moreover, diffraction peaks at 1629
and 1729 cm−1 are attributed to the C�C and C�O
stretching bonds of rGO, and a significantly reduced diffraction
peak at 3438 cm−1 compared to the similar one in GO spectra
is considered for the hydroxyl group which confirms the
reduction of GO in the V2O5−Fe3O4/rGO nanocomposite.61

In addition, XRD patterns are employed to study the
structure and interlayer distance of rGO, Fe3O4, V2O5, V2O5@
rGO, Fe3O4@rGO, and V2O5−Fe3O4/rGO. The XRD pattern
of rGO in Figure 1b shows a very strong peak at 2θ = 23.85°,
related to the (002) crystallographic plane with an interplanar
spacing of about 0.373 nm, and a weak peak at 2θ = 43°
corresponded to the (100) plane of graphitic carbon. The XRD
pattern of V2O5 nanoparticles indicates diffraction peaks at 2θ
values of 20.29, 21.79, 26.19, 31.04, 32.49, 47.44, and 61.29°
with crystallographic planes of (001), (101), (110), (301),
(011), (600), and (321), respectively (JCPDS card no. 41-
1426). Compared with the V2O5 diffraction pattern, the XRD
pattern of V2O5@rGO displays all of the diffraction peaks of
V2O5 nanoparticles at 20.5, 26.25, 31.15, 32.55, 47.5, and
61.25°. Furthermore, diffraction peaks from the (220), (311),
(400), (511), and (440) crystallographic planes appeared at 2θ
values of 30.17, 35.57, 43.27, 57.17, and 62.72°, respectively, in
the diffraction pattern of Fe3O4 nanoparticles (JCPDS card no.
01-075-0449). The Fe3O4@rGO XRD pattern shows dif-
fraction peaks of Fe3O4 nanoparticles, which confirms the
correct surface modification of rGO. Finally, the XRD
spectrum of V2O5−Fe3O4/rGO displays the diffraction peaks
of both Fe3O4 and V2O5 nanoparticles from the crystallo-
graphic planes (110), (301), (011), (311), (321), and (440) at
the corresponding 2θ values of 25.5, 31.0, 33.3, 35.75, 61.45,
and 63.45°. Due to the high quantity of V2O5 and Fe3O4
nanoparticles, the diffraction peaks of rGO nanosheets
disappeared, which is in agreement with EDS results.62,63

In addition to the aforementioned results of XRD and FTIR
analyses, Raman spectroscopy is also employed to provide
more complementary information about the chemical structure
of the V2O5−Fe3O4/rGO ternary nanocomposite, as shown in
Figure S1 (Supporting Information). The presence of D and G
bands belonging to graphene oxide can be strongly observed at
1473 and 1583 cm−1, respectively.64 Furthermore, the peaks
identified at wavenumbers 385, 458, and 597 cm−1 relate to the
Fe−O vibration mode of Fe3O4 nanoparticles.65 Also, the
existence of two strong peaks at 525 and 693 cm−1 are assigned
to the O−V−O bending vibration modes of V�O bending,
and specific peaks at 298 and 990 cm−1 confirm the presence
of V�O.66

Figure 1. (a) FT-IR spectra and (b) XRD patterns of GO (rGO), Fe3O4, V2O5, V2O5@rGO, Fe3O4@rGO, and V2O5−Fe3O4/rGO samples.
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For further investigation, FE-SEM, EDS, and elemental
mapping analyses are employed to consider the morphology
and elemental distribution of the synthesized GO substrate,
Fe3O4, and V2O5 nanoparticles and binary and ternary
nanocomposites. The sheetlike two-dimensional rGO with an
interconnected network can provide adequate surface area for
functionalization, as displayed in Figure 2a. The FE-SEM

