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The elimination of dyes via photocatalysis is a promising approach for achieving pollution-free
environments. ZnO, WO3, and ZnO-WO3 (in a 1:1 weight percentage ratio) were synthesized through a
green synthesis method. The resulting products were characterized using X-ray diffraction (XRD), Fourier

Accepted 24 April 2026 transform infrared spectroscopy (FTIR), field emission scanning electron microscopy (FESEM), energy
dispersive spectroscopy (EDS), and diffuse reflectance spectroscopy (DRS). The XRD pattern indicates
the formation of crystalline structures of ZnO, WO3, and ZnO-WO3. Optical studies revealed that the

Keywords: optical band gaps for pure ZnO, pure WO3, and the ZnO-WO3 photocatalysts were 4.20 eV, 3.03 eV, and

7no, 3.29 eV, respectively. The photocatalytic activity of the synthesized samples was evaluated through the

WOs, degradation of methyl orange (MO). The obtained results demonstrated that the synergistic effect between

WO3 and ZnO contributes to enhanced charge separation and a reduction in the recombination rates of
charge carriers, thereby significantly improving photocatalytic performance. It was observed that 100%
degradation of the MO dye can be achieved by the ZnO/WO3 composite after 15 minutes of visible light
irradiation.
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1. INTRODUCTION

Zinc oxide (ZnO) has been extensively studied as a
photocatalyst owing to its chemical stablity, low toxity,
affordability, and promising photocatalytic
characteristics. However, its relatively large band gap
restricts its absorption primilary to the UV light region
(Faris et al., 2023; Lam et al., 2013). The band gap of
ZnO is approximately 3.37 eV, which limits the effective
harvesting of visible photons and consequently
diminishes its photocatalytic efficiency under visible
light irradiation (Lam et al., 2013). Unfortunately, ZnO
is prone to rapid recombination of photogenerated
electron—hole pairs during the photocatalytic process
(Zheng et al., 2009). A highly effective approach to
overcome these limitations is to create heterojunctions by
combining ZnO with another semiconductor. In the
literature, ZnO paired with various metal oxides such as

Sn0;, Fe,03, TiO,, and CuO (Hamrouni et al., 2013; Liu
et al., 2008; Moradi et al., 2016; Pei & Leung, 2011;
Saravanan et al., 2013; Yan et al., 2011) with the
resulting composites typically exhibit superior
performance compared to pristine ZnO. Among these
options, tungsten trioxide (WO3), which has a narrower
band gap (~2.7 eV), demonstrates significant
responsiveness to visible light and is therefore regarded
as a promising candidate for constructing ZnO-based
heterostructures (Mohammed et al., 2022). Although
sevral studies have been published on ZnO-WO;
composites (Adhikari et al., 2015; Alam et al., 2024;
Chaudhary et al., 2020; E et al., 2019; Hunge et al., 2018;
Lam et al., 2013; Xie et al., 2014; Xu & Chen, 2023; Yu
et al., 2011; Zhang et al., 2022), the photocatalytic
performance of green-synthesized ZnO—-WO3 composites
specifically for the degradation of methyl orange under
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visible irradiation remains inadequately reported.
Therefore, the present work focused on the green
synthesis of pure WOs, pure ZnO, and a ZnO-WO3
composite and assessed their photocatalytic efficacy for
the removal of methyl orange in an aqueous environment.

2. MATERIALS AND METHODS

Zn(NO3)2-6H20 (98.5%) and WO3 (99%) were used
as sources of zinc and tungsten, respectively. Ammonia
solution was used as a pH-adjusting agent. Methyl orange
dye was obtained from DRM Laboratory. To prepare the
saffron petal extract, 10 g of saffron petals were
macerated in 100 mL of distilled water using an
ultrasonic bath. The prepared mixture was boiled for 2 h,
then filtered and centrifuged for 10 min. The
precipitation method was employed for the preparation of
the ZnO—WO3 photocatalyst. First, a certain amount of
WO3 was ultrasonically dispersed in 50 mL of the
extract.  Subsequently, a certain amount of
Zn(NO3)2:6H20 was ultrasonically dissolved in the
solution. The solution was then treated with ammonia
until the pH reached 10. The as-formed precipitates were
washed with distilled water, dried at 60 °C, and finally
calcined at 450 °C for 2 h. ZnO-WOs3 composites with
weight ratios of ZnO to WO3 of 100:0, 50:50, and 0:100
were synthesized. The obtained materials were labeled as
100ZnO, 50WO03-50Zn0O, and 100WOs, respectively.
Figure 1 displays the green synthesis of the ZnO-WO;
composite using saffron petal extract.
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XRD data and phase evaluation were collected using
a diffractometer (Bruker D8) with Cu-Ka radiation. The
morphology of the samples was determined using field
emission scanning electron microscopy (CIQTEK-
EMS5000X). Meanwhile, energy dispersive X-ray
analysis (EDX) was also used to determine the elemental
composition on the surface of the photocatalysts. Fourier
transform infrared (FTIR) spectra were recorded using a
PerkinElmer instrument. UV—Vis diffuse reflectance
spectra (DRS) were recorded on an S4100 SCINCO
spectrophotometer in the wavelength range of 200—-900
nm to investigate the optical absorption properties and
determine the band gap energy. The photocatalytic
activity of the synthesized samples was evaluated for the
treatment of 50 mL of methyl orange (MO) dye in
aqueous solution with an initial concentration of 100
ppm, using 0.1 g of the synthesized powders. The
photocatalytic tests were performed in a Pyrex batch
reactor with a 500 W fluorescent lamp as the light source.
Samples were withdrawn from the solution at intervals of
5, 15, and 30 min, and the degradation efficiency was
calculated.

