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ABSTRACT

In the current study, for the first time, an innovative hydrothermal method was proposed for the
synthesis of TiO2/WO3 heterojunction nanocomposite from the combination of TiO2 nanorod, and WO3
nanoflakes. Because of environmental issues arising from the vast use of insecticides, this nanocomposite
photocatalyst was applied for the first time for photocatalytic degradation of Nitenpyram insecticide under
visible light irradiation. The prepared nanocomposite was fully characterized by XRD, FESEM, DRS, PL, and
Mott-Schottky analysis. The results revealed that the heterojunction sample had the best photocatalytic
performance. The enhanced photocatalytic activity of this heterojunction is attributed to the decrease
of the charge carrier’s recombination rate and enhanced visible light harvesting. Moreover, based on the
radical trapping experiments and Mott-Schottky calculations, hydroxide radical was determined as the
main active species for decomposition of Nitenpyram insecticide, and type II charge transfer mechanism
was revealed to be responsible for the enhanced photocatalytic performance, which charge transfer
between the two semiconductors results in the decreasing of the charge carrier’s recombination rate.
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INTRODUCTION
Nowadays, various insecticides are widely used
in agriculture, and their subsequent release into
the environment such as groundwater, rivers, and
soil creates serious environmental problems [1].
Nitenpyram, as an effective neonicotinoid, is one of
the most commonly used insecticides [2]. Recently
developed techniques for removing insecticides
from polluted environments are biodegradation,
membrane
reactors,
hybrid
adsorption/
coagulation/flocculation, catalytic hydrolysis, and
advanced oxidation process (AOP) [3-7]. Among
these methods, AOP by using semiconductor
photocatalysts is a promising technology for
the decomposition of organic pollutants in
* Corresponding Author Email: g.hosseinzadeh@ubonab.ac.ir

environmental remediation applications [8].
In recent decades, titanium dioxide (TiO2),
as an n-type semiconductor, has gained much
consideration in the photocatalytic processes
due to its interesting features such as good
physicochemical stability, low cost, high oxidation
power of photoinduced electrons and holes,
stability and reusability [9]. However, because of the
fast recombination of the photoinduced electronhole pairs, and low sunlight harvesting ability, the
photocatalytic performance of bare TiO2 is rather
low [10]. Based on the above considerations,
various methods have been developed to overcome
the restrictions of TiO2 such as doping with metal or
nonmetal elements [11], compositing with graphene
or g-C3N4 [12-14], engineering its morphology
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and surface structure[15, 16], and heterojunction
formation with other semiconductors [17, 18].
Currently, as a promising approach, a combination
of a semiconductor with a second semiconductor
in the form of a heterojunction photocatalyst
has attracted much attention, which leads to the
efficient separation of the photoinduced electronhole pairs and improvement of the sunlight
absorbance efficiency[19, 20].
Tungsten oxide (WO3), as an n-type transition
metal Oxide semiconductor with a suitable band
gap energy of ~2.5 eV for visible light absorption has
been widely used in a wide range of photocatalytic
applications [21]. This is because of its excellent
features such as suitable valence and conduction
band position, high visible light absorption, good
stability, low cost, and outstanding electrochemical
and optical properties [22-25]. However, because
of its narrow band gap, and fast charge carriers’
recombination rate, this semiconductor has low
photocatalytic efficiency [26]. In this regards
various strategies have been developed to the
improvement of its photocatalytic efficiency,
including compositing with carbon nanostructures
[27, 28], doping with other elements [29, 30], surface
engineering [31, 32], and hybridization with other
semiconductor photocatalysts in heterojunction
nanocomposites [33]. Among these methods, the
heterojunction photocatalysts are promising and
different heterojunction nanocomposites of WO3
were synthesized such as WO3/TiO2 [34], WO3/
BiVO4 [35], WO3/ZnO [36], WO3/Bi2O3 [37], and
WO3/AgBr [38].
Although, there are some articles about TiO2/
WO3 nanocomposite photocatalyst [39, 40],
however, for the first time in the current study, a
TiO2/WO3 heterojunction nanocomposite was
synthesized through hydrothermal technique
from novel morphology of TiO2 nanorod, and
WO3 nanoflake. The nanocomposite was applied
for photocatalytic degradation of Nitenpyram
insecticide under visible light irradiation, for the
first time. The as-prepared composite was fully
characterized by XRD, FESEM, DRS, PL, and
Mott-Schottky analysis. Furthermore, based on the
optical, photoelectrochemical and photocatalytic
activity test results, a possible charge transfer
mechanism was proposed.
EXPERIMENTAL
Materials
Titanium
isopropoxide,