images of the synthesized Fe3O4 and V2O5 nanoparticles in
Figure 2b,c, respectively, represent the nanospherical Fe3O4
particles and aggregated V2O5 nanorods as broad ribbons.
Furthermore, Figure 2d and the inset display rigidly attached
Fe3O4 nanoparticles on the rGO nanosheet surface, and
elemental mapping and EDS analysis of Fe3O4@rGO also
prove the uniform distribution of magnetic nanoparticles on
rGO sheets (Supporting Information, Figure S2). A close
examination of Figure 2e and the inset represents that both
sides of graphene oxide sheets can be decorated by V2O5
nanoparticles, and elemental mapping and EDS analysis also
confirm the vanadium distribution in carbon and oxygen
matrix (Supporting Information, Figure S3).
Finally, the images of FE-SEM, elemental mapping, EDS

analysis, and TEM of the synthesized ternary V2O5−Fe3O4/
rGO nanocomposite are shown in Figure 3. Compared to
Figure 2b,c, the SEM images shown in Figure 3a−c and the
insets show both aggregated spherical and rod morphologies
related to Fe3O4 and V2O5 particles, respectively, on graphene
oxide nanosheets. Moreover, the coexistence and elemental
distribution of Fe3O4 and V2O5 nanoparticles on the GO
substrate were investigated using elemental mapping and EDS
shown in Figure 3d−h. Both the elemental mapping and EDS
results obtained indicate the suitable elemental distribution
with local weight percentages of 10.6% C, 24.17% O, 39.97%
V, and 25.26% Fe, which is confirmed by the XRD results.
Further, TEM is used to evaluate the internal properties of the
synthesized samples illustrated in Figure 3i,j. These images
show the transparent rGO nanosheets in nonblack parts. Also,
the agglomeration of nanoparticles on the rGO nanosheets is
clear in the darker parts, and the existence of active sites on the
rGO surface is represented in the nonblack regions.67,68

Figure 4a illustrates the UV−visible DRS of the V2O5
nanoparticle and V2O5−Fe3O4/rGO nanocomposite. These
results are considered for the investigation of the photo-
conduction activity of V2O5 as the main semiconductor in both

samples of single nanoparticles (i. e., V2O5) and the hybrid
nanocomposite (i.e., V2O5−Fe3O4/rGO). As can be observed
in Figure 4a, the ternary nanocomposite demonstrates an
improved absorption spectrum compared to the V2O5
nanoparticle, which confirms the better photocatalytic activity
of V2O5−Fe3O4/rGO. The absorption spectra of both
nanostructures indicate absorption in the UV region enlarging
to the visible region, and this can be taken into account as a
consequence of the transformation of charges from the valence
band of O 2p to the vacant orbitals of V 3d in the conduction
band.69,70 Figure 4b,c displays the Tauc plots of V2O5 and the
V2O5−Fe3O4/rGO nanocomposite, and their optical band gaps
are determined by using Tauc’s equation (eq 2):

=h h EA( )g
n/2

(2)

In the above equation, α is the absorption coefficient, h is
Planck’s constant, and ν and Eg are the light frequency and
band gap energy, respectively. In the case of nondirect
transition in semiconductors, the value assigned to n is 1,
while for a direct transition, the value is set to 4. Figure 4b,c
shows the obtained band gap energies which are 1.86 and 2.16
eV for V2O5−Fe3O4/rGO and V2O5, respectively. UV−visible
DRS results reveal the higher absorption edge of the ternary
nanocomposite that results in lower band gap energy and
better photocatalytic behavior in comparison with V2O5
nanoparticles.71

Moreover, the 705.8 cm2/g total surface area of the ternary
V2O5−Fe3O4/rGO nanocomposite is measured by N2
adsorption−desorption data based on the type IV isotherm,
as shown in Figure 5a. In addition, the BJH method was
executed to calculate the nanocomposite’s pore volume size,
which was 0.065 cm3/g, as well as the pore size of 46.13 nm.
Figure 5b displays the optical properties of V2O5 and V2O5−

