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Abstract: Zinc vanadate (Zn,V,0;) nanoparticles have been synthesized successfully by simple
microwave assisted combustion method using diethylene glycol as fuel. The structure and
morphology of the synthesized zinc vanadate have been investigated by X-ray diffraction (XRD),
Fourier transform infrared spectra (FT-IR), Raman Spectra, high resolution scanning electron
microscopy (HR-SEM), Energy Dispersive X-ray analysis (EDX), diffused reflectance
spectroscopy (DRS) and Photoluminescence studies(PL). The XRD reveals that the formation of
monoclinic structure of Zn,V,0; whereas the formation of Zn,V,0; phase is confirmed by FT-IR
spectra and Raman Spectra. HR-SEM confirms the formation of spherical hollow nanospheres.
The optical properties were determined by UV-DRS and PL studies. The synthesised Zn,V,0;
has been found to show superior photocatalytic activity in the photodegradation of malachite
green (MG) dye.

Keywords: Microwave combustion synthesis, Optical studies, Zinc vanadate, Nanospheres

Introduction

Over the past decade, the shape control of anisotropic nano- and microcrystals has attracted
extensive importance because the morphology, dimensionality and size of materials have
great effects on their physical and chemical properties, as well as on their applications in
various fields.'? The shape control of semiconductor nanostructures play very significant
roles in determining their physical and chemical properties.”® Oxide and sulphide
semiconductor materials with large band gap, such as TiO,, WO;, ZnO, CuO, ZrO,, CdS,
ZnS, etc., are commonly used as photocatalysts.” The efficiency of the photocatalytic
processes depends upon the life time of the photo-generated electron/hole pairs®. Recently,
there is a growing interest in the study of low-dimensional oxide nanomaterials, due to their
potential applications in nanodevices. Metal vanadates, as one of the most important family
of functional materials, have numerous applications in the fields of catalysts,” optical
devices,® magnetic materials,’ as well as battery materials.'®"?
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Microwave assisted combustion synthesis is becoming an increasingly popular and
versatile method for the preparation of metal oxide nanoparticles, has shown significant
advantages over conventional methods. Since, the microwave interaction is at a molecular
level, the temperature distribution is homogeneous inside the solution causing an explosion
reaction followed by vigorous evolution of gases to form nanostructures. The reaction can be
performed in a domestic microwave oven and the operation is clean, fast, cheap. The
prepared metal oxide nanoparticles are highly pure and the yield is also good. The reaction is
completely done in aqueous medium and therefore no harmful organic solvents are used.">"
The advantages of microwave synthesis include unique microstructure and properties,
improved product yield, energy savings, reduction in manufacturing cost and synthesis of
new materials.'® The novel precursors and synthetic routes will be more useful, which
provides a new way for preparing nano materials to control shape, crystalline, and size
distribution.'” The materials with spherical shape morphology can find wide applications in
photo catalysis for industrial waste pollutants, dyes and toxic compounds and also good ion
exchanger capability in analytical chemistry, hydrometallurgy, separation of radioisotopes,
water treatment and pollution control.'®

In the present study, we have investigated a simple and rapid microwave assisted
combustion route to synthesize spherical hollow zinc vanadate nanospheres using ethylene
glycol as fuel. The whole process takes only a few minutes to yield zinc vanadate
microspheres. The structure, morphology and optical properties of the synthesized zinc
vanadate microspheres have been investigated by XRD, FT-IR, Raman, SEM with EDX,
DRS and PL spectra. In addition, the photo catalytic degradation (PCD) ability of zinc
vanadate in the malachite green has been investigated.

Experimental

All the chemicals were obtained from Merck, India (Analytical grade), and were used as
such without further purification. About 0.5 mmol of zinc chloride (0.098 g) and 1mmol
(0.116 g) of ammonium meta vanadate were dissolved in 15 mL diethylene glycol and 15 mL of
deionized water, respectively. Then the mixture was heated to 110 °C for 3 min and then
kept inside the microwave-oven (2.45 GHz and 750 W) for 5 min. After the completion of
the reaction, the obtained solid was cooled naturally then washed with deionized water and
absolute ethanol followed by drying at 110 °C for overnight.

Characterization of zinc vanadate photocatalyst

The structural characterization of zinc vanadate was performed using a Philips X’pert X-ray
diffractometer with CuKo radiation at A = 1.5056A°. The surface functional groups of zinc
vanadate were analyzed by Perkin Elmer FT-IR spectrometer and the Raman scattering
experiment was performed by EZ Raman, Enwave optronics Raman spectrometer. The
morphological studies and energy dispersive X-ray analysis of zinc vanadate have been
performed with a Jeol JSM6360 high resolution scanning electron microscope. The diffuse
reflectance spectrum of zinc vanadate was recorded using Cary 100 UV—Visible
spectrophotometer to estimate their energy band gap. The emission spectrum of zinc vanadate
was performed using Varian Cary Eclipse Fluorescence Spectrophotometer. The extent of dye
degradation was monitored by using UV—Vis spectrophotometer (Perkin-Elmer, Lamda 25).

