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ABSTRACT

A simple chemical bath deposition method has been developed to study the formation of nanoplate morphology of tungsten oxide. The
obtained materials were characterized by field emission scanning electron microscopy, transmission electron microscopy, x-ray diffractom-
etry, Raman spectroscopy, and UV-vis diffuse reflectance spectroscopy. The photocatalytic activity of the resulting samples was further
evaluated by degradation of Rhodamine B under light irradiation. It was found that both synthesis parameters and morphology affected the
tungsten oxide photocatalytic activity. Tungsten oxide nanoplates obtained by a simple chemical bath deposition method have demonstrated
a higher specific area and higher photocatalytic activity compared to the nanopowders obtained by the hydrothermal method.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0065156

I. INTRODUCTION

Today, industrial wastes, such as heavy metals and organic and
inorganic compounds, are filling up water resources, which dam-
age our ecosystem. Water treatment using photocatalysts and solar
energy is a possible solution to this problem. It is even more attrac-
tive due to the fact that the sun is a free inexhaustible source plus
green chemistry process. The photocatalytic degradation of organic
dyes has been extensively studied using UV-active photocatalysts,
such as titanjum dioxide. The mechanism of dye degradation using
the sun and a photocatalyst is based on the formation of photogener-
ated carriers that generates OH active radicals. The reason the wide
gap semiconductors are being extensively investigated is that their
valence band is usually much lower to produce OH radicals (2.38 vs
NHE). However, 4% of the ultraviolet radiation coming from the sun
gives us motivation to search for semiconductors with the ability to
absorb a reasonable portion of the solar light spectrum.

WO; is a promising semiconductor for photocatalysts because
it has suitable bandgap (~2.6 eV), good chemical stability under
strong solar exposure, oxygen-evolution capability, long minority
carrier diffusion length (~500 nm to 6 yum'?), absorption of vis-
ible light (~12%), and low cost. It has been attracting scientific
interest because of its wide applications in photochromic,”® pho-
toelectrochemical water oxidation,”'! gas sensing,'”"'* and electro-
chemical energy storage.'”~'” Moreover, the valence band of WO is
more positive than the water oxidation potential [E° (OH/OH™)],
which makes it a good candidate for photo-oxidation of water.
Various synthesis techniques have been developed to attain ideal
optical properties of the photocatalyst via engineering its bandgap,
particle size, crystal structure, and morphology. These proper-
ties lead to their high photocatalytic activity and light absorption
ability. Furthermore, some synthesis approaches have successfully
produced tungsten oxide nanostructures, such as nanosheets,”’**
nanoplates,”*”” nanorods,”®”” and other morphologies.”*** Among
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them, two-dimensional (2D) nanostructures provide more accessi-
ble active sites,”’ which might facilitate catalytic reactions toward
chemical precursors.’*** Ma and co-workers’ prepared tungsten
oxide nanoplates by the topochemical method using Na, WO, and
HBF,. They concluded that tungstic acid, HyWOy, is an important
factor in the growth of the crystal. The crystal structure consists of
WOgs octahedra surrounded by four oxygen atoms, and each layer of
WOgs octahedra is connected to each other via hydrogen bonds. The
formation of lamellar nanocrystals of tungsten oxide is explained
by the formation of these layered structures in crystal planes of
H,WO, separated by water molecules along the [001] direction.
Meng et al.*® synthesized a flower hierarchical structure using cit-
ric acid (C¢HsOy7) and found that (-COOH) functional groups are
responsible for the growth of nanoplates.

Herein, we have developed a chemical bath deposition method
at a relatively low temperature ~90 °C and normal atmospheric pres-
sure to synthesize WO3 nanoplates and compared it with a com-
mon hydrothermal synthesis method. The hydrothermal method
can also be used to grow nanostructures; however, it requires high
pressure and additional apparatus and there is no possibility to
observe the reaction process. Despite that the same solution was
used, it was found that the synthesis temperature or atmospheric
conditions strongly influenced the growth of crystals and their final

scitation.org/journal/adv

morphology in both cases. Furthermore, the synthesis at normal
atmospheric pressure and at a temperature of ~90 °C produced
thinner nanoplates, relative to the synthesis by the hydrothermal
(pressure above atmospheric) technique at 180 °C. It is known
that enlarged surface area associated with thin thickness is ben-
eficial to obtain better light scattering and charge transportation.
Accordingly, it is very important to investigate the correlation of
the photocatalyst’s morphology with the light absorption and the
photocatalytic activity.