Fe3O4/rGO nanostructures, which are precisely determined by
the PL technique. The results are beneficial for investigating
the electron−hole pair recombination and their separation
capacity in both types of nanophotocatalysts. In general, the
lower intensity of V2O5−Fe3O4/rGO PL spectra compared
with V2O5 nanoparticles results in a lower electron−hole pair
recombination, and it illustrates enhanced separation capacity.
In addition, the substantial emission bands at 485 and 543 nm
are related to the recombination of the electrons and holes
from the conduction band of V 3d to the valence band of O
2p.72,73

3.2. Photocatalytic Degradation Activity. Under direct
UV and visible light irradiation, the photocatalytic activity of
the synthesized ternary V2O5−Fe3O4/rGO nanocomposite on
MB dye degradation was investigated at room temperature for
100 and 110 min, respectively, as can be observed in Figure
6a,b. The correlation between light absorption and factors such
as the molar absorptivity, the length of the light trajectory, and
the solution concentration can be described through the
application of the Beer−Lambert law (A = εbC).74
Where the decreasing trend of A indicates a decreasing trend

in MB dye concentration, it also demonstrates the MB dye
concentration in various time intervals in a degradation test.
The maximum wavelength of MB dye was determined to be
664 nm by the use of UV−visible spectroscopy, and a control
experiment was carried out to establish the adsorption−
desorption equilibrium of MB dye. The obtained result
displays the adsorption process and the ratio of V2O5−
Fe3O4/rGO nanocomposites’ absorbance reduction after 30

Figure 2. (a) FE-SEM images of rGO nanosheets, (b) Fe3O4
nanoparticles, (c) V2O5 nanoparticles, (d) binary Fe3O4@rGO, and
(f) V2O5@rGO nanocomposites. The insets in (d) and (e) show a
magnified image of binary Fe3O4@rGO and V2O5@rGO nano-
composites, respectively.
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min in a dark situation. The absorbance reduction continued
for 100 and 110 min under UV and visible-light irradiation
after achieving adsorption−desorption equilibrium to present
89.2 and 76% photocatalytic degradation, respectively. The
pseudo-first-order kinetic model was employed to investigate
the kinetics of MB degradation under two distinct irradiation
sources, UV and visible radiation. The following equation (eq

3) is widely used to calculate the rate of degradation over time
using this model:

= ·A A k tln( / )t obs (3)

As can be seen in the insets of Figure 6a,b, the higher
measured reaction rate value (kobs) indicates a faster response

Figure 3. Images of (a−c) FE-SEM, elemental mapping of (d) C, (e) O, (f) V, and (g) Fe elements, (h) EDS analysis, and (i, j) TEM of ternary
V2O5−Fe3O4/rGO nanocomposite. The insets in (b) and (c) show a magnified image of two various morphologies of the the V2O5−Fe3O4/rGO
nanocomposite. The inset table in (h) indicates the elemental weight percentages obtained from the EDS results.
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to photocatalytic degradation, which is related to performing a
photocatalytic process under UV irradiation.
Further, comparative experiments were conducted to

determine the photocatalytic degradation of MB dye under
UV light irradiation at room temperature and in the neutral pH
for all the synthesized samples including GO substrate, V2O5

and Fe3O4 nanoparticles, binary Fe3O4@rGO and V2O5@rGO

nanocomposites, and ternary V2O5−Fe3O4/rGO nanocompo-
site (and also under dark condition), as shown in Figure 7a. It
can be seen that V2O5 nanoparticles and V2O5@rGO
nanocomposites indicate higher degradation efficiencies of
MB dye compared to both Fe3O4 nanoparticles and Fe3O4@
rGO; therefore, V2O5 and V2O5@rGO nanostructures play a
more vital role in the degradation mechanism of MB dye. The

Figure 4. (a) UV−visible diffuse reflectance spectra of V2O5 and V2O5−Fe3O4/rGO; optical band gap plot of (b) ternary V2O5−Fe3O4/rGO
nanocomposite and (c) V2O5 nanoparticles.

