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Abstract

ZnWO, nanoparticles were synthesized by a facile sol-gel method using Zn(CH;COO), and Na,WO,. The as-prepared
ZnWO, was characterized by several techniques: XRD, FTIR, TEM, FESEM, EDS, BET, PL and DRS. The effects of pH
and calcined temperatures were investigated on the crystal structure of the ZnWO, photocatalyst. Results showed that pure
ZnWO, was synthesized in pH 6 and calcined temperature 500 °C for 5 h. The synthesized ZnWO, nanoparticles have a
mean diameter less than 100 nm and the bond gap energy are about 3.20 eV. ZnWO, nanoparticles showed efficient photo-
catalytic activity for the degradation of methylene blue under ultraviolet light irradiation. The apparent rate constant (k) of

photodegradation reaction was obtained as 1.62x 1072 min~".
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1 Introduction

One of the main contaminants of water is organic dyes used
in industries such as textiles, plastic and paper. Organic dyes
have high stability against temperature, chemicals and bacte-
rial attack. So far many methods have been investigated for
the treatment of these dyes from water [1-3]. Nowadays,
the purification of the water and wastewater from dyes by
photocatalysts has attracted much attention [4-6]. Photo-
degradation process by semiconductors leads to complete
mineralization of various organic compounds to CO,, water,
mineral acids [7]. Among different semiconductors, ZnWO,
is a nontoxic important and attractive inorganic material
with excellent properties and many potential application in
various fields such as scintillating materials, solid-state laser
host, photocatalysts, gas and humidity sensors, optical fibers
and so on. ZnWQ, is an environment—friendly semiconduc-
tor with a relatively wide direct bandgap; on the order of
3.8-5.7 eV [8], which has photocatalytic activity for degra-
dation of organic materials under UV irradiation. ZnWO, is
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a member of metal tungstates that crystallizes in the mono-
clinic wolframite structure with C2h point group symmetry
and P2/c space group. The structure of this compound con-
sists of zig-zag metal-oxygen chains that are composed of
edge-sharing ZnO4 and WOq octahedra [8—10].

Untill now, ZnWO, has been synthesized by various
methods such as solid state, sol-gel, molten salt, template,
hydrothermal and microwave [11-19]. The improvement of
photocatalytic activity of ZnWO, is prevented by its large
band gap energy and recombination of photoinduced elec-
tron—hole pairs. One strategy for the enhancement of the
photocatalytic activity of ZnWO, is nonmetal or transition
metals doping to extend the photoresponse region. Huang
et al. synthesized ZnWO, doped with chlorine as photocata-
lysts by hydrothermal process [20]. They succeed to reduce
the band gap energy of ZnWO, to 3.68 eV. Also Liu et al.
synthesized B-doped ZnWO, nanorods with E,=3.62 eV
[21]. Arin et al. synthesized La-doped ZnWO, by hydro-
thermal method and reduced the band gap energy of ZnWO,
to 3.11 eV by 20% La-doped ZnWO, [22]. Another way to
reduce the band gap and improve the activity of ZnWO, as a
photocatalyst is to control the morphology. In this work, we
report a simple and inexpensive sol-gel method for synthesis
of ZnWO, photocatalyst with suitable band gap energy with-
out use of any dopant. The pH and temperature-dependant
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structure and photocatalytic activity of the resultant photo-
catalyst are investigated.

2 Experimental
2.1 Materials

All the reagents used in this research were of analytical grade
without further purification. All aqueous solutions were pre-
pared by using deionized water. Zn(CH;COO),-2H,0 (Assay
99.5%), Na,WO,-2H,0 (assay 99%), ammonia (25 wt%
NH;), hydrocholoric acid (37 wt% HCI), EtOH (assay
99.7-100%), methylene blue, and urea were purchased from
the Merck company.

2.2 Characterization Methods

The crystal structures of the samples and chemical com-
position were characterized using X-ray diffractometer
(XRD; Philips PW1730) with monochromatic Cu Ka radia-
tion (A=0.15406 nm) in the 20 range from 10° to 80°. The
UV-Vis diffuse-reflectance spectrum (DRS) was recorded
using a shimadzu (MPC-2200) spectrophotometer in rang
of 200-1100 nm to evaluate the band gap energy of sam-
ple. The Field Emission-Scanning Electron microscopy
(FESEM) was performed using a MIRA3 TESCAN Micro-
scope at an accelerating voltage of 15 kV together with an
energy dispersive X-ray (EDX) to analysis the elements
composition of samples. For studying the morphology of
the prepared samples, Transmission Electron Microscopy
(TEM) images were carried out using an FM10C-100 kV
Serries Microscope (zeiss company Germany).