Therefore, in this research, we mainly studied the formation of
WOj3 nanoplates at ambient pressure and relatively low temperature
and also investigated their photocatalytic activity in parallel with the
WOs3 nanoplates synthesized by the hydrothermal approach through
conducting the light degradation experiment of Rhodamine B.

Il. MATERIALS AND METHODS
A. Chemicals and materials

Sodium  tungstate dihydrate (Sigma-Aldrich, >99%),
hydrochloric acid (Acros Organics, 98%), and citric acid (Acros
Organics, 98%) were used as starting materials for the synthesis of
tungsten oxides.

FIG. 1. SEM images of WO180 (a) and (b) and WO90 nanoplates (c) and (d).
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B. Synthesis of WOz nanoplates

Tungsten oxide nanopowders were synthesized from precursor
solution of 0.1M sodium tungstate (Na,WO4 * 2H,0) and 0.1M cit-
ric acid. The solution was stirred at room temperature for an hour.
Then, 5M solution of hydrochloric acid was added dropwise to reach
the acidity level to pH = 1.5. The synthesis was carried out in two
ways: in the first case, the synthesis by the chemical bath deposi-
tion method took place in a beaker placed on a magnetic stirrer with
heating at a temperature of ~90 °C for 1 h (labeled as W090). In
the second case (hydrothermal synthesis method), the same precur-
sors were used. The yellow solution was transferred to a Teflon-lined
stainless-steel autoclave (50 ml) reactor to synthesize at a higher
temperature of 180 °C for 4 h (labeled as WO180). The resulting
solution was cooled to room temperature, and yellow powder prod-
ucts were washed with water and ethanol several times. The samples
were dried at 90 °C in air for about 12 h. Additional thermal anneal-
ing was carried out in a muffle furnace (SNOL 8.2/1100) at 400 °C
to obtain a polycrystalline phase of tungsten oxide nanopowders.
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Intensity (arb.un.)

Wo3 monoclinic

ol T
50 0

||| ! |30 L T

20 degree

FIG. 3. XRD of WO90 (a) and WO180 (b) nanoplates.
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FIG. 2. TEM images of WO90 (a) and
WO180 (b) nanoplates.

C. Analysis and methods

The crystal phase composition and crystallinity of the pre-
pared products were characterized by using an x-ray diffractometer
(Rigaku Ultima IIT and MiniFlex Rigaku). X-ray diffraction patterns
were obtained by scanning the 26 range from 5 to 90°, step size
=0.02°, and scan time at 0.33 min/deg. The x-ray source used was
an x-ray tube (a copper anode, CuKa radiation) at a wavelength of
1.5418 A, voltage of 40 kV, and current of 44 mA. Raman spectra
were measured on an NTegra Spectra (NT-MDT) instrument using
a blue laser at a wavelength of 473 nm. The irradiation time of the
samples with a laser source was 30 s, and the spot diameter (from
the laser) on the sample was ~2 ym. At 100% intensity, the laser
power was 35 mW. The SEM images presented in this work were
obtained using a Hitachi S4300 E/N FE-SEM. The TEM images were
obtained using a Hitachi H-9500 transmission electron microscope;
the accelerating voltage was varied in the range of 150-200 kV. Dif-
fuse reflectance spectra of the samples were measured using a Cary

804
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Raman shifts, 1/cm

FIG. 4. Raman spectra of WO90 (a) and WO180 (b) nanoplates.
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FIG. 5. UV-vis absorption spectra of WO90 (a) and WO180 (b) nanoplates.

5000 UV-Vis-NIR spectrophotometer equipped with an integrating
sphere.

The photocatalytic activity of WO3 nanoplates was evaluated
by the process of photodegradation of Rhodamine B. UV light was
obtained using a 14 W mercury lamp, and the average light inten-
sity was 100 mW cm ™2, 125 ml of Rhodamine B solution containing
a certain amount of the test sample (5 mg) was treated in an ultra-
sonic bath for 30 min and stirred at room temperature in the dark
until an equilibrium was established. Then, the solution with the
dye and powder was exposed to light. The concentration of Rho-
damine B (RhB) dye at different irradiation times was measured
using a Lambda 35 optical spectrophotometer at absorption maxima
of 554 nm.
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I1l. RESULTS AND DISCUSSION

Figure 1 shows SEM images of the synthesized tungsten oxide
nanopowders. As shown in Fig. 1, uniform square and rectangular
nanoplates are observed in both cases but the thickness of nanoplates
synthesized at 90 °C is less than that of nanoplates synthesized at
180 °C (Fig. 1). The sizes of WO3 nanoplates synthesized at ~180 °C
in x- and y-directions range from 50 to 200 nm. Their thickness is
~50 nm. However, the size of the nanoplates synthesized at 90 °C
in two directions is in the range of 50-150 nm and their thickness
is greater than 20 nm (Fig. 2). Although we cannot accurately deter-
mine the thickness, it can be roughly estimated from its contrast,
where lighter contrast indicates thinner thickness in the TEM image
(Fig. 2).*

Figure 3 shows x-ray diffraction patterns of WO3 nanoplates. It
can be seen that the nanoplates obtained by the two methods do not
differ in structure and their XRD data coincide with the JCPDS No-
01-083-0950 standard for the monoclinic modification of tungsten
oxide. There is a difference in peak FWHM when comparing the
XRD data of the samples. This is due to different crystallite sizes.

