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ABSTRACT: Herein, we reported the fabrication of a magnesium
vanadate-reduced graphene oxide (Mg3V2O8-rGO) composite.
Further, the structural morphology of the as-prepared Mg3V2O8-
rGO composite was studied by scanning electron microscopy.
Powder X-ray diffraction and energy-dispersive X-ray spectroscopy
techniques were also adopted to check the phase purity and
elemental composition of the prepared Mg3V2O8-rGO composite.
Mg3V2O8-rGO possesses a band gap of 2.98 eV, which prompted
us to explore its photocatalytic activity for hydrogen (H2)
evolution reaction. The Mg3V2O8-rGO composite demonstrated
the generation of a reasonable amount of H2 evolution (97.45
μmol g−1), which is relatively higher than that of pristine Mg3V2O8
(17.45 μmol g−1). This may be attributed to the presence of synergism between Mg3V2O8 and rGO. In addition, Mg3V2O8-rGO also
showed good stability and suggested its potential application for photocatalytic H2 evolution applications. So far, no report is
available on the use of Mg3V2O8-rGO as a photocatalyst for H2 evolution. We propose the potential role of the Mg3V2O8-rGO
composite for photocatalytic H2 evolution applications.

1. INTRODUCTION
In the past few years, a rapid surge in energy consumption has
been observed.1 This surge in energy consumption may be
responsible for the energy crisis.2 Currently, energy con-
sumption relies on conventional energy resources such as coal,
natural gas, waste, biomass, sun, wind, hydropower, nuclear
power, and geothermal power.3−5 However, these resources
are limited and lead to increasing global warming-related
issues.6−9 Therefore, researchers have been attracted toward
the design and development of energy-related devices and
techniques such as solar cells, energy storage devices, batteries,
and supercapacitors.7

Hydrogen (H2) evolution or production has received
enormous attention because of its eco-friendly nature and
cost-effectiveness.10,11 In particular, photocatalytic H2 produc-
tion has been considered the most efficient technique to
produce H2.

12 H2 may be an alternative green energy source to
overcome energy-related issues.13 Therefore, it is of great
importance to design or develop technologies for H2
production. Fujishima et al.14 reported the catalytic activities
of titanium dioxide (TiO2) for H2 production applications.
This review explores the potential applications of transition
metal oxides/semiconducting metal oxides for H2 production
applications. The photocatalytic breakdown of water molecules
into H2 and oxygen requires semiconducting metal oxide-based
photocatalyst.15,16 In previous years, various photocatalysts

such as tin oxide (SnO2), nickel oxide (NiO), manganese oxide
(MnO2), graphitic carbon nitride (g-C3N4), copper oxide
(CuO), cobalt oxide (Co3O4), perovskite-like materials, zinc
oxide (ZnO), tungsten oxide (WO3), etc. have been widely
used for H2 production applications.17−24 However, many
efficient photocatalysts have been reported for H2 production
but still there is a chance to further design and develop new
photocatalysts for H2 production applications.23

Recently, metal vanadate has received great interest from the
scientific community because of its excellent chemical stability,
electronic properties, narrow optical band gap, and cost-
effectiveness.25−32 In previous years, various metal vanadate
materials, which include MVO4, M2V2O7, MV2O6, M3V2O8,
MV2O4, and MV3O8 (herein, M= Zn, Ni, Fe or Mn), have
received significant attention of the researchers due to their
reasonable optoelectronic properties and environment-friendly
nature.33−37 Particularly, M3V2O8 has been extensively used as
a suitable electrode material for various optoelectronic
applications.38 Mg3V2O8 has various advantageous features
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and characteristics, which make it a desirable and promising
material for photocatalytic applications.38 In a previous study,
Mg3V2O8 was adopted as a suitable active electrode material
for water oxidation using visible-light irradiation.38 Therefore,
it is clear from the above reports that Mg3V2O8 possesses a
reasonable potential for photocatalytic applications.