HCl,

NaOH,
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Triethanolamine, ethanol, Na2WO4.2H2O, L-lysine,
Nitenpyram, tert-Butyl alcohol, benzoquinone, and
Ethylenediaminetetraacetic acid were purchased in
analytical grade from Merck, Germany, and were
used as raw materials without any purification.
Synthesis of TiO2 nanorods
TiO2 nanorods were prepared by hydrothermal
method. Briefly, 3.5 ml of Titanium isopropoxide
was mixed with 7 ml of Triethanolamine, then this
mixture was fully dissolved in 50 ml of deionized
water by magnetic stirring. The final solution was
poured into a Teflon-lined stainless autoclave
and maintained at 180 ℃ for 20 h. The obtained
precipitate was separated by centrifuging at 5000
rpm and washed several times with distilled water
and dried at 80 ℃.
Synthesis of WO3 nanoflakes
WO3 nanoflakes were also prepared by
hydrothermal method. For this purpose, 0.75 g of
Na2WO4.2H2O was mixed with 1.5 g of L-lysine and
after adjusting the pH to 1 by 4 M HCl solution the
final mixture was dissolved in 40 ml of deionized
water under magnetic stirring. The final solution
was transferred into a 75 ml Teflon-lined stainless
autoclave and maintained at 170 °C for 12h. The
final precipitates were immediately separated by
centrifugation, washed several times with distilled
water and ethanol, and dried at 80 °C.
Synthesis of TiO2/WO3 nanocomposite
For the synthesis of TiO2/WO3 nanocomposite,
containing 40% (w/w) WO3 and 60% (w/w)
TiO2, in a typical process, 0,6 g WO3 nanoflakes
were fully dispersed in 50 ml deionized water by
probe ultrasonication, then 3.5 ml of Titanium
isopropoxide and 7 ml of Triethanolamine were
dissolved in above suspension by magnetic stirring.
The final suspension was poured into a Teflonlined stainless autoclave and maintained at 180
°C for 20h. The resulting nanocomposite was
separated by centrifugation, washed several times
with distilled water and ethanol, and dried at 80 °C.
Characterizations
The crystal characteristics of the obtained
photocatalysts were analyzed by X-ray diffraction
(XRD) on Philips X’ Pert MPD with Cu Kα
radiation (λ= 0.15406 nm) in 2θ range from 10°
to 80°. MIRA3 TESCAN field emission scanning
electron microscopy (FESEM) was applied to
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investigate the morphology and particle size of
the photocatalyst samples. Diffuse reflectance
spectroscopy (DRS) in the region of 200 to 800 nm
was performed by means of a Shimadzu UV-2550
UV–vis spectrophotometer. Varian Cary-Eclipse
500 fluorescence spectrometer was used to obtain
the photoluminescence (PL) spectra of samples
at an excitation wavelength of 300 nm. Photoelectrochemical characteristics of the samples
were assessed using a Gamry potentiostat in a
conventional three-electrode system of Ag/AgCl
(reference electrode), Pt foil (counter electrode),
and the prepared samples (as a working electrode)
in 0.1 M aqueous solution of Na2SO4 as electrolyte
and under irradiation of 570 W Xenon lamp
equipped with L41 UV-cut off filter (Kenko Co.).
Photocatalytic activity
The photocatalytic efficiencies of the synthesized
samples were investigated by measuring the
degradation percentage (D.P.) of Nitenpyram
insecticide under visible light irradiation. A
570W Xenon lamp equipped with an L41 UV-cutoff filter (Kenko Co.) was used as a visible light
source. Briefly, 30 mg of photocatalyst sample
was fully dispersed in 100 mL of the wastewater.
The resulting suspension was maintained under
dark conditions and stirred for 2 h to reach an
adsorption-desorption equilibrium, and afterward
was irradiated. Every 15 min, 5 mL of aliquot was
sampled and immediately centrifuged to deposit