3. RESULTS AND DISCUSSION

3.1. XRD study

The X-ray diffraction patterns of pure ZnO, pure
WO;, and the SOWO3-50ZnO composite are shown in
Figure 2.
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Figure 1. Schematic diagram of synthesis of ZnO - WO3 composite using saffron petal extract.
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Figure 2. XRD of synthesized (a) 100ZnO, (b) 100WO3, and
(c) 50WO03-50Zn0O composite.

The XRD spectra obtained from the synthesized ZnO
reveal diffraction peaks at 20 = 34.57, 35.46, 36.29,
48.46, 56.59, 63.57, 66.65, and 67.90, indicative of a
typical hexagonal crystal structure (JCPDS card No. 00-
01-1136). The diffraction peaks of WO; can be
accurately indexed to the monoclinic phase of WO3
(JCPDS card No. 00-002-0308). Moreover, the XRD
spectra of the 50W03-50ZnO composite exhibit both
WOs3 and ZnO peaks. The XRD analysis did not reveal
any characteristic peaks corresponding to impurities. The
crystallite size (D) of the samples was determined
through X-ray line broadening using Scherrer’s formula
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D 0.90/BcosB), where D represents the average
crystallite size, A = 1.5418 A is the wavelength of the
CuKa line, B denotes the FWHM of the respective peak,
and 0 signifies Bragg’s diffraction angle. The mean
crystallite sizes of the 100ZnO and 100WOs3 samples,
calculated from the most intense peaks, were found to be
30 and 50 nm, respectively. Furthermore, the mean
crystallite sizes of the ZnO and WOs; phases in the
50W03-50Zn0 sample were determined to be 17 and 30
nm, respectively. A reduction in crystallite size correlates
with an increase in specific surface area, which in turn
enhances the photocatalytic = degradation rate

(Nandiyanto et al., 2017).

3.2. Morphological study

The morphological features of pure ZnO, pure WO3,
and the S0WO3-50ZnO composite were analyzed using
field emission scanning electron microscopy (FESEM).
Figure 3 illustrates the surface morphology of the as-
synthesized photocatalysts. Pure ZnO powder (Figure 3a)
exhibited a uniform cauliflower-like structure, whereas
pure WO; displayed nanosheets with a thickness of
approximately 40 nm (Figure 3b). The cauliflower
particles were measured to be around 150 nm, with
clusters of nanoparticles within the cauliflower ranging
from 15 to 30 nm. The particles in the 5S0W0O3-50ZnO
sample (Figure 3c) are well dispersed and interconnected.
Furthermore, the morphologies of WO3 and ZnO
nanoparticles did not show significant alterations
compared to the pure samples.
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Figure 3. FESEM micrograph of the (a) 100ZnO, (b) 100WO3, and (c) 50WO3-50Zn0O samples.
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The spatial composition of the as-synthesized
photocatalysts was examined using energy-dispersive
spectroscopy (EDS). Figure 4 presents the EDS spectra
of the 100ZnO, 100WOs3, and 50WO3-50ZnO
photocatalysts. As shown, the presence of W, O, and Zn
elements was observed. In addition, the minor peaks of C
and Au are attributed to the carbon resin and conductive
coating, respectively. In the EDS spectrum of 100ZnO,
only peaks corresponding to Zn and O were detected.
Conversely, W peaks were also identified in the S0WO3-
50ZnO photocatalyst. The atomic percentages of Zn and
W in the 50WO03-50ZnO nanocomposite were found to
be 28.51% and 53.41%, respectively. The EDS results
validate the successful synthesis of the ZnO-WOs3
composite.
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Figure 4. EDS spectrum of a) 100Zn0O, b) 100WOs3, and (c)
50W03-50Zn0O samples.