Figure 5. (a) N2 adsorption−desorption data of the V2O5−Fe3O4/rGO nanocomposite. (b) Photoluminescence spectra of V2O5 and V2O5−
Fe3O4/rGO samples.

Figure 6. UV−visible spectra of MB dye solution in the presence of the V2O5−Fe3O4/rGO photocatalyst (a) under UV light (b) and visible light,
respectively. The insets show the −ln[A/A0] vs time (min) plot of V2O5−Fe3O4/rGO (a) under UV light irradiation and (b) visible-light
irradiation, respectively.
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degradation efficiency has been raised by using rGO as an
electron acceptor in V2O5@rGO and Fe3O4@rGO binary
nanocomposites in comparison to the photocatalytic degrada-
tion of V2O5 and Fe3O4 nanoparticles. Furthermore, the
degradation percentage under dark situation shows the
adsorption capacity of the ternary nanocomposite due to the
absence of light irradiation and degradation process. The
synergistic effect in the V2O5−Fe3O4/rGO nanocomposite and
the reservoir of photogenerated electrons in the rGO surface
resulted in a higher degradation ratio compared to all the
synthesized nanostructures, which can be seen in Figure 7a.
Totally, by using the rGO support, a higher degradation
efficiency can be achieved due to the less electron−hole pair
recombination, lower band gap energy, and higher charge
separation, which are consistent with DRS and PL results.
To achieve the best photocatalytic performance and

efficiency, we optimize the dosage of the photocatalyst, dye
concentration, and pH media. The inset of Figure 7b presents
the use of three various dosages including 1, 3, and 5 mg of the
V2O5−Fe3O4/rGO nanocomposite and also the obtained
results based on the different concentrations (e.g., 3.1 ×

10−6, 9.38 × 10−6, and 1.56 × 10−5 M) of MB dye shown in
Figure 7b. Actually, the highest ratio of adsorbent mass to
adsorbate concentration is related to 3 mg of photocatalyst
loading mass in the presence of 9.38 × 10−6 M dye solution.
The reduction in the accessibility of active sites on the
photocatalyst surface is correlated with a rise in the
concentration of the dye. As the catalyst mass increases, the
surface area available for the dye molecule also increases,
resulting in an enhanced interaction between the dye molecule
and the catalyst. However, an excessive increase in the
concentration of the photocatalyst leads to the aggregation
of nanoparticles, causing a reduction in the number of active
surface sites to absorb light. In addition, to consider the pH
effect on the photocatalytic degradation process, a wide range
of pH was used, and the results are plotted in Figure 7c. The
degradation efficiency of the V2O5−Fe3O4/rGO nanocompo-
site in various acidic and basic media, e.g., pH = 2, 5, 9, and 11,
was found to be 38.2, 45.9, 47.7, and 63.1%, respectively.
Among all used pH, the highest degradation efficiency using
the ternary nanophotocatalyst is related to the neutral pH with
89.2% degradation of MB dye. In an alkaline solution, the

Figure 7. (a) Comparative photodegradation efficiency of MB dye using synthesized samples including rGO, V2O5, Fe3O4, V2O5@rGO, and
Fe3O4@rGO, and V2O5−Fe3O4/rGO nanocomposites under both dark and UV light conditions. (b) Comparative MB dye degradation percentages
for different dye concentrations; the inset displays the degradation efficiency of MB for different dosages of the ternary photocatalyst. (c)
Photocatalytic degradation of MB dye at different pH values.