The Brunauer—-Emmett-Teller (BET) surface area of
the product was measured by micromeritics (Gemini). The
absorbed gas was nitrogen. Fourier transform infrared spec-
tra (FT-IR) were recorded by a FT BOMEM MB102 spec-
trophotometer in the range of 400-4000 cm™! using the KBr
discs. Absorption of solutions in photocatalytic experiments
were monitored using T70 UV—Vis spectrophotometer (PG
Instruments Ltd).

2.3 Preparation of Nanosized ZnWO, Photocatalyst

Nanosized ZnWO, photocatalyst was prepared by using
sol-gel method. A solution of Zn(CH;COO),-2H,0
(0.025 mol) in 30 mL EtOH was prepared and then 1 mL
concentrated HC1 in EtOH (30 mL) was added. This solu-
tion was ultrasonicated for 30 min. After that, the pH of the
solution was adjusted to 3, 6 or 8 by ammonia and diluted
HCl solutions. Then, the required amount of Na,WO,-2H,0
(with molar ratio W to Zn 1.0%) was dissolved in 30 mL of
deionized water. This solution was dropwisely added into the

first one under vigorous stirring. Then the resulting white
colloidal suspension was stirred for 1 h continuously and it
was aged for 48 h in the room temperature until formation of
xerogel. The gel was filtered, washed with 80 mL deionized
water and ethanol (1:1) and dried in oven at 80 °C for 2 h.
Then, the dried gel was calcined at different temperatures
(400 °C, 500 °C or 600 °C) for 5 h under heating rate of
10 °C min~"'. Finally, the calcined product was ground in an
agate mortar to obtain a fine powder.

2.4 Photocatalytic Experiments

The photocatalytic activities of ZnWO, nanocrystals were
evaluated through photodegradation of methylene blue
(MB) under 15 W mercury lamp irradiation (Philips, 010
UVA, TL-D). Different amounts of the photocatalyst (0.1,
0.15, 0.2 and 0.3 g) were dispersed in an aqueous solution
of MB (16 mg L~!, 100 mL) at room temperature. Before

——pH=8
——pH=3
———pH=6

o
N I B U VU N

AMAMM A~ Aol e A o

10 20 30 40 50 60 70 80
2theta(®)

Intensity (a. u.)

Fig.1 XRD patterns of the samples obtained by sol-gel procedure
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Fig.2 XRD patterns of the samples obtained by sol-gel procedure
with different calcinated temperatures (400 °C, 500 °C and 600 °C)

@ Springer



222 Journal of Inorganic and Organometallic Polymers and Materials (2019) 29:220-228

illumination, the suspension was continuously stirred in the
dark for one hour to establish adsorption—desorption equi-
librium. The change in the concentration of the residual dye
was detected using UV—Vis spectrophotometer. The absorb-
ance value of methylene blue was determined at 664 nm.
The concentration of the dye after adsorption was taken as
the initial concentration of the pollutant. Then the solution
was irradiated under magnetic stirring by the lamp was posi-
tioned 10 cm above from the surface of the suspension. At
different irradiation time intervals, 3 mL of the solution was
collected and it was centrifuged at 5000 rpm for 20 min.
The concentration of remaining dye in collected solution
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Fig.3 FESEM images of the ZnWO, nanoparticles
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was measured by monitoring the absorbance of the extracted
solution in the quartz cell each 30 min.