the remnant photocatalyst nanocomposites, and
the remaining concentration of Nitenpyram
insecticide was measured by Cary 100 Bio UV–Vis
spectrophotometer at its maximum wavelengths of
218 nm.
RESULTS AND DISCUSSION
XRD
The XRD patterns of the prepared samples
were illustrated in Fig. 1. For the TiO2 sample,
the main peaks at 2θ of 25.2, 37.7, 48.0, 53.8, and
54.8° are respectively assigned to the (101), (004),
(200), (105), and (211) crystal planes of TiO2 with
anatase structure (JCPDS 21-1272) [41]. In the
XRD pattern of WO3, the major diffraction peaks
positioned at 2θ of 13.9°, 22.7°, 26.8°, 28.2°, and
36.5° can be respectively indexed to the (100),
(001), (101), (200), and (201) diffraction planes
of the hexagonal WO3 with JCPDS #33-1387
[42]. In the diffraction patterns of the TiO2-WO3
sample, the characteristic diffraction peaks of both
WO3 and TiO2 are present, which indicates the
successful synthesis of the nanocomposite TiO2WO3 sample. The broadening of the diffraction
peaks demonstrates the nanostructure nature of
the prepared samples.
FE-SEM
The FE-SEM images were taken from the WO3,
TiO2, and TiO2-WO3 samples to characterize their
morphology and particle size. The results of FE-

Fig. 1. XRD patterns of the prepared samples.
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SEM images for the samples prepared are given in
Fig. 2. Fig. 2(A) demonstrates the FE-SEM image of
the TiO2 sample, as seen, this sample contains the
TiO2 nanorods with an approximate diameter of 40
nm and an approximate length of 150 nm. Based on
the FE-SEM image of the WO3 sample (Fig. 2(B)),
this sample is made up of the WO3 nanoflakes with
a thickness of approximately 30 nm. In the FE-SEM
image of the TiO2-WO3 nanocomposite (Fig. 2(C)),
both the TiO2 nanorods and the WO3 nanoflakes
are seen. Furthermore, the suitable distribution
of the TiO2 nanorods on the WO3 nanoflakes is
observed in this image.

DRS
In order to evaluate the photocatalytic
performance of a photocatalyst, its optical behavior
must be examined. To study the photo-response
characteristics of the prepared samples, the light
absorption spectra of the prepared samples were
tested by UV-Vis diffuse reflectance spectroscopy
(UV-DRS), and the relevant results are shown
in Fig. 3. As is seen in Fig. 3(A), the absorption
edges of the WO3, TiO2, and TiO2-WO3 samples
are found to be around 460, 395, and 420 nm,
respectively. As can be seen, anatase TiO2 nanorods

Fig. 2. FE-SEM images of TiO2 (A); WO3 (B) and TiO2-WO3 heterojunction nanocomposite (C).
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Fig. 3. (a) UV-Vis diffuse reflectance and (b) Tauc plots for the corresponding samples.

Fig. 4. PL spectra of the prepared samples.

mainly absorb ultraviolet light. WO3, on the other
hand, tends to absorb visible light radiation. The
presence of WO3 in the structure of TiO2 shifts
the TiO2 absorption edge towards the visible light
region, which can improve the photocatalytic
performance of the nanocomposite sample under
visible light radiation. In order to study this effect
more precisely, the band gap energy of the samples
was examined based on the Tauc formula [43]. As
shown in (Fig. 3(B)) the band gap energies of the
WO3, TiO2, and TiO2-WO3 samples are 2.6, 3.1,
and 2.8 eV, respectively. Therefore heterojunction
formation between TiO2 and WO3 remarkably
decreases the band gap energy of TiO2, which could
result in an improvement of photocatalytic activity
under solar light irradiation.
Photoluminescence (PL)
The separation of
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charge

carriers,

i.e.

photoinduced electrons and holes, is one of the
effective factors in the photocatalytic performance
of a photocatalyst sample. 3.4. Photoluminescence
(PL) spectroscopy can be used to study the effect
of heterojunction formation between TiO2 and
WO3 semiconductors on the separation and
transportation of charge carriers in the TiO2-WO3
heterojunction sample. In this case, any decrease
in the PL intensity indicates a decrease in the
electron-hole recombination which can result in
the improvement of the photocatalyst performance
[44]. As can be seen in Fig. 4, the PL intensity of
the TiO2-WO3 nanocomposite is remarkably lower
than that of the TiO2 and WO3 samples, so it can be
concluded that heterojunction formation between
TiO2 and WO3 effectively reduced the electron-hole
recombination. Therefore, the TiO2-WO3 sample
could have improved photocatalytic activity due to
the diminished charge carriers’ recombination rate.
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Fig. 5. Mott-Schottky measurements for (A) TiO2 and (B) WO3 samples.

