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ABSTRACT: A simple and efficient solution mixing method has been developed for the synthesis of the G-V,Oq
nanocomposite. By this method, one-dimensional V,05 rods are decorated onto the two-dimensional graphene sheets. The
synthesized nanocomposites are characterized by XRD, SEM with elemental mapping, TEM, FT-IR, Raman, BET, and XPS
analyses. The photocatalytic activity of the G-V,05 nanocomposite studied with methylene blue dye shows strong degradation
efficiency with direct sunlight irradiation compared to UV and visible light sources. The mechanism of methylene blue dye
degradation by the G-V,05 nanocomposite has been elucidated through the kinetics of the degradation process by calculating the

rate constant and half-life time of the degradation process.
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B INTRODUCTION

Environmental pollution is one of the greatest problems in the
recent past. The level of pollutant is increasing every year,
causing grave and irreparable damage to the globe from the
surface to the core. The industrial effluent is identified as the
primary source of water contamination, which leads to the soil
pollution. The photocatalytic degradation is an important
process of wastewater treatment, capable of removing harmful
heavy organic contaminations.' It has several advantages like
low cost, complete mineralization, and low temperature
process.” The nanosized metal oxide and metal oxide
nanocomposites have been reported as good photocatalytic
materials with extended surface area and recyclability.> Carbon
based materials combined with metal oxides are known to have
improved photocatalytic activity. Activated carbon and carbon
nanotubes have been investigated to control the resistivity of
V,0; rods.*® Graphene, the 2D structure of sp>-bonded carbon
atoms arranged in a honeycomb lattice, was first isolated from
3D graphite by mechanical exfoliation.’ It has also been
reported that the graphene-metal oxide composite possesses
good 7p}llftocatdﬁic activity, compared to the pure metal
oxide.””
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The transition metal oxides such as V,Og and VO, have
received great attention, due to their outstanding properties in
support of diverse significant applications."> Currently different
metal oxide based photocatalysts are used for solar hydrogen
production, although the efficiency was relatively low."® V, O is
a strong metal oxide catalyst with low band gap (2.2 V), and
its composite with graphene sheets possesses strong photo-
catalytic activity. With lower band gap, V,0;5 has an efficient
photocatalytic activity under visible light without any dopants,
in addition to the strong photocatalytic properties under visible
light irradiations.'” Within the scope of our literature survey,
only a few reports are available on the G-V,05 nanocomposite,
and the preparation method has been reported to be
complex."®'? Recently, we have fabricated the G-V,O;
nanocomposite with electrospun V,O5 nanofibers.”® The
resultant composite exhibits residual stress due the difference
in thermal expansion mismatch between graphene oxide and
V,0; because of the high aspect ratio of the fiber.
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In the present investigation, the G-V,05 nanocomposite has
been synthesized by a simple and efficient solution mixing
method with hydrothermally grown V,0Og one-dimensional
structures. The V,0O; rods are decorated onto the graphene
sheets. The structural and optical properties were studied by
various techniques. The photocatalytic degradation efficiency
was analyzed with methylene blue (MB) dye under UV, visible,
and direct sunlight irradiations. The prepared nanocomposite
has a higher photocatalytic efficiency compared to pure V,04
rods. Among the various irradiation sources, direct sunlight
irradiation shows strong degradation. The kinetics of the
degradation process have also been studied by calculating the
rate constant and half-life time of the degradation process.

B EXPERIMENTAL PROCEDURE

Materials and Methods. Graphite powder (Alfa Aesar 99.999%
USA), NaNO; (Merck), KMnO, SRL (Extra pure AR), H,SO,
(Merck 98%, GR Pro Analysis), Millipore water, H,0, (Merck, 30%
GR Pro Analysis), HCl (Merck, 35% GR Pro Analysis), and
ammonium metavanadate (NH,VO;) (Sigma-Aldrich) were used for
the material synthesis. The crystalline phase was identified by powder
X-ray diffraction (XRD) analysis using CuKa radiation (Rigaku,
MiniFlex II-C, Japan). The FTIR spectra were recorded by the KBr
pellet method using an Alpha Bruker FT-IR spectrometer (Bruker
Optics Systems, Germany). SEM images were recorded using
TESCAN, VEGA3SEM (Czech Republic). High resolution TEM
images and a Selected Area Electron Diffraction (SEAD) pattern of the
composite were recorded using a JEOL 3010 transmission electron
microscope. The binding energy and chemical composition of the
prepared material were studied by XPS analysis using a Shimadzu,
ESCA 3400 X-ray photoelectron spectrometer. Raman spectra were
recorded with a Lab RAM HR micro Raman system (France), using
He—Ne laser of 632 nm wavelength. A mercury lamp (wavelength of
400 nm) and a UV lamp (wavelength of 365 nm) attached to a UV-
chamber (Model No. LABPRO-167) were used as the visible and UV
light sources for the irradiation studies. The photocatalytic perform-
ance was studied using a UV—vis spectrophotometer.