3 Results and Discussion
3.1 Characterization

ZnWO, were synthesized by sol-gel process and the phase
purity of products is examined by XRD. Figure 1 shows
the XRD patterns of the samples prepared at different pH
values. When the pH value is 3, the Na,W,0,; JCPDS card
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Fig.4 TEM Images of the ZnWO, nanoparticles
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NO. 98-000-2045) and Na,W,0, (JCPDS card No. 98-000-
0983) phases are formed with ZnWO, phase. The polytung-
states can be regarded as oxide clusters and synthesized
by the solid-state reaction technique in high temperatures
[23-25]. The Na,W,O,; consists of the tungsten oxide lay-
ers and sodium ions between the layers [23]. According to
the XRD pattern of the sample obtained at pH value of 6, all
diffraction peaks are indexed to the pure monoclinic ZnWO,
(JCPDS card NO. 15-0774) and the diffraction peaks of
the side products are disappeared. The sharp peaks indi-
cate that the products are well crystalline. From the other

point, at pH value of 8, the ZnO phase (JCPDS card NO.
98-001-1316) is formed with ZnWO, phase. These results
show that pure ZnWO, phase can be provided via control-
ling pH value and the suitable pH for the synthesis of the
pure ZnWOy, is 6.

Also, the effect of the calcination temperature on the
crystal structure of the products was investigated. Figure 2
demonstrates the XRD spectra of the samples calcinated in
different temperatures (400 °C, 500 °C and 600 °C). As a
comparison, pure ZnWO, was obtained in 500 °C. It was
found that other peak impurities were detected in the XRD
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patterns of the samples that were calcinated in 400 °C and
600 °C.

Figure 3 shows FESEM images of the pure ZnWO,
sample prepared at pH 6. The particle size of as-prepared
ZnWO, is below 100 nm. In order to determine the mor-
phology and exact size of the ZnWO, nanoparticles, TEM
analysis was used. Figure 4 shows the TEM images of the
ZnWO, nanoparticles. According to these images, the
nanoparticles have an average diameter about 2678 nm
which are in agreement with FESEM results. On the basis
of BET results, the surface area of ZnWO, nanoparticles
was 5.8161 m*> g=!.

The EDX spectroscopic data exhibits that the final prod-
uct is pure phase ZnWO, without any other elements. The
material is composed of Zn, W and O with an atom ratio of
close to 1:1:4. EDX spectrum of the ZnWO, nanoparticles
is shown in Fig. 5.

Figure 6 displays UV-Vis DRS spectra of pure ZnWO,.
Electronic spectral properties are affected by the crystal
sizes and morphologies of the final ZnWO, powders. As
the Fig. 6 shows, the strong absorbance was observed only in
the UV region for synthesized ZnWO,.. The band gap energy
(Eg) of the ZnWO, can be estimated from a plot of (athv)? vs.
photon energies (eV) using the following equations [23, 26]:

Fig.7 The room temperature
photoluminescence (PL) emis-
sion spectrum of ZnWO,
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Fig.9 Effect of catalyst dose on the degradation of MB aqueous solu-
tion under UV irradiation
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where o, A, v, ¢, h, A and Eg are the absorption coefficient,
proportionality constant, light frequency, the velocity of
light (3 x 108 ms™"), the planck s constant (4.14 x 10~ eV),
the wavelength (nm) and the band gap energy (eV), respec-
tively. That n = 1/2, 2, 3/2, 3 are for a direct allowed tran-
sition, for an indirect allowed transition, for a direct for-
bidden transition and for an indirect forbidden transition,
respectively. The band gap energy (E,) of the ZnWO, can
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be determined by extrapolation of linear part of the curve
to the hv axis intercept that it was specified to be 3.20 eV.

Figure 7 shows the room temperature photoluminescence
(PL) emission spectrum of ZnWO,. It can be observed that
the pure ZnWO, nanoparticles exhibit a broad peak in the
range of 300-700 nm, centered around 468 nm when excited
in 254 nm. This intrinsic luminescence might be due to
charge transition between the O,, orbitals and the empty
d orbitals of the central W% ions in the WO group [9, 14,
27-29].

The FTIR spectrum of the ZnWO, was shown in Fig. 8.
The stretching vibrations of W—O occur at 823 cm™! and
879 cm™' [20, 30, 31]. The bands at 471 cm™' and 431 cm™
can be due to the bending and stretching vibrations of Zn—O.
The broad band about 3404 cm™! and the band at 1634 cm™!
are attributed to the stretching and bending vibrations of
O-H [20].