Figure 8. (a) Photodegradation efficiency of MB dye in the presence of BQ, AO, and 2-PrOH as quenchers and (b) reusability and percentages of
MB degradation by V2O5−Fe3O4/rGO for four continued cycles.
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abundance of hydroxyl ions can lead to the generation of
hydroxyl radicals, which may be a contributing factor to the
improved photocatalytic degradation of MB at higher pH
conditions.
Furthermore, to investigate the degradation mechanism of

the V2O5−Fe3O4/rGO nanocomposite, quenching studies
have been employed to determine the functions of reactive
oxygen species, as seen in Figure 8a. For this purpose, 0.1 mM
benzoquinone (BQ), 2-propanol (2-PrOH,), and ammonium
oxalate (AO), as O2

·−, OH·, and H+ scavengers, respectively,
were utilized to illustrate the most significant factor in the
photocatalytic degradation of MB dye. In the existence of BQ,
2-PrOH, and AO, the degradation efficiency reduced from 89.2
to 46.6, 40.7, and 58%, respectively. Quenching experiments
showed the crucial role of O2

.−and OH· species in the
degradation tests. As can be observed in Figure 9, exposing
V2O5 and Fe3O4 semiconductors to direct UV/visible light
results in electron transfer from the valence band to the
conduction band, creating h+ in the valence band (eq 4). As
mentioned above, the role of 2D rGO nanosheets is so crucial
for less electron−hole pair recombination of the ternary
nanocomposite due to the surface vacant active sites of rGO
nanosheets compared to the poor degradation efficiency of
non-rGO-based nanostructures. Electrons that have been
stimulated by light on the rGO nanosheets can engage in
reaction with the dissolved O2, causing the formation of O2

.−, as
well as react with the functional groups that remain on rGO,
which leads to a rise in oxide radicals (eqs 5−7). In the valence
bands of both V2O5 and Fe3O4, h+ can react with H2O

molecules, which results in the generation of OH· and
improving MB dye degradation in the solution; also, h+ can
be transferred to the valence band of Fe3O4 from the valence
band of V2O5, due to the lower band gap energy of Fe3O4 (eq
8).39,75 The OH· and O2

·− radicals are quite active and are the
main reasons for MB dye degradation under irradiation,
consistent with the quenching experiment results (eq 9).

+

++

hV O Fe O /rGO

V O Fe O /rGO(h e )
2 5 3 4

2 5 3 4 VB CB (4)

+

+ ·

V O Fe O /rGO(e ) O

V O Fe O /rGO O
2 5 3 4 CB 2

2 5 3 4 2 (5)

+ + ·rGO(e ) O rGO O2 2 (6)

+ + +· ·rGO(e ) O H O HO OH2 2 2 (7)

+

+

+

·

V O Fe O /rGO(h ) OH /H O

V O Fe O /rGO OH
2 5 3 4 VB 2

2 5 3 4 (8)

+ + +· ·MB OH O CO H O2 2 2 (9)

Furthermore, the nanocomposite’s recyclability and reus-
ability are crucial factors in the degradation process. The
nanocomposite’s recyclability was investigated to determine its
long-term viability and presented in Figure 8b. The photo-
catalyst did not show a substantial loss of activity after four

Figure 9. Schematic of the possible photocatalytic activity of the V2O5−Fe3O4/rGO nanocomposite for MB photodegradation.
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cycles of degradation, and it can be utilized repeatedly. After
four cycles of degradation, the efficiency was reduced by
roughly 11.4% to achieve 77.8% MB degradation, indicating
that the novel synthesized ternary V2O5−Fe3O4/rGO photo-
catalyst is stable throughout the photocatalytic degradation.
3.3. Electrocatalytic Activity of Synthesized Samples.