Herein, our group has obtained a Mg3V2O8-rGO composite
via simple strategies and approaches. Furthermore, the
photocatalytic behavior of the as-synthesized Mg3V2O8-rGO
composite was investigated toward the production of H2 using
a photocatalytic approach. So far, no report has been found on
the use of Mg3V2O8-rGO as a photocatalyst for H2 production.
For the first time, we propose the photocatalytic H2 production
activities of the Mg3V2O8-rGO composite. Mg3V2O8-rGO
demonstrated good photocatalytic activities toward H2
evolution under visible light.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Reagents. In this study, magnesium

nitrate hexahydrate was purchased from Merck. Ammonium
vanadate (AV) was purchased from Merck. Graphene oxide
(GO) was purchased from Sigma. 2-Methyl imidazole (MIM)
was purchased from Alfa-Aesar.
2.2. Synthesis of rGO, Mg3V2O8, and Mg3V2O8-rGO.

For the synthesis of rGO, 50 wt % GO was dispersed in 100
mL of deionized water (DI) and sonicated for 2 h. Further, this
dispersion was transferred to a Teflon cup covered with a
stainless steel autoclave and heated at 200 °C for 6 h. The
obtained product was washed with DI water and ethanol and
dried in an oven for 6 h at 60 °C. For the preparation of
Mg3V2O8, 0.55 mmol of magnesium nitrate hexahydrate (ACS
reagent, 99%) was dissolved in 10 mL of DI using magnetic
stirring at room temperature (RT) for 10 min. In another
beaker, 0.35 mmol of AV (99.95% trace metals basis) was
dissolved in 10 mL of DI water using magnetic stirring at room
temperature (RT) for 10 min. Further, the AV solution was
slowly added to the above-prepared magnesium nitrate
hexahydrate solution. Further, an aqueous solution of MIM
(4.0 mmol) was also added to the above reaction mixture and
stirred for 30 min at RT. Finally, this reaction mixture was
transferred to the Teflon cup, and this Teflon cup was kept in a
stainless steel autoclave. The autoclave was heated at 180 °C
for 24 h and the precipitate was collected by centrifugation and
dried at 70 °C for 6 h, which was further calcinated for 3 h at
450 °C. The obtained product was found to be Mg3V2O8.

For the preparation of Mg3V2O8-rGO, the obtained
Mg3V2O8 was dispersed in 20 mL of DI water using
ultrasonication for 20 min. Further, an aqueous dispersion of
GO was added to the Mg3V2O8 dispersion solution and
transferred to a Teflon cup, which was covered with the
stainless steel autoclave. This autoclave was heated at 200 °C
for 6 h, and the obtained product was washed with DI water
and ethanol and dried in an oven for 6 h at 70 °C. This
product was found to be Mg3V2O8-rGO.
2.3. H2 Production Process. Airtight quartz tube has been

used as a photocatalytic reactor system for photocatalytic H2
evolution studies. Twenty milliliters of lactic acid was added to
100 mL of water and 250 mg of photocatalyst (Mg3V2O8 or
Mg3V2O8-rGO) was added to the above-prepared lactic acid
solution. Further, nitrogen gas (N2) was purged into the above
solution for 30−40 min to extract the dissolved gases in the
prepared solution. A 300 W LED (visible-light source) with a
wavelength of 420 nm has been used for H2 evolution studies.
The produced H2 was studied by a gas chromatograph.
2.4. Apparatus. To characterize the physiochemical

characteristics of the fabricated samples, various techniques
such as scanning electron microscopy (SEM; Zeiss), powder
X-ray diffraction (PXRD, Rigaku, Japan), energy-dispersive X-
ray spectroscopy (EDX; Oxford), photoluminescence (PL)
spectroscopy, X-ray photoelectron spectroscopy (XPS), and
ultraviolet−visible (UV−vis) spectroscopy (Agilent Cary
Instrument) have been used.

