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The Zn;3(VOy,), nanoparticles doped with cadmium ions have been successfully synthesized by rapid
microwave combustion method. The synthesized product was characterized by powder XRD, EDS,
SEM, TEM, photoluminescence and VSM studies. XRD and EDS analyses suggest the effects of
doping concentration on phase structures of Zn;(VOy,), nanoparticles. Photoluminescence emissions are
centered at around 470 nm. Magnetic analysis revealed that the Zn3(VO,), nanoparticles had a
ferromagnetic behavior at room temperature with saturation magnetization of 18.23 emu/g. The results
of the photocatalytic degradation of methyl orange in aqueous solution showed that cadmium ions
doping greatly improved the photocatalytic efficiency of Zn3(VO,), nanoparticles. The Cd-doped
Zn3(VOy,), nanoparticles with atomic ratio of Cd to Zn being 0.08 had the best activity in photo-
degradation of methyl orange in aqueous solution under UV light irradiation.

Copyright©2018, Daisy Rani et al. This is an open access article distributed under the Creative Commons Attribution License, which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

INTRODUCTION

In the last two decades, photo catalysis in the presence of
semiconductors caused a wide range of concern because it can
be used in environmental protection (Pan, 2013). Among these
semiconductors vanadate is well-known as an excellent
candidate for photocatalytic reaction owing to its high
photocatalytic activity, environmental compatible feature and
relatively low cost (Nalwa, 2004). Transition metal vanadates
are studied extensively in recent years due to their fascinating
structures, electronic, optical, magnetic and photocatalytic
properties. Dyes are important organic pollutants, and their
release as waste water in the ecosystem is a dramatic source of
esthetic pollution, eutrophication, and perturbations in aquatic
life (Fu, 2005). Photocatalytic degradation of organic
compounds for the purpose of purifying waste water from
industries has attracted much attention in recent years
(Arularasu, 2017; Kamat, 2002 and Yu, 2007). TiO, has been
dominantly used because of its high activity, long-term
stability, low price, and availability. However, TiO, is a wide
band gap semiconductor, which necessitates the use of mainly
ultraviolet irradiation (Kazuya Nakata, 2012). The solar
spectrum usually contains about 4% UV light. Thus,
exploitation of a new photo catalyst system is compulsory.
Recently, a growing interest was also focused on the non-
Ti0O,-based catalyzers.
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Many different semiconductors, such as, V,0s5, WO3, ZnO,
Fe,03, CdO and CdS, have been used as photo catalysts for the
photo degradation of organic or inorganic pollutants
(Arularasu, 2017; Bamwenda, 2001; Sathish, 2007). However,
there were only a few reports about vanadium based
heterogeneous photo catalysts, such as Zn3(VO,),, CdV,0Os,
Bi,VO¢ (Tokunaga, 2002; Liang, 2012; Kohtani, 2005).
Zn3(VO,), and CdV,0¢ were reported to be good photo
catalysts for photo-degradation of organic compounds under
UV light irradiation. These results suggest the vanadium-based
photo catalysts may have potential application in
environmental purification. In the past decade, Zn;(VO,), has
attracted much attention because of its magnetic, scintillated,
luminescent and catalytic properties (Min, 2011 and Pitale,,
2012). The preparation of nanostructures with controlled size,
morphology and composition of the materials are of great
interest, because of their unique physical and chemical
properties. It is well-known that nanometer-sized inorganic
low-dimensional systems exhibit a wide range of optical and
catalytic properties that rely sensitively on both size and
morphology. The photocatalytic activity of catalysts depended
strongly on two factors: adsorption behavior and the separation
efficiency of electron—hole pairs. The adsorption capacity can
be generally improved by increasing the specific surface arca
of catalysts. On the other hand, in order to eliminate the
recombination rate of the electron—hole pairs, metal ions
doping have been proposed (Hoffmann, 1995 and Xie, 2005).
In this present study, Zn3(VO,), nanoparticles were
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synthesized by a microwave combustion method. However,
microwave combustion method has more advantages than
other methods, such as simple process, low cost and high
purity products. Therefore, microwave combustion method is a
very popular synthesis method to synthesize photo catalysts
and plays key role in tailoring the properties of nanomaterials
due to its potential controllability over size and morphology
(Shi, 2003). Recently Cu-Ni bimetallic nanoalloys have also
been prepared by a rapid microwave combustion method (Arul
Mary, 2014). Hence, we report the synthesis of Cd-doped
Zn3(VOy4), nanoparticles by the microwave combustion
method. The photocatalytic activities of the as prepared
samples for the methyl orange (MO) photo-degradation were
investigated. To further understand the mechanism of Cd
doped Zn3(VO,), nanoparticles, photo catalysis, the effects of
preparation conditions and Cd-doping concentrations on the
photocatalytic activity were discussed.