Reduction of Graphene Oxide to Graphene. Graphene oxide
(GO) was synthesized by the Modified Hummer’s method as reported
earlier.”! The graphene oxide was reduced to graphene by the chemical
reduction method. Graphene oxide (200 mg) was dispersed in 100 mL
of Millipore water, and the suspension was ultrasonicated for 1 h. The
graphene oxide solution was taken in a three neck round-bottom flask
and heated to 100 °C in an oil bath, and 2 mL of hydrazine hydrate
was added to the solution with constant stirring for 24 h. By this
process the graphene oxide was reduced to graphene as a black
powder. The black powder was filtered and washed several times with
water and ethanol to remove the unwanted impurities if any. The
washed black graphene was dried in a vacuum oven at 60 °C overnight.

Synthesis of G-V,0; Nanocomposites. The V,0; rods were
synthesized by the hydrothermal method.>* The G-V,04 composite
was prepared by solution mixing followed by sonication. This method
is simple and cost-effective with rapid synthesis compared to the in situ
method. Schematic representation of the formation of the G-V,Oq
nanocomposite is shown in Figure 1. In this method, graphene (100
mg) was suspended in 100 mL of water and ultrasonicated for 1 b,
followed by constant stirring. 50 mg of V,0O5 rods was suspended in 50
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Figure 1. Schematic representation of the formation of the G-V,0s
nanocomposite.

mL of H,0O, and then the solution was ultrasonicated for 30 min. The
prepared V,Oj solution was mixed with the graphene solution and
stirred for 2 h. After stirring, the solution was filtered and washed
several times with H,O and ethanol. The solid product was dried
overnight in a vacuum oven at 60 °C to obtain the G-V,Ojq
nanocomposite.

Photocatalytic Activity of the G-V,0; Nanocomposite.
Methylene blue (MB) dye was used to study the photocatalytic
activity of the synthesized G-V,05 nanocomposite. The G-V,Oq
nanocomposite (10 mg) was dispersed in 50 mL of MB dye solution
and maintained at constant stirring in a dark room for 30 min for the
adsorption—desorption of the dye molecules. Then the suspended
solution was irradiated by UV, visible, and sunlight sources for
different time intervals. All the experiments were conducted in a
similar environment at the stable temperature of 35 °C. The
absorption of 3 mL of the irradiated G-V,05 nanocomposite solution
of 3 mL was studied using the UV—visible spectrophotometer.

B RESULTS AND DISCUSSION

Structural Analysis. Figure 2 shows the XRD patterns of
graphene, V,0;, and the G-V,05 nanocomposite. The pattern
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Figure 2. XRD patterns of (a) graphene, (b) V,0; rods with the
orthorhombic phase, and (c) the G-V,0; nanocomposite with the
hexagonal structure. All peaks are indexed with the corresponding
JCPDS values.

Figure 3. SEM images of (a and b) the G-V,0; nanocomposite with
different magnification confirming the uniform distribution of the
V,0s rods on the graphene surface.
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Figure 4. Elemental mapping of the G-V,0Os nanocomposite showing
the uniform distribution of carbon, oxygen, and vanadium.

Figure 5. HR-TEM images of (a) graphene, (b, c) the graphene-V,0;
nanocomposite, and (d) the SAED pattern of G-V,Os.

for graphene shows two prominent peaks (Figure 2 (a)) at an
angle of 20 = 24.43 and 43.14, which are matching with JCPDS
No: 75-1621. The diffraction pattern has no other peaks
confirming that the hydroxyl and carboxyl groups were
completely removed. After the reduction process, (002) and
(100) planes of the hexagonal structure of the sp*-bonded
carbon were observed. The broad and low intensity peaks in the
diffraction pattern of graphene are due to the poor crystalline
nature of carbon. On the other hand, the diffraction pattern of
V,0; rods (Figure 2b) confirmed the higher order crystalline
nature with the orthorhombic structure. From the diffraction
pattern of the G-V,05 nanocomposite, it is observed that the
peak intensity of V,0O;5 rods in the graphene sheets was less
than that of pure V,05 rods (Figure 2c). The V,O; rods might
be distributed uniformly on graphene sheets or incorporated
between the sheets.
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Figure 6. FT-IR spectra of graphene, V,0O; rods, and the G-V,04
nanocomposite.