3. RESULTS AND DISCUSSION
3.1. Physiochemical Properties of Mg3V2O8-rGO. The

obtained PXRD patterns of the synthesized samples (GO,
rGO, Mg3V2O8, and Mg3V2O8-rGO) are shown in Figure
1a,1b. The obtained PXRD of GO exhibits the existence of a
well-defined diffraction peak at ∼9.8°, which confirms the
presence of the (002) diffraction plane of GO (Figure 1a). On
the other side, rGO exhibits a characteristic broad diffraction
peak related to the (002) diffraction plane of rGO, which
suggested the transformation of GO to rGO (Figure 1a). The
PXRD pattern of the synthesized Mg3V2O8 shows various
strong diffraction peaks and authenticated presence of (020),
(111), (002), (112), (200), (131), (040), (132), (113), (042),
(004), (242), (312), (204), (224), (063), (400), and (224)
diffraction planes (Figure 1b). The obtained PXRD pattern of
Mg3V2O8 was matched with the JCPDS number 37-0351 and
confirmed its formation.36

Figure 1. (a) PXRD patterns of GO and rGO (a) and Mg3V2O8 and Mg3V2O8-rGO composites (b). (c) Enlarged view showing the change in the
diffraction peak.
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The PXRD pattern of the synthesized Mg3V2O8-rGO is also
displayed in Figure 1b. The PXRD pattern of Mg3V2O8-rGO
shows the presence of (020), (111), (002), (112), (200),
(131), (040), (132), (113), (042), (004), (242), (312), (204),
(224), (063), (400), and (224) diffraction planes of Mg3V2O8.
The presence of rGO could not be observed by PXRD analysis,
which may be due to the amorphous nature or low content of
rGO in the Mg3V2O8-rGO sample. However, the introduction
of rGO to the Mg3V2O8 material shifted the diffraction peak, as
shown in Figure 1c (enlarged view of Figure 1b). The
electronic properties of rGO may significantly affect the X-ray
with Mg3V2O8, which may have shifted the PXRD peak
(Figure 1c).

The surface morphology and structural properties of
Mg3V2O8 and Mg3V2O8-rGO samples were also studied by
employing the SEM technique. Figure 2a shows an SEM image
of the prepared Mg3V2O8, indicating that Mg3V2O8 nano-
particles are formed. The Mg3V2O8 nanoparticles were

interconnected and formed an agglomeration of Mg3V2O8
nanoparticles. The obtained SEM image of Mg3V2O8-rGO is
depicted in Figure 2c. The observations show that Mg3V2O8 is
embedded in the rGO sheets (Figure 2c).

It confirms the presence of Mg3V2O8 in the prepared
Mg3V2O8-rGO sample. Furthermore, we have also recorded
the EDX spectrum of the prepared Mg3V2O8 and Mg3V2O8-
rGO samples to further characterize and verify the elemental
composition. Figure 2b shows the EDX spectrum of Mg3V2O8
and indicated the presence of Mg, V, and O elements. This
suggested that Mg3V2O8 has been formed. The obtained EDX
spectrum of Mg3V2O8-rGO is shown in Figure 2d. The
obtained EDX spectrum exhibits the presence of C, Mg, V, and
O elements. This revealed the successful synthesis of
Mg3V2O8-rGO. There was no other impurity element detected
in the EDX spectrum of Mg3V2O8-rGO, which confirmed its
good phase purity.

Figure 2. SEM images of Mg3V2O8 (a) and Mg3V2O8-rGO (c). EDX spectrum of Mg3V2O8 (b) and the Mg3V2O8-rGO composite (d).

Figure 3. UV−vis absorption spectra of Mg3V2O8 (black) and Mg3V2O8-rGO (red) composite (a). Tauc plot of Mg3V2O8 (black) and Mg3V2O8-
rGO (red) composite (b).
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The optical features such as the optical band gap of the
prepared Mg3V2O8 and Mg3V2O8-rGO samples were deter-
mined by using UV−vis absorption spectroscopy. The
obtained UV−vis spectra of Mg3V2O8 and Mg3V2O8-rGO are
presented in Figure 3.

According to Figure 3a, a broad absorption band is observed
around 423 nm. In the case of Mg3V2O8-rGO, the absorption
appeared at 429 nm. The band gaps of Mg3V2O8 and
Mg3V2O8-rGO were calculated by utilizing the Tauc method.
The optical study suggested that Mg3V2O8 and Mg3V2O8-rGO
possess band gaps of 2.77 and 2.98 eV, respectively (Figure
3b).