To investigate the secondary application of the above-
mentioned synthesized nanostructures, an electrochemical
measurement was conducted to obtain the best electrocatalytic
performance for the OER. In Figure 10a, the polarization
curves by linear sweep voltammetry are demonstrated, and
they show the OER activities of the nanostructures. As
displayed in Figure 10b, the overpotential of V2O5−Fe3O4/
rGO (458 mV) is significantly lower than that of rGO (481
mV), Fe3O4@rGO (488 mV), V2O5@rGO (500 mV), V2O5
(507 mV), and Fe3O4 (510 mV), which confirms the positive
role of the synergistic effect on electrocatalytic oxygen
evolution. Meanwhile, the lowest Tafel slope is depicted for
V2O5−Fe3O4/rGO, which is 132 mV dec−1, compared to
Fe3O4@rGO (160 mV dec−1), V2O5@rGO (189 mV dec−1),
Fe3O4 (199 mV dec−1), rGO (233.7 mV dec−1), and V2O5
(233.8 mV dec−1) in Figure 10c. The acquired results indicate
that rGO nanosheets can remarkably improve the electro-
catalytic oxygen evolution performance of nanoparticles, and
the primary reason is highly associated with the surface-active
sites of the 2D structure of rGO nanosheets in both binary and
ternary nanocomposites. Moreover, in the ternary nano-
composite, V2O5 nanoparticles can serve as active sites, and
Fe3O4 nanoparticle can oxidize water which results in better
performance for OER. A possible mechanism is the absorption
of OH− by the V2O5−Fe3O4/rGO nanocomposite on the rGO
and V2O5 active sites, which leads to the formation of the
OOH* species. On the other hand, water is oxidized by Fe3O4
to generate O2

− and H+ ions; therefore, O2
− species combine

with OOH* species to form O2 molecules, which are released
into the gas phase.57 In conjunction with the results of the
OER, EIS analyses were performed for further investigations of
the electrochemical behavior of the V2O5−Fe3O4/rGO nano-
composite. As shown in Figure S4 (Supporting Information),
the smallest charge-transfer resistance is displayed for the
ternary nanocatalyst compared to V2O5@rGO and Fe3O4@
rGO, which is attributed to the developed kinetic reactions in
the V2O5−Fe3O4/rGO nanocomposite.

4. CONCLUSIONS
The dual applications of the ternary magnetic V2O5−Fe3O4/
rGO nanocomposite in the photocatalytic degradation of MB
dye and electrocatalytic oxygen evolution were investigated in
this research compared to rGO, Fe3O4, V2O5, Fe3O4@rGO,
and V2O5@rGO for the first time. Photocatalytic degradation
of all the synthesized nanostructures revealed a higher
efficiency of MB dye degradation by the ternary nano-
composite due to the synergistic effect of both V2O5 and
Fe3O4 semiconductors modified on the rGO nanosheets. The
obtained results of the ternary nanocomposite reveal that 89.2
and 76% degradation occurred in neutral pH at room
temperature under UV and visible-light irradiation, respec-
tively. Also, the magnetic property of V2O5−Fe3O4/rGO was
very practical for four rounds of recycling and easy separation
of the catalyst after degradation tests. Moreover, based on the
PL and DRS results, the presence of both V2O5 and Fe3O4
nanoparticles on the rGO nanosheets in V2O5−Fe3O4/rGO
can remarkably reduce the intensity and the optical band gap
energy, which results in better charge transfer and lower
electron−hole pair recombination. Furthermore, the highest
performance of oxygen evolution activity with the over-
potential of 458 mV and Tafel slope of 132 mV dec−1 was
obtained with V2O5−Fe3O4/rGO in the LSV test compared to
rGO, Fe3O4, V2O5, Fe3O4@rGO, and V2O5@rGO. The 2D
structure of rGO nanosheets can help them function as
electron acceptors, and it is beneficial for better charge
separation in both photocatalytic and electrocatalytic applica-
tions. Also, due to the reactive sites of V2O5 nanoparticles and
the high electrical conductivity of Fe3O4 nanoparticles, they
both can significantly increase the electrocatalytic behavior of
the ternary nanocatalyst for OER.
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Figure 10. (a) OER polarization curves, (b) comparative overpotential (mV) at a current density of 5 mA/cm−2, and (c) Tafel plots of rGO,
Fe3O4, V2O5, V2O5@rGO, Fe3O4@rGO, and V2O5−Fe3O4/rGO in 1 M KOH.
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