Experimental Techniques

Fabrication of Cd doped Zn;(VO,), nanoparticles: All the
chemicals were analytic grade reagents without further
purification. Cd-doped Zn;(VO,4), nanoparticles were
synthesized by rapid microwave combustion method. ZnCl,
(0.306g) was dissolved in 15 ml distilled water and
CdCl,-2.5H,0 (the atomic ratios of Cd to Zn being 0, 0.02,
0.04, 0.06, 0.08, respectively) was added to it with vigorous
stirring. NH4;VO; (0.175g) was dissolved in 30 ml of hot
double distilled water and slowly drop wise mixed to the
above solution under continuous stirring, and the pH of the
solution was adjusted to 9, with 1 M HCI solution. The
resulting suspension was placed in a domestic microwave oven
and exposed to the microwave energy in a 2.45 GHz
multimode cavity at 850 W for 10 min. Initially, the precursor
mixture boiled and underwent evaporation followed by the
decomposition with the evolution of gases. When the solution
reached the point of spontaneous combustion, it vaporized and
instantly became a solid. For convenience of description,
changing the atomic ratio of Cd to Zn, the 0.00, 0.02, 0.04,
0.06 and 0.08 doping of cadmium ions in Zn3(VOy),
nanoparticles were marked as A, B, C, D and E, respectively.

Characterization of Zn;(VO,), nanoparticles

The X-ray diffraction (XRD, Thermo ARL SCINTAG X’TRA
with Cu Ka irradiation, A = 0.1540 nm) was used to analyze
the crystalline size and purity of the samples. The composition
of the product was analyzed by energy dispersive X-ray
detector (EDS, Thermo Noran VANTAG-ESI). The
morphologies were characterized using scanning electron
microscopy (SEM, Hitachi S-4800, 25 kV) and transmission
electron microscopy (TEM, JEM200CX, 120 kV). The
composition of the product was analyzed by energy dispersive
X-ray detector (EDS, Thermo Noran VANTAG-ESI). BET
surface areas were measured by nitrogen adsorption at 77K
using a Micromeritics ASAP 2000 surface area analyzer.
Photoluminescence spectrum of the samples was recorded on a
Edinburgh FL/FS TCSPC 920 fluorescence spectrometer.
Magnetic measurements were carried out at room temperature
using a PMC MicroMag 3900 model vibrating sample
magnetometer (VSM) equipped with 1 T magnet.

Photocatalytic experiments: The photo activity experiments
on the samples for the photo degradation of methyl orange
were performed at ambient temperature. Ultraviolet source

was a 12W Hg lamp (A = 254 nm, Institute of Electric Light
Source, Beijing). In a typical process, aqueous suspension of
methyl orange (150 mL, Cy =1x10"° M) and 50 mg of Cd-
doped Zn3(VO,), nanoparticles were placed in a vessel. Prior
to irradiation, the suspension was magnetically stirred in the
dark for ca. 30 min to ensure the equilibrium of the working
solution. The suspension had been kept under constant air-
equilibrated conditions before and during the irradiation. pH of
the reaction suspension has been not adjusted. Analytical
samples (4 mL) were drawn from the reaction suspension
every 5 min, and removal of Cd-doped Zn;(VOy,),
nanoparticles by centrifugation. The change of absorption at
wavelength 550 nm was applied to identify the concentration
of methyl orange using a 721-type spectrophotometer. The
percentage of degradation is reported as C/C,. C 1is the
maximum peak of the absorption spectra of methyl orange for
each irradiated time interval at 550 nm. C, is the absorption of
the starting concentration when adsorption/desorption
equilibrium was achieved. To test its photocatalytic lifetime,
Cd-doped Zn3(VO,), nanoparticles were recycled and reused
five times in the decomposition of methyl orange under the
same conditions. After each photocatalytic reaction, the
aqueous solution was centrifuged to recycle Cd-doped
Zn3(VOy), nanoparticles that were then dried at 100°C for
another test.