X G-vz04 e *

Raman Intensity (a.u)

- V305

X Graphene

Graphene

' ' L ' ' ' '
200 400 600 800 1000 1200 1400 1600 1800
Ramanshift (cm™")

Figure 7. Raman spectra of (a) graphene, (b) V,O; rods, and (c) the
G-V,0; nanocomposite.

Morphology Studies. Figure 3(a) shows the SEM image
of the G-V,05 nanocomposite at a lower magnification. The
image clearly shows the attachment of V,O; rods on graphene
sheets. The higher magnification image (Figure 3b) shows the
V,05 rods and sheets-like morphology of the G-V,0;
nanocomposite. From these images, it is observed that V,O;
rods are decorated on the graphene sheets. Figure 4 shows the
elemental mapping of the G-V,05 nanocomposite. The
composite is carbon rich with the uniform distribution of
carbon, oxygen, and vanadium.

TEM Analysis. Figure S shows the HR-TEM images of
graphene and the G-V,05 nanocomposite. A layered region of
graphene with a few layers is shown in Figure 5(a). The higher
magnification image clearly shows the folded and layered region
of graphene,V,0; rods in Figure S (b), and the inset of Figure §
(b) shows the HRTEM image of V,0; rods with a clear lattice
fringe pattern, which confirms the high crystalline nature of
V,0;. Figure 5(c) shows the incorporation of V,0O; rods in the
composite. During the sonication process, the graphene sheets
and V,05 rods are highly dispersed in the solution medium.
The V,0; rods are adsorbed on the surface of graphene sheets
during the solution mixing process under stirring conditions.
Moreover, the COOH groups and the hydroxyl groups of
graphene interact with the V,0; rods and form physical
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Figure 8. XPS spectrum of the G-V,05 nanocomposite (a) survey spectrum, (b) C 1s spectrum of carbon, (c) O 1s spectrum of oxygen, and (d) V
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Figure 9. Nitrogen adsorption—desorption of G-V,0O5 nanocompo-
sites at 77 K.

bonding between them. Figure 5(d) shows the SAED pattern of
the G-V,0O5 nanocomposite, which demonstrates the poly-
crystalline nature of the composite, and the rings are indexed to
the orthorhombic structure.

FT-IR Analysis. Figure 6 shows the FT-IR spectra, which
reveal that the graphene oxide was successfully reduced to
graphene with hydroxyl, carboxyl, and epoxy groups fully
removed except for the C=C sp” bonded carbon aromatic ring.
The FT-IR spectrum of pure V,0O; rods confirms the presence
of the V=0 stretching mode at 1021 cm™" and the V—0-V
stretching mode at 825 and 610 cm™.** On the other hand, the
FT-IR spectrum of the G-V,05 nanocomposite shows the band
at 1618 cm™" due to the C=C sp® bonded carbon aromatic
ring and the band observed at 993, 767, and 573 cm™" are due

14908

to V=0 and V—O-V stretching vibration.’* The bands
observed for the G-V,05 nanocomposite confirmed that the
structure is significantly different from pure V,0O;s rods, and the
bands are shifted to a lower wavenumber. The band shift
toward the lower energy region indicates the strong interaction
between graphene and V,0j; rods.