3.2 Photocatalytic Performance

The photocatalytic activity of the as-prepared ZnWO, nano-
particles were evaluated by the photodegradation of methyl-
ene blue aqueous solution. The effect of the catalyst dose on
the photodegradation was investigated by different amounts
of photocatalyst. The MB removal percents 33.57, 59.70,
93.51 and 89.18 were obtained for the catalyst doses 1 g
L™, 15gL",2gL™" and 3 g L7, respectively, after 3 h
irradiation. It was revealed that 2 g L™! of ZnWO, has the
highest removal percent of the dye from solution. Figure 9
shows the effect of catalyst dose on the degradation of MB
aqueous solution under UV irradiation.

Figure 10a, b shows the photocatalytic degradation of
MB solution as a function of irradiation time over differ-
ent amounts of photocatalyst. The blank test indicates that
the photolysis of MB can be ignored. The results show the
photocatalytic activity enhances with increasing the amount
of ZnWO, to 2 g L.

Figure 11 shows the spectral changes during the photo-
degradation of MB aqueous solution (16 mg L") in the pres-
ence of 2 g L™ of ZnWO, at various time intervals under
UV light irradiation. MB shows an apparent absorbance
at wavelength 664 nm that with increasing the irradiation
time, an obvious decreasing appears in the intensity of this
peak. Furthermore, during the photodegradation process, the
absorption peak clearly shows a blue shift. These findings
are in accordance with the results reported by Huang et al.
[20] and Zhang et al. [32]. They investigated the photoac-
tivity enhancement of ZnWO, photocatalysts doped with
chlorine and photooxidative N-demethylation of methylene
blue (MB) in aqueous TiO, dispersions under UV irradia-
tion, respectively. They found that MB degradation occurs
via N-demethylation. The color of dye solution changes
from deep blue to light blue and then becomes colorless.

@ Springer
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Fig. 11 UV-Vis spectral changes of MB aqueous solution by ZnWO,

The color of MB solution becomes less intense when all or
part of methyl or methylamine groups degrades. Therefore
N-demethylation and oxidative degradation occurs during
the photodegradation process of MB.

The first order linear relationship was observed by the
plot of the In C,/C vs. irradiation time (min) in Fig. 12. C_
and C are the concentrations of MB at time t, and t, respec-
tively. From the graph, the apparent rate constant (k) of the
photodegradation reaction is 1.62x 107> min~! and the lin-
ear fit (R?) is 0.998.

The reusability tests for MB photodegradation using
ZnWO, were carried out to investigate the photocatalytic
stability of as-prepared catalyst. After every 60 min of
photodegradation, the ZnWO, was separated and washed
with deionized water and dried. Figure 13 shows that the
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Fig. 12 Photocatalytic kinetic graph for the degradation of MB by
ZnWO, under UV irradiation
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Fig. 13 Cycling runs in the photocatalytic degradation of MB in presence of ZnWO,

photodegradation efficiency of ZnWO, was still more than
75% after three cycles and the catalyst did not exhibit any
significant loss of activity, but after fourth cycle, it was 50%.
The slight decrease in activity after three cycles, confirming
that as-prepared catalyst is stable during the photocatalytic
oxidation of the MB molecules.

4 Conclusion

ZnWO, photocatalyst prepared via a simple sol-gel process
exhibited high photocatalytic activity for the degradation
of the MB aqueous solution under UV irradiation. The pH
value and the calcined temperature were affective on the
structure of the ZnWO, nanoparticles. The pure nano-sized
ZnWO, with average diameter about 26-78 nm was synthe-
sized at pH value 6 and calcined temperature 500 °C. The
band gap energy of as-prepared ZnWO, was 3.20 eV without
the use of any dopant and these nanoparticles degrade MB
with k=1.62x 1072 min~!. As a comparison, Huang et al.
obtained the band gap 3.70 eV and 3.68 eV, respectively
for pure ZnWO, and chlorine doped ZnWO, synthesized
by hydrothermal method with particle sizes 30-50 nm [20].
They also obtained the reaction rate constants, k, for MB
degradation by these materials 0.38 x 107> and 1.54 x 1072,
respectively. Therefore, ZnWO, nanoparticles synthesized
herein by a facile method show an enhanced band gap and
improved catalytic activity. These results are promising
for the enhancement of photocatalytic properties of this

photocatalyst alongside organic/inorganic metal doping to
extend the light absorption spectrum from UV to visible
light.
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