RESULTS AND DISCUSSION

The phase structure and the phase composition of the
Zn3(VOy), nanoparticles were examined by XRD and EDS.
Fig. 1 shows the effects of Cd-doping concentration on phase
structures of the Zn3(VO,), nanoparticles prepared by
microwave combustion method. All the main peaks can be
indexed undisputedly as the pure phase of monoclinic
wolframite (space group: P2/c), which was in good agreement
with the standard data (JCPDS card no. 034-0378) (Pitale,
2012). The cadmium ions may be easy to insert into the
structure of Zn3(VO,), nanoparticles, due to Zn3(VO,), and
CdVO, with the same crystal structure. The average crystallite
size was calculated using Scherrer’s formula given in below.

D = 0.891/Bcosb
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Figure 1. XRD patterns of the Zn;(VQO,), nanoparticles prepared
at different Cd-doping concentration. (a) 0 %, (b) 0.02 %, (c) 0.04
%, (d) 0.06 % & (e) 0.08 %
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Where D is the crystallite size; 1 is the X-ray wavelength; S is
the full width at half maximum (FWHM); @ is the Bragg
diffraction angle. The average crystallite size D calculated
from the diffraction peaks was found to be 21.56° — 33.25° nm
for Zn3(VO,), nanoparticles. Energy dispersive spectrometry
(EDS) analysis was employed to determine the composition of
the Cd-doped Zn3(VO,), nanoparticles.
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The EDS patterns of the Zn;(VOy), nanoparticles doped with
different contents of cadmium ions are shown in Fig. 2. With
Cd-doping concentration increasing, the Cd peak intensity
slightly increased. The results from EDS confirm that the
obtained products are composed of the Zny(VO,),
nanoparticles doped with cadmium ions. The four major peaks
corresponded to vanadium, zinc, oxygen, and cadmium,
respectively.
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Figure 2. EDS of the Zn3(VQ,), nanoparticles prepared at different Cd-doping concentration.
(a) 0%, (b) 0.02 %, (c) 0.04 %, (d) 0.06 % & (e) 0.08 %

Figure 3. SEM images of the Zn;(VO,), nanoparticles (a) 0 % (b) 0.08 % doped
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Figure 4. TEM images of the Zn;(VO,), nanoparticles (a) 0 % (b) 0.06 % (c) 0.08 %

Table 1. BET surface area of the samples prepared at the different Cd-doping concentrations
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Figure 5. PL spectra of the Zn;(VO,), nanoparticles doped with different contents of cadmium ion. From (a—e),
the doping ratio of Cd/Zn was 0, 0.02, 0.04, 0.06 and 0.08

The morphology and particle sizes of the samples were
investigated by SEM and TEM. The SEM image of Cd-doped
Zn3(VOy), nanoparticles in Fig. 3 further demonstrates that the
obtained product has a uniform rod like morphology. Fig. 4
shows the TEM image of pure Zn3(VO,), nanoparticles
prepared via microwave combustion method. As can be seen
from the TEM images of samples prepared at different Cd-
doping concentration, Cd-doped Zn;(VO,), nanoparticles can
be obtained in the whole concentration range under
investigation (Cd/Zn: 0.02-0.08), which indicates that the Cd-
doping concentration has little effect on the crystal
morphology in this range. The size of the nanoparticles was
consistent with TEM results. BET surface area of the samples
prepared at the different Cd doping concentration is shown in
Table 1. It can be observed that the presence of different
amounts of Cd species on the Zn;(VOy,), nanoparticles surface
does not influence significantly the value of the BET surface
area of Zn;(VO,), nanoparticles.