Raman Spectral Analysis. Figure 7 shows Raman
spectrum of graphene the Stokes phonon energy shift and
the laser excitation creates two main band structures. The band
at 1334 cm™ is a primary in-plane vibrational mode of the D-
band. The second-order overtone of a different in-plane
vibration of sp> hybridization of the carbon atom in the
graphene sheet is observed at 1581 cm™ called the G-band.
The two bands revealed that the D-band is the edge disordered
band structure of k-point phonon of A, symmetry carbon
atoms and the G-band is the E,, mode of order band structure
of sp* hybridization of carbon atoms.”® The disorder nature of
graphene increases, as the Raman intensity increases.”® From
the Raman spectra the defects were related to the Ij,/I; ratio,
the intensity of the peaks. For the G-V,05 nanocomposite the
ratio is calculated to be 1.84, which reveals that the
nanocomposite has fewer defects. The Raman spectrum of
pure V,O; rods reveals that the peaks at 286, 410, 484, 534,
704, and 998 cm™ are related to the distinct vibrational modes
of the orthorhombic V,05 rods. The strong peak at 286 cm ™" is
ascribed to the skeleton vibration, and the fine peak at 998
cm™" corresponds to the stretching vibration of the vanadium
particle attached to the oxygen atom during the double bond,
due to the layered structure of V,0,.*” The Raman spectrum of
the G-V,0; nanocomposite revealed that the V,0O4 rods are
attached to the graphene sheets with peaks at 286, 409, 486,
531, 690, and 995 cm™". The graphene peaks are observed at

DOI: 10.1021/acsami.5b02715
ACS Appl. Mater. Interfaces 2015, 7, 14905—14911


http://dx.doi.org/10.1021/acsami.5b02715

ACS Applied Materials & Interfaces

Research Article

a0 (a) G-v,0g UV-light

irradiation

1.5 || e Omin
—30min
—G0Min
1.0 e Q0min
= 120min
e 1 50MinN
e 180min
210min
240min

Intensity (a.u)

0.5

0.0

400 500 600 700 800

Wavelength (nm)

2.0
(c) G-v,0 direct

sunlight irradiation
1.5

1.0

e OMiN

0.5 | [====30min
e 60NN
e 90 MiN

Intensity (a.u)

.400 500 600 700 800

Wavelength (nm)

2.0
(b) G-V,05 visible light

irradiation

-
o

e O MiN
e 30Min
e 60MiN
e 9OMiN
= 120Min
——150min

Intensity (a.u)
>

0.5

400 500 600 700 800
Wavelength (nm)

1.0 (d)

—s=Pure V505 Visible light

] ~e—G-V,05 UV light
8 —4=G-V,05 Visible light
041 —v=G-V05 Direct Sunlight
0.24
00y S
0 30 60 90 120 150 180 210 240 270 300
Time (min)

Figure 10. Photodegradation of MB dye under the irradiation of (a) UV-light, (b) visible light, (c) direct sunlight, and (d) C/C, vs time (min) for

the G-V,04 nanocomposite.

Table 1. Comparison of Rate Constant and Reaction Half-
Life Time for Different Irradiation Sources

irradiation source rate constant, k (h™") tay (h)
UV light 0.94 + 0.047 0.737234
visible light 1.54 + 0.077 0.45
sunlight 22 +0.11 0.315
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Figure 11. Mechanism of photodegradation of MB dye molecule due
to the G-V,05 nanocomposite under sunlight irradiation.

1581 cm™ (G-band) and 1334 cm™ (D-band). The peak at
995 cm™' is due to the stretchlng vibration of double bond
vanadium and oxygen atoms,”® and the peaks at 690 and 531
em™ correspond to V,—O and V;—0.* The stretching
v1brat10ns of V,05 rods appear at the reglon of 409 and 286
em™! for VO and 486 cm™! for V;—0.*°
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XPS Studies. Figure 8 shows the XPS spectra of the G-V,04
nanocomposite. The binding states of V,05 rods embedded in
the graphene sheets have been analyzed by the XPS studies.
The survey spectrum (Figure 8(a)) shows the presence of all
elements of the composite. The convolution spectrum of C 1s
(Figure 8(b)) contains a peak at 284.47 eV due to the binding
state of C=C in the nanocomposite. Figure 8(c) shows the
spectrum for O 1s, which has two peaks at the binding energies
of 530.69 and 531.55 eV, respectively. The peak at 530.69 eV
corresponds to the bonded oxygen either in the V,O; lattice or
in graphene, and the peak at 531.55 eV has been assigned to the
oxygen of carboxyl and hydroxyl groups of graphene.*’ The
core level spectrum of V 2p shown in Figure 8 (d) reveals the
binding state of 2p electrons of V at 521.79 and 517.00 eV,
corresponding to V 2p1/2 and V 2p3/2, respectively, which are
in good agreement with the binding energy value of VO for
pure orthorhombic structure. The reduced graphene oxide has
residual functional groups like OH and COOH on the surface,
which can form physical bonding with V,0Oj rods.