Mott-Schottky
To determine the conduction and valance
band energies of the TiO2, and WO3 samples,
Mott-Schottky tests were conducted, as depicted
in (Fig. 5). The Mott-Schottky curves of TiO2 and
WO3 samples have positive slopes, reflecting that
these samples are n-type semiconductors [45].
The flat band potentials (EFB) for pure TiO2 and
WO3 were found to be -0.52 and +0.6 V versus Ag/
AgCl reference electrode (-0.32 and +0.5 V relative
to NHE), respectively. It is generally documented
that the conduction band potential (EC) in n-type
semiconductors is located ~0.1 eV lower than EFB,
and the potential of valance band (EV) of p-type
semiconductors is approximately 0.1 V higher than
EFB [46]. In this regard, the EC of TiO2 and WO3
samples are calculated around -0.42 and +0.4 eV
vs. NHE, respectively. Further, the EV of TiO2 and
WO3 samples are estimated through the equation
EV=Eg + EC, and from the calculated EC (from
EFB) and Eg (from DRS test and Tauc plots, Fig.3)
therefore EV of these samples is 2.68 and 3 eV vs.
NHE, respectively.
Photocatalytic performance
The photocatalytic efficiencies of the prepared
photocatalyst samples were examined by measuring
the degradation percentage of Nitenpyram
insecticide under visible light irradiation. Before
irradiation, the adsorption on the surface of
photocatalysts was studied in dark conditions,
which results in a change in the Nitenpyram
relative concentration ( C C ) as the function of the
processing time is shown in Fig. 6(A). As can be seen
in this figure after 105 min, the adsorption stops for
all samples, and the largest adsorption occurred for
the TiO2-WO3 sample. As shown in Fig. 6(B), in the
t

0
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absence of any photocatalyst sample (Blank) the
degradation of Nitenpyram is negligible while in the
presence of TiO2 and WO3 samples, an impressive
degradation of Nitenpyram has occurred. The TiO2WO3 heterojunction photocatalyst has significantly
improved photocatalytic performance, which can
be attributed to the decrease of the charge carriers’
recombination rate and improvement of the visible
light absorbance. Because of the low concentration
of Nitenpyram insecticide in the reaction solution,
the apparent reaction rate constants ( kapp ) for
its photocatalytic degradation reaction on the
prepared samples were calculated from the Pseudo
first-order reaction kinetic equation (Eq. (1))
according to the Langmuir-Hinshelwood [47].

C 
ln  0  = kapp t
 Ct 



(1)

Where C0 and Ct are the Nitenpyram
concentrations at irradiation time (t) of 0 and
t respectively. Fig. 6(C) shows the reaction
kinetic curves for photocatalytic degradation of
Nitenpyram over the prepared samples. kapp of the
TiO2, WO3, and TiO2-WO3 samples are estimated as
0.0111, 0.0059, and 0.0312 min-1, respectively.
In order to optimize the reaction condition for
photocatalytic degradation of Nitenpyram over the
TiO2-WO3 heterojunction nanocomposite under
visible light irradiation, the reaction was repeated
in the different photocatalyst concentrations and
the different reaction solution pH. As seen in Fig.
7(A), maximum degradation is obtained at 300
ppm photocatalyst concentration. And according
to the results of Fig. 7(B), the best performance
is obtained at the reaction solution pH of 7. For
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Fig. 6. (A) Change of the Nitenpyram relative concentration ( Ct C0 ) as function of time during the adsorption process in dark condition,
(B) Photocatalytic degradation percentage (D.P.) of Nitenpyram insecticide over the prepared samples under visible light irradiation
and (C) Pseudo first-order reaction kinetics for Nitenpyram degradation over the prepared photocatalysts

Fig.7. Degradation percentage (D.P.) of Nitenpyram insecticide over the TiO2-WO3 after 100 min visible light irradiation as function of
(A) catalyst concentration (pH =7) and (B) pH of the reaction solution (catalyst concentration=300 ppm).

adjusting the reaction solution pH, aqueous
solutions of HCl (0.01M) and NaOH (0.01M) were
used. Therefore, the optimized reaction conditions
are pH=7 and photocatalyst concentration=300
ppm.
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In order to survey the stability of the TiO2WO3 heterojunction nanocomposite during the
photocatalytic degradation reaction, EDS and
Raman analyses were performed before and after
the degradation process, which results are shown
J. Water Environ. Nanotechnol., 7(3): 230-240 Summer 2022
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Fig.8. EDS (A) and Raman (B) spectra of the TiO2-WO3 sample before and after the degradation process.