Further, photoluminescence (PL) spectroscopy was also
used to characterize the prepared Mg3V2O8 and Mg3V2O8-rGO
samples. The PL spectra of the Mg3V2O8 and Mg3V2O8-rGO
samples are shown in Figure S1. The PL spectrum of Mg3V2O8
and Mg3V2O8-rGO exhibited a PL peak between 550 to 600
nm. X-ray photoelectron spectroscopy (XPS) was also adopted
to examine the elemental composition of the prepared

Mg3V2O8-rGO. The XPS survey spectrum of Mg3V2O8-rGO
is shown in Figure S2a. The survey spectrum confirmed the
presence of Mg, V, O, and C elements, which indicated the
formation of Mg3V2O8-rGO. The high-resolution C 1s, Mg 1s,
V 2p, and O 1s of Mg3V2O8-rGO are shown in Figures S2b−
e.39 The C 1s scan revealed the presence of binding energies of
284.27 and 288.7 eV for graphitic carbon atoms and C�O
groups, respectively. This indicated the presence of rGO in the
prepared Mg3V2O8-rGO sample.

The binding energy value of 1303.5 eV can be assigned to
Mg 1s, as shown in Figure S2c. The binding energy value of
524.73 and 517.22 eV may be assigned to the presence of 2p1/2
and 2p3/2, respectively (Figure S2d). The O 1s scan of
Mg3V2O8-rGO exhibited binding energy values of 531.5 and
529.4 eV, which can be ascribed to the presence of Mg−O and
V−O bonds, respectively (Figure S2e).40 These excellent
physiochemical and optical properties of Mg3V2O8 and
Mg3V2O8-rGO suggested their potential for photocatalytic
applications. Thus, we have adopted the use of Mg3V2O8 and

Figure 4. Photocatalytic H2 production amount of Mg3V2O8 and Mg3V2O8-rGO catalysts (a). Photocatalytic H2 production amount of the
Mg3V2O8-rGO catalyst with different doses (b). Photocatalytic H2 production activity of Mg3V2O8-rGO in different solvents (c). Photocatalytic H2
production activity of Mg3V2O8-rGO in different volumes of lactic acid (d).
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Mg3V2O8-rGO as effective and efficient photocatalysts for H2
evolution.
3.2. H2 Production Activities of Mg3V2O8 and

Mg3V2O8-rGO. The photocatalytic properties of the fabricated
Mg3V2O8 and Mg3V2O8-rGO catalysts were evaluated in the
presence of 20 mL of lactic acid in 100 mL of water. The H2
evolution activities of Mg3V2O8 and Mg3V2O8-rGO were
studied under visible-light irradiation. In this investigation, 25
mg of photocatalyst (Mg3V2O8 or Mg3V2O8-rGO) was used.
Further, nitrogen (N2) gas was passed in the solution prepared
above for 30 min. The above solution was irradiated with LED
light (xenon lamp) for different times (1, 2, 3, 4, 5, and 6 h). At
a particular time interval, generated H2 was collected by
syringe and examined by a gas chromatograph. The obtained
results are summarized in Figure 4a. The reasonable H2
evolution of 17.54 μmol g−1 appeared for Mg3V2O8 catalysts.
However, enhanced H2 production of 87.45 μmol g−1 has been
obtained using the Mg3V2O8-rGO catalyst as shown in Figure
4a. This excellent photocatalytic property of the Mg3V2O8-
rGO photocatalyst may be attributed to the presence of
synergistic effects between rGO and Mg3V2O8. The amounts
of Mg3V2O8 and Mg3V2O8-rGO catalysts were also optimized
in 20 mL of lactic acid. Different amounts (5, 15, 25, 35, 45,
55, 65, and 75 mg) of Mg3V2O8 or Mg3V2O8-rGO have been
used for photocatalytic H2 evolution studies. The obtained
results are presented in Figure 4b. It can be observed from
Figure 4b that the H2 evolution amount increases with the
increasing number of catalysts (Mg3V2O8 or Mg3V2O8-rGO)
from 5 to 65 mg (Figure 4b). However, relatively lower H2 was
generated with 75 mg of photocatalyst, which suggested that
65 mg of photocatalyst is the optimized amount for the
photocatalytic H2 evolution process. Thus, we have used this
optimized amount of 65 mg of catalyst for further photo-
catalytic studies. Subsequently, we have examined the photo-
catalytic properties of Mg3V2O8 or Mg3V2O8-rGO in various
solvents (methanol, lactic acid, triethanolamine, and water).
The obtained photocatalytic results are summarized in Figure
4c. It can be seen that Mg3V2O8 or Mg3V2O8-rGO possesses
poor photocatalytic properties in pure water. However,
relatively higher photocatalytic H2 generation was observed
for triethanolamine and methanol solvents. The highest

amount of H2 was generated for lactic acid using Mg3V2O8
or Mg3V2O8-rGO catalysts.