Surface Area Analysis. The BET surface area nitrogen-
adsorption desorption isotherm of the G-V,05 nanocomposite
is shown in Figure 9. It is the type IV isotherm. The surface
area of the G-V,0; nanocomposite is calculated to be 115 m?/
g>* The order of the hexagonal structure of graphene pores is
blocked due to the presence of V,0O;5 rods in the nano-
composite. The pore volume of the nanocomposite was 0.138
cc/g with the pore size of 2.7366 nm as calculated by the BJH
method.>® An increase in the relative pressure isotherm of the
G-V,04 nanocomposite reveals sharp inflections into P/P,,
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which is attributed to the capillary strengthening inside the
homogeneous interlayer spacing.

Photocatalytic Degradation. The photocatalytic activity
of the synthesized G-V,05 nanocomposite was analyzed using
MB dye under UV, visible, and direct sunlight irradiations as
shown in Figure 10. The irradiation of UV light for different
time intervals and the rate of degradation of MB dye was
observed as shown in Figure 10 (a). Figure 10(b) shows the
absorption spectra of the MB dye solution with the G-V,Oq
nanocomposite under visible light irradiation for different time
intervals. This result shows that visible light irradiated MB dye
with the G-V,05 nanocomposite solution was degraded quickly
within 150 min compared to UV irradiation. Figure 10(c)
shows the absorption spectra of MB dye solution with the G-
V,0;5 nanocomposite under direct sunlight irradiation for
different time intervals. The dye degrades at a faster rate under
sunlight (90 min) compared to UV and visible light sources as
the sunlight has higher intensity. To demonstrate the influence
of graphene on the photodegradation, the degradation of MB
with pure V,0; was studied under visible light. Figure 10 (d)
shows the variation of C/C, with time for V,O4 and the G-
V,0; nanocomposite, where C, is the initial concentration of
the dye solution, and C is the concentration of the dye solution
with respect to the degradation time ‘t. It is obvious from
Figure 10 (d) that the rate of degradation was quite faster in the
composite compared to pure V,0;5 rods, which shows the
beneficial impact of graphene on the photocatalytic perform-
ance of the composite. The photocatalytic activity of the
composite prepared by the present method is higher than the
graphene-V,0; based composite prepared by the hydrothermal
method.**

The kinetics of the degradation process was studied under
various irradiation sources. The rate constant and half-life time
of the reaction was calculated using the following relations (eqs
1 and 2) and tabulated in Table 1. It is observed that the rate
constant of the degradation reaction was relatively higher and
the half-life time of the reaction was less under sunlight
compared to UV and visible light, which leads to the faster
degradation of dye under sunlight

In(C/Cy) = —kt (1)

tl/Z = ln 2/k (2)

where ‘t’ is the degradation time, and k is the rate constant of
the degradation process.

The mechanism of photodegradation of the dye molecule
due to the G-V,05 composite under sunlight is shown in Figure
11.

The chemically reduced graphene has several residual
functional groups like hydroxyl and carboxyl groups enriched
on the surface. During the light irradiation, the excitons are
generated in the V,05 by absorbing the photons. The
photoexcited electrons react with the residual functional groups
of graphene and increase the oxide radicals (O,") by the
reduction process at the conduction band. Moreover, the
presence of graphene reduces the recombination of electrons
and increases the reduction reaction as it is a highly conducting
medium. At the same time, the oxidation reaction at the valence
band increases the hydroxyl radicals (OH®) as shown in Figure
11. The O,° and OH? radicals are highly active and decompose
the dye molecules by the strong reaction. Therefore, the G-
V,0; nanocomposite exhibit enhanced photocatalytic activity
compared to pure V,0; rods.

B CONCLUSION

The G-V,0; nanocomposite has been successfully synthesized
by a simple and efficient solution mixing method. Distribution
of V,05 rods on the graphene sheet was confirmed by SEM,
HR-TEM, and XPS analysis. The XRD studies confirm the
hexagonal and orthorhombic structure of the G-V,Oj;
composite. The XPS analysis confirmed the binding nature of
VO with graphene sheets. The degradation of the MB dye
solution was studied by irradiation with different light sources
using the G-V,0; nanocomposite as a catalyst. The results
demonstrate that G-V,0; acts as an efficient catalyst for the
degradation of MB dye with various light sources. Among the
different sources, the complete degradation of the dye was
achieved within 90 min for the irradiation with direct sunlight.
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