Fig. 9. Photocatalytic performance of TiO2-WO3 sample for degradation of Nitenpyram insecticide under visible light irradiation in
presence of different scavengers.

in Fig. 8. As seen in Fig. 8(A), the peaks related to
the O, Ti, and W elements, are seen in EDS spectra
of the TiO2-WO3 nanocomposite, which indicates
successful preparation of this heterojunction
sample. Moreover, there is no obvious difference
between the EDS spectra of the TiO2-WO3 sample
before and after the degradation process, which
confirms the good stability of the nanocomposite
during the degradation reaction. In Raman spectra
of the TiO2-WO3 heterojunction in Fig. 8(B), the
peaks at wavenumbers of 149, 400, 521, and 640
cm-1 are indexed to Eg, B1g, A1g + B1g, and Eg modes
of the anatase TiO2, respectively [14], and the peaks
at wavenumbers of 810 and 718 cm-1 are related
to the stretching of O-W-O modes, and peaks at
136 and 276 cm-1 are attributed to the deformation
of O-W-O modes WO3 [48]. As observed in Fig.
8(B), there is no remarkable change in the Raman
J. Water Environ. Nanotechnol., 7(3): 230-240 Summer 2022

spectra of the TiO2-WO3 nanocomposite after
the photocatalytic degradation reaction, which
indicates acceptable stability of this heterojunction
sample during the degradation process.
To further investigate the role of the active
species during the photocatalytic decomposition
of Nitenpyram insecticide on the TiO2-WO3
heterojunction, tert-Butyl alcohol (t-BUOH)
as OH• scavenger, benzoquinone (BQ) as O2•−
scavenger, and Ethylenediaminetetraacetic acid
(EDTA) as hole scavenger, with the concentration
of 0.01 M was added to the photocatalytic
reaction suspension in the optimum reaction
conditions as mentioned in previous sections
[49]. Fig.9 clearly indicates the highest decrease
in the photocatalytic performance in presence
of t-BUOH, which distinctly demonstrates the
dominant role of OH• radicals in photocatalytic
237
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Fig. 10. Plausible type II charge transfer pathways for the photocatalytic activity of the TiO2-WO3 heterojunction.

degradation of Nitenpyram insecticide. Moreover,
the photocatalytic activity is partially decreased in
presence of BQ. In brief, the OH• is the major cause
of the photocatalytic degradation of Nitenpyram
over the TiO2-WO3 nanocomposite under visible
light irradiation.
Plausible type II charge transfer pathways
for the photocatalytic activity of the TiO2-WO3
heterojunction are thoroughly discussed in Fig.10.
In the type II mechanism, during the irradiation
of the heterojunction photocatalyst, the electrons
on the conduction band of TiO2 migrate to the
conduction band of WO3, on the other hand,
the photoinduced holes on the valence band of
WO3 migrate to the valence band TiO2 [50]. In
this regard, the charge carriers are efficiently
separated and produce more O2•− and OH• radicals.
In this mechanism, the oxidation power of the
photoinduced holes is improved, which results in
the enhancement of the photocatalytic activity.
CONCLUSION
In summary, a novel TiO2 nanorod/WO3
nanoflakes heterojunction photocatalyst was
synthesized from the combination of TiO2 nanorod
and WO3 nanoflakes through an innovative
hydrothermal technique and was applied for
the first time for photocatalytic degradation
of Nitenpyram insecticide under visible light
irradiation. According to the obtained results,
the highest photocatalytic efficiency was obtained
238

for the TiO2/WO3 heterojunction sample with a
photocatalytic reaction rate constant of 0.0312 min1
which is 3 times higher than that of the pure TiO2.
The improved photocatalytic performance could
be attributed to the decrease in the charge carrier’s
recombination rate and enhanced visible light
harvesting. Moreover, based on the radical trapping
experiments and Mott-Schottky calculations, the
type II charge transfer pathway was suggested for
the enhancement of the photocatalytic performance
of the prepared heterojunction, and hydroxide
radical was detected as the main active species for
decomposition of Nitenpyram insecticide.
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