Photocatalytic reactor and degradation procedure

PCD experiments were carried out in a self-designed photocatalytic reactor'’. The cylindrical
photocatalytic reactor tube was made up of borosilicate with a dimension of 36-1.6 cm
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(height-diameter). The top portion of the reactor tube has ports for sampling, gas purging,
and gas outlet. The aqueous MG solution containing appropriate quantity of Zn,V,0; was
taken in the quartz/borosilicate tube and subjected to aeration for thorough mixing. This was
then placed inside the reactor setup. The lamp housing has low pressure mercury lamps (8 X
8W) emitting 365 nm with polished anodized aluminium reflectors and black cover to
prevent UV leakage. The PCD was carried out by mixing 100 mL of aqueous MG solution
and fixed weight of Zn,V,0; photocatalyst. Prior to irradiation, the slurry was aerated for 30
min to reach adsorption equilibrium followed by UV irradiation. Aliquots were withdrawn
from the suspension at specific time intervals and centrifuged immediately at 1500 rpm. The
extent of MG degradation was monitored by using UV—Visible spectrophotometer (Perkin—
Elmer, Lamda 25). The PCD efficiency(%) was calculated from the following expression,

n = Ci- Ct/Ci x100
Where, Ci is the initial concentration of MG and Ct concentration of MG after ‘t’ minutes.

Results and Discussion
X-ray diffraction analysis

The structural phases of the zinc vanadate were determined by X-ray diffraction pattern. The
XRD patterns were recorded for synthesized sample shown in Figure 1. The
observed diffraction peaks at 20 = 28.7579, 25.9544, 56.5379, and 33.8158° are associated
with [0 2 2], [2 0 0], [1 3 4], and [2 2 2], plane, respectively. These planes are related with
the d-spacing values of 3.10, 3.43, 1.56, and 2.65 A. This clearly indicates the monoclinic
phase of Zn,V,0,; (JCPDS No. 70-1532). Furthermore, no characteristic peaks from other
crystalline impurities were detected by XRD, indicating the high purity of zinc vanadate.
The lattice parameter of synthesized sample is found to be a = 0.742, b = 0.834 nm and
¢ = 1.009 nm. The average size of the particles was calculated using Scherrer formula® is

L =0.89/ cosB

Where L is the crystallite size, A, the X-ray wavelength, 0, the Bragg diffraction angle and J3,
the peak width at half maximum (PWHM). The average crystallite size ‘L’ calculated from
the (0 2 2) diffraction peak was found to be 18 nm. The molecular weight of Zn,V,0; was
found to be 344.64.
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Figure 1. X-Ray diffraction of nano zinc vanadate
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Infrared spectral analysis

The FT-IR spectrum of nano zinc vanadate is shown in Figure 2. The spectrum exhibits a
common broad band near 3480 cm ' due to the OH-stretching vibrations of free and
hydrogen-bonded hydroxyl groups, and a second typical absorption region at 1630 cm™" is
assigned to the deformative vibration of water molecules, which is most probably due to
water adsorption during the compaction of the powder specimens with KBr, The formation
of ZnO phase present in tetrahedron unit of vanadates is characterized by an intense and
very broad IR band with poor resolved shoulders at 580, 1400 and 1428 cm '’
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Figure 2. FT-IR Spectra of zinc vanadate

Raman spectral analysis

Raman scattering spectrum of zinc vanadate (ZnV,05) is shown in Figure 3. The Raman
peaks match with the IR spectral values and it’s assigned to their vanadate (VO,”)
formation. The Raman peaks at 958, and 858 cm™ are assigned to the V-O stretching mode,
while bands at 624 cm™ is assigned to the asymmetric stretching of the V-O. The band at
498 cm™ is assigned to the symmetric stretching of the O—V-0, while the band at 312cm™
allocated to asymmetric bending vibrations of O-V-O. The Raman peaks of the low-
frequency region in 216 cm’ related to the external vibrations, i.e. crystal lattice

translational (T) and rotational (R) modes'*'*.
16000

T T T T T T T
150 300 450 600 750 900 1050

-1
Wavenumber, cm

Figure 3. Raman Spectra of zinc vanadate



Chem Sci Trans., 2014, 3(4), 1488-1496 1492

SEM studies

The surface morphology of the synthesized nano zinc vanade was examined by SEM
measurements. Figure 4(a—b) shows the presence of spherical hollow Zn,V,07 nano clusters
with good separation, varying in size between 6.5-20 nm. The composition of obtained
Zn,V,0, was analyzed by energy dispersive X-ray analysis (EDX). As shown in Figure 5,
the EDX result showed the presence of Zn, O and V by the appearance of Zn, O and V peaks
without any other characteristic peaks. Hence, the samples Zn,V,07 and do not contain any
other element and are indeed free from impurities.