This indicates that specific surface area of the sample is not
consequentially in association with the photocatalytic activity.
Fig. 5 shows the room temperature PL emissions of the
Zn3(VOy), nanoparticles doped with different contents of
cadmium ions. The luminescence spectra of the Cd-doped
Zn3(VOy), nanoparticles exhibit broad blue—green emission
bands peaking at 467nm with a shoulder at 494 nm. It can be
seen that the Cd dopant does not result in new PL phenomena.
However, the excitonic PL intensity of the Zn3(VOy),
nanoparticles increases as the increasing of cadmium ion
content. It is known that the excitonic PL of semiconductor
nanoparticles mainly results from surface oxygen vacancies
and defects. Thus, during the dopant system, the excitonic PL
spectrum is stronger, the content of surface oxygen vacancy
and defect is higher. When the dopant content is lower than its
optimal ratio (Cd/Zn = 0.08), according to Figs. 5 and 6, it can
be found that the excitonic PL spectra is stronger, the
photocatalytic activity is higher.
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Figure 6. Photocatalytic degradation of methyl orange by the
Zn3(VOy), nanoparticles prepared at different Cd-doping
concentration

Fig. 6 shows the photocatalytic degradation rates of methyl
orange on Cd-doped Zn;(VOy), nanoparticles with different
cadmium contents. The sample E has the highest
photocatalytic activity, and the conversion of methyl orange
can be nearly up to 100% after 30 min of irradiation. The
blank experiment without catalyst shows that methyl orange is
almost not decomposed under the same irradiation time,
indicating that the Cd-doped Zn;(VO,), photo catalyst leads to
the photo-degradation of methyl orange, when Cd-doping
concentration is lower than 0.08, Fig. 6 shows that the
degradation rate increases as the increase of cadmium ion
content. However, if Cd-doping concentration further
increases, the photocatalytic activity decreases obviously.
During the process of photocatalytic reaction, oxygen
vacancies and defects can become center to capture photo-
induced electrons, so that the recombination of photo-induced
electrons and holes can be effectively inhibited. When the
dopant content is more than its optimal value, the oxygen
vacancies and defects will be a recombination -center.
According to the above discussion, the presence of a small
amount of cadmium ion can enhance the activity, but
excessive cadmium ion is detrimental. This may be due to the
fact that the cadmium ion can serve as a mediator of the
transfer of interfacial charge at an appropriate doping
concentration, and a small amount of cadmium ion acting as a
photo-generated hole and a photo-generated electron trap
inhibits the hole—electron recombination.

The stability of Cd-doped Zn3(VO,), nanoparticles (E) was
investigated due to its importance in application. After five
recycles for the photo-degradation of methyl orange (Fig. 7),
the catalyst did not exhibit any significant loss of activity,
confirming that Cd-doped Zn;(VO,), nanoparticles (E) is not
photo corroded during the photocatalytic oxidation of the
pollutant molecules. Magnetic proportions of the sample E
were carried out at room temperature in order to Envisage their
behavior of magnetic state. The VSM measurement recorded
in the range of -15k0e to +15kOe applied magnetic field. Fig.
8 show the sample E, magnetic behavior by a typical hysteresis
loop. The value of remnant magnetization (Mr) is 2.45 emu/g
and the saturation magnetization (Ms) value around 18.23
emu/g. The coercivity field around 17.75 Oe, this value
represent the synthesized sample E have ferromagnetic
property. From the slender hysteresis curve suggests

ferromagnetism due to uncompensated spins are present in the
sublattice (Arularasu, 2016).
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Figure 7. The lifetime for photo-degradation of methyl orange by
0.08 % doped Zn3(VOy,),
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Figure 8. VSM studies of sample 0.08 % Cd doped Zn3(VO,),

Conclusion

The Cd-doped Zn3(VO,), nanoparticles were successfully
prepared by a microwave combustion method and it exhibited
the high photocatalytic activity for the decomposition of the
aqueous methyl orange. Synthesized sample E shows a
ferromagnetic property. A small amount of Cd-doping could
obviously enhance the photocatalytic activity of Zn;(VOy),
nanoparticles. At an optimal atomic ratio of Cd to Zn of 0.08,
sample has the highest photocatalytic activity, and the
conversion of methyl orange can be nearly up to 100% after 30
min of irradiation. The high activity of the Cd-doped
Zn3(VOy), nanoparticles could be attributed to the synergetic
effects of Cd-doping and crystallinity structure. The
mechanism for the photo-degradation performance needs to be
further researched.
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