Raman spectra of WO3 nanoplates synthesized at ~90 and
180 °C are shown in Fig. 4. The main vibrational modes for the
WO;s lattice are stretching vibrations with a change in bond lengths
(v), bending vibrations with changing angles between bonds-planar
(6), and out-of-plane (y). It is known that these modes of tung-
sten oxide are ~807, ~716, and ~271 cm ™', which correspond to
the stretching of O-W-0O and W-0O, and the bending of O-W-0.*
A group of weak peaks below 200 cm™ correspond to the lattice
vibration, and the sharp peaks at about 270 and 330 cm™ corre-
spond to bending strain § (O-W-0).”° A slight red shift in com-
parison with the literature can be associated with the small size of
the obtained nanopowders. Raman spectra also show the identical
structure of the obtained nanopowders.

Light absorption and optical bandgap of photocatalysts
are important parameters. UV-vis diffuse reflectance spectra of
nanoplates are shown in Fig. 5. The inset graph shows the
Kubelka-Munk function plotted against photon energy. The optical
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o
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FIG. 6. Degradation curves of RhB containing WO90 and WO180 nanoplates under light illumination for 2 h (a) and In (C/Cy) vs irradiation time plots (b).
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bandgap of nanopowders is estimated using the following equation:
ahv = A(hv - E)",

where « is the absorption coefficient and E, is optical bandgap of
the semiconductor. A is a constant, and n is 2 for an allowed indirect
transition or 1/2 for direct transition. Transition is indirect for WOs3,
so (ahv)"? is plotted as a function of photon energy. The bandgap
is estimated to be 2.6 and 2.8 for WO90 and WO180 nanoplates,
respectively.

The photocatalytic activity of the obtained nanoplates was esti-
mated in the oxidation reaction of the organic dye Rhodamine B.
Figure 6(a) shows a comparison of the kinetic curves of the pho-
tocatalytic oxidation of RhB aqueous solution containing WO90
and WO180 nanoplates. As can be seen from Fig. 6(a), WO90
nanoplates have a relatively high photocatalytic activity. Figure 6(b)
shows the correlation between Ln (C/Cy) and irradiation time. The
rate constant, k, for decomposition of RhB was calculated using
Langmuir-Hinshelwood kinetics. Both 0.03 and 0.005 min~" were
obtained for WO90 and WO180 nanoplates, respectively. WO90
demonstrated higher adsorption and photocatalytic activity.

The stability of photocatalysts is an important factor in water
purification. Many semiconductors undergo photocorrosion, are
unstable in aqueous media, and lose their photocatalytic activity
over time when they are exposed to light. Therefore, we exam-
ined the stability of photocatalyst WO90 nanoplates. A certain
amount of photocatalysts was filtered after every cycle, and fresh

|

FIG. 8. Decolorization of Rhodamine
B aqueous solution containing WO90
nanoplates under light irradiation.

120 min

Rhodamine B solution was used to test stability. Figure 7 shows
that the obtained WO90 nanoplates have good stability, and the real
photo of color degradation of the Rhodamine B solution demon-
strated high photocatalytic activity of samples (Fig. 8).

IV. CONCLUSION

Highly photoactive WO;3 thin nanoplates have been success-
fully synthesized by a chemical bath deposition method. It was
shown that the thickness of the WO3 nanoplates can be controlled
by synthesis parameters, such as temperature and pressure. The low
temperature chemical bath deposition synthesis approach not only
can grow thin square nanoplates relative to traditional hydrother-
mal synthesis at above 120 °C (autoclave synthesis method), but
also it is relatively low cost from the economical point of view. The
nanoplates produced from the chemical bath deposition approach
have a higher adsorption rate constant than that of the WOj3
nanoplates synthesized at 180 °C, which might explain the high sur-
face area of WO90. Moreover, the high photocatalytic activity of the
WO90 nanoplates for degradation of organic dye RhB makes them a
good candidate for application in water treatment.
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