Figure 4(a, b). HR-SEM images of nano zinc vanadate
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Figure 5. EDX Spectrum of nano zinc vanadate

Optical studies (Diffused deflectance spectroscopy)

The energy band gap of nanocrystalline zinc vanadate microspheres was obtained from the
optical diffuse reflectance spectra (UV-DRS) at room temperature and is shown in Figure 6.
It displays an absorption inflection point at around 385 nm, which should be assigned to
the excitonic absorption feature of Zn,V,0,. The direct band gap calculated from diffused
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reflectance spectra is 3.23 eV, which is higher for nano zinc vanadate than that for bulk zinc
vanadate.!" The increment of the values of optical band gap arises due to improvement in the
crystallinity of during annealing treatment.”'®
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Figure 6. UV-Visible diffuse reflectance spectra of zinc vanadate

Photoluminescence (PL) studies

The photoluminescence (PL) spectra of zinc vanadate nanosphere shown in Figure 7 were
recorded for two main reasons: the quantum size effect and structural defects in the crystals.
The intense peak obtained at 430 nm is due to the combination of the electrons from the
conduction band and holes from the valence band. It was reported that depending on the
particle size and exciting wavelength, the different emission peaks could be seen in the range
of 400-600 nm peaks™?. The peak observed at 476.5 nm corresponds to the band edge
emission for zinc vanadate nanosphere.”> The band at 533 nm is assigned to near band-gap
radiative combination®. The emission peak at 520 nm is due to the near band edge emission of
zinc vanadate nanosphere. The strong emission peak at 520 nm, suggest that the zinc vanadate
nanosphere can be useful in optical material of high quality monochromatic laser**.
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Figure 7. Photoluminescence spectra of zinc vanadate
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Photocatalytic studies
Effect of photocatalyst dosage on the photodegradation of MG

The effect of the amount of Zn,V,0; on the photodegradation of MG versus time is shown in
Figure 8 & 9. There is decrease of samples absorbance due to the decrease of dye
concentration. Since there were no additional peaks appearing in the UV-Vis spectra, it is
clear that the dye has been completely degraded. It was observed that the degradation
percentage increased with increasing the mass of photocatalyst, reached the higher value
(50 mg/100 mL of the photocatalyst) and then decreased due to turbid nature of catalyst with
dye. The enhancement of photodegradation efficiency of the dyes with increasing the mass
of photocatalyst may be attributed to the rapid transfer of the photo-generated electrons
resulting in the effective separation of the electrons and holes™.
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Figure 8. Change in absorbance spectra of MG with the illumination time for the zinc

vanadate. Curves 1-9 shows the absorbance spectra after 0, 30, 60, 90, 120, 240 and 270 minute
of UV irradation
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Effect of the initial dye concentration on the photodegradation of MG

After optimizing the photocatalyst dosage, the effect of initial dye concentration 20 and 40 mg /L
on the photodegradation of MG was investigated. The obtained results are shown in Figure 10. It
has been observed that the rate of photodegradation for 20 mg/ L is higher. This is because
more dye molecules were available for consecutive degradation. The rate of photodegradation
was found to decrease with increasing in dye concentration above 20 mg/L. The reason for this
decrease is attributed to the shielding effect of dye at high concentration that retards the
penetration of light to the dye molecules deposited over catalyst surface. The degradation of
MG 20 is also performed in the absence of catalyst (photolysis) and is shown in same figure.
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Figure 10. Efftect of the inital concentration of MG on the degradation efficiency, 50 mg/L
of the catalyst; initial solution at pH 5.7

Conclusion

Zn,V,0; nanosphere clusters have been successfully synthesized by a simple and rapid
microwave-assisted combustion method using diethylene glycol as the fuel. XRD, FT-IR and
Raman spectral data confirmed the formation of nano zinc vanadate phase. The formation of
nano clusters with web like network around them is shown by SEM. The purity of the synthesised
nano vanadate is confirmed by EDX analysis. The direct band gap calculated from diffused
reflectance spectra about 3.23eV and the synthesized zinc vanadate nanospheres showed good
optoelectronic properties. This synthesis process is an economical and rapid for the preparation of
monoclinic structure nano zinc vanadate with respect to energy, time and simplicity. Zn,V,0;
spherical cluster shaped nanocrystals showed enhanced photocatalytic activity against 20 mg/ L
of MG at 365 nm. The 50 mg/100 mL of Zn,V,0; sample functioned optimally by separating
photogenerated electron-hole pairs efficiently. The complete photodegradation of MG was
achieved (~99.6), after 270 minutes for the above optimising condition.
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