It can be observed that Mg3V2O8-rGO has shown excellent
improvements in photocatalytic H2 evolution compared to
Mg3V2O8 (Figure 4c). We have also checked the photo-
catalytic properties of Mg3V2O8 or Mg3V2O8-rGO by varying
the amount of lactic acid. Figure 4d shows the photocatalytic
H2 production activities of Mg3V2O8 or Mg3V2O8-rGO in the
presence of different amounts (10, 20, and 30 mL) of lactic
acid. The highest amount of H2 was generated for 20 mL of
lactic acid compared to 10 or 30 mL of lactic acid. The highest
H2 production of 72.45 and 97.45 μmol g−1 were observed for
20 mL of lactic acid using Mg3V2O8 and Mg3V2O8-rGO,
respectively (Figure 4d). The obtained results are impressive
for the Mg3V2O8-rGO catalyst compared to Mg3V2O8. The
reusability of the photocatalysts is a challenging task and plays
a vital role in large-scale H2 production applications. We have
studied the reusability study of the Mg3V2O8-rGO catalyst for
20 mL of lactic acid. Figure 5a demonstrates the reusability
study of the Mg3V2O8-rGO catalyst. There was insignificant
degradation in the performance of the Mg3V2O8-rGO catalyst
observed up to four cycles.

The probable mechanism for H2 production using the
Mg3V2O8-rGO catalyst has been schematically presented in
Figure 5b. The visible light irradiated over the Mg3V2O8-rGO
catalyst generated electron−hole pairs as shown in eq i41,42

Mg V O rGO Mg V O rGO (h e )3 2 8 3 2 8 VB CB× ++

(i)

Mg V O rGO (h ) H O H OH3 2 8 VB 2+ ++ + •
(ii)

Mg V O rGO (e ) H 1/2H3 2 8 CB 2+ +
(iii)

OH lactic acid H O CO2 2+ +• (iv)

The generated e− in Mg3V2O8 may move toward the
conduction band of rGO and can be trapped due to the
resonance effect. Therefore, it can be assumed that the
synergistic interactions between Mg3V2O8 and rGO may assist
the charge separation between the generated e−−h+ pairs. The
remaining h+ at the valence band interacts with the
surrounding H2O molecules to form the H+ ions and reactive

Figure 5. Photocatalytic H2 production reusability study of the Mg3V2O8-rGO catalyst (a). Probable mechanism of the Mg3V2O8-rGO catalyst for
H2 production (b).
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hydroxyl radicals (•OH) as shown in eq ii. The H+ ions can
move to the conduction band and thereby interact with e− on
the rGO surface and result in the formation of H2 as described
in eq iii. The sacrificial reagent (lactic acid) can also interact
with •OH to form oxidized products and H+ ions (eq iv),
which can further reduce to H2 gas on the surface of rGO.
Therefore, the combined efforts of photocatalytic water
splitting and the lactic acid reforming process work together
to enhance H2 production.

4. CONCLUSIONS
In this work, a new photocatalyst has been developed by
merging the physiochemical properties of Mg3V2O8 and rGO.
Simple strategies have been adopted to fabricate Mg3V2O8 and
Mg3V2O8-rGO. The photocatalytic properties of Mg3V2O8-
rGO were studied toward the evolution of H2 using a
photocatalytic approach. Mg3V2O8-rGO showed an H2
production amount of 97.45 μmol g−1 and an H2 production
rate of 16.24 μmol g−1 h−1, which are relatively higher than that
of the pristine Mg3V2O8. Mg3V2O8-rGO also demonstrated
excellent reusability up to four cycles. This superior photo-
catalytic performance of Mg3V2O8-rGO can be assigned to the
presence of synergistic effects and improved charge-carrier
transport properties. We proposed a low-cost and environ-
mentally friendly photocatalyst for the H2 evolution
application.
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