3.3. FT-IR analysis

The FT-IR spectra of 100ZnO, 100WO3, and
50W03-50Zn0 are shown in Figure 5. The significant
peaks of the 100ZnO sample are located at 445 and 3448
cm™'. The absorption band at 3448 cm™ is attributed to
the bending and stretching vibrational modes of water (-
OH groups) molecules adsorbed on the surface of the
samples. The peak at 445 cm™ is associated with the

stretching vibration of the Zn—O bond (Ying et al., 2019;
Yuetal., 2011). The characteristic peaks of 100WO3 are
observed at 771, 825, and 3448 cm™. The peak near 771
cm! is attributed to the stretching vibrations of W—O
bonds, while the peak around 825 cm™ corresponds to the
asymmetric vibrations of W—O. Additionally, a smaller
peak observed at approximately 1680 cm™ is associated
with the stretching vibrations of the W=0 bonds (Aziz et
al., 2023; Li et al., 2024). In the 5S0W03-50Zn0O sample,
the characteristic peak of ZnO is noted at 445 cm™'. As
the content of WO3 increases and the amount of ZnO
decreases, the intensity of this peak is reduced compared
to the 100ZnO sample.
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Figure 5. FT-IR analysis of (a) 100Zn0O, (b) 50WOs-
50Zn0, and (c¢) 100WOs.

3.4. Optical study

The optical properties of the synthesized 100ZnO,
100WO3, and 50W0O3-50ZnO samples were examined
using UV-Vis diffuse reflectance spectroscopy (DRS).
The light absorption characteristics of the samples are
depicted in Figure 6. As illustrated in Figure 6a, pure
ZnO exhibits significant light absorption in the range of
200 to 380 nm, while showing minimal absorption in the
visible light spectrum. Conversely, the SOWO03-50ZnO
sample shows a blueshift in the absorption edge within
the visible light range compared to pure 100ZnO,
indicating that the presence of WO3 induces a shift of
absorption towards shorter wavelengths.

These results suggest that the improved light
absorption, associated with electron excitation from the
valence band to the conduction band, is due to the shift
of the absorption edge of the ZnO—WO3 nanocomposite
into the visible spectrum (Lam et al., 2015). This shift
enhances the movement of photogenerated electrons and
holes (Wang et al., 2016; Xu & Chen, 2023). In addition,
the pronounced reflectance observed in the visible light
region highlights the potential of these composites for
facilitating the photodegradation of pollutants (Lei et al.,
2019).
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Figure 6. DRS analysis of (a) 100ZnO, (b) 5S0WO3-50Zn0O,
and (c) 100WOs.

The band gap energy of the as-synthesized samples
was calculated by the Kubelka-Munk equation (F(R)=(1-
R)?/2R), where R is the reflectance (Subash & Sasikala,
2025). The band gaps of the samples were determined
from the plot of (hvF(R))" vs E=hv, assuming that the
absorption coefficient is proportional to the KM function
(hvF(R))". The constant value n is related to the direct
(n=2) or indirect (n=0.5) band gap (Jafarabadi et al.,
2023). The band gaps were achieved by extrapolating the
linear part of the KM curve along with horizontal axis
(E=hv). The optical direct band gap values of pure ZnO,
pure WO;, and 50WO0;3-50ZnO composites were
estimated approximately to be 4.20, 3.03, and 3.29 eV,
respectively (Figure 7).
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Figure 7. Kubelka-Munk transfaorm of DRS data for band
gap of 100Zn0O, 100WOs3, and SO0WO3-50Zn0O samples.

These findings suggest that the integration of the ZnO
and WOj; semiconductor materials into a ZnO-WO;
composite has the potential to alter the forbidden band
width of the composite and enhance its optical absorption
capabilities within the visible light spectrum (Xu &
Chen, 2023). Consequently, the resultant heterostructure

of ZnO-WOs3 composite enables the facilitation of
electron transitions into conduction band of ZnO, thereby
augmenting the light absorption efficiency of ZnO (Xu &
Chen, 2023).

3.5. Photocatalytic degradation

The light absorption results of MO solution
degradation under different durations of light irradiation
and dark conditions in the presence of 100ZnO,
100WO3, and 50W0O3-50ZnO are shown in Figure 8.
The 50WO03-50ZnO photocatalyst exhibits superior
photocatalytic efficacy compared to pure WO3 and ZnO.
The change in absorbance of methyl orange (MO) for the
50W03-50ZnO composite indicates that, as the
irradiation time increases, the intensity of the maximum
absorption peak at approximately 460 nm progressively
decreases, ultimately becoming negligible after 15
minutes of irradiation. This observation demonstrates
that the ZnO—WO3 composite can effectively degrade
the MO solution. Consequently, the integration of ZnO
with WO3 has the potential to enhance both visible light
absorption and the photocatalytic performance of the
individual components.

Previous studies have investigated the impact of
incorporating WO3 into ZnO on surface characteristics
and the efficiency of electron—hole pair separation. The
findings indicate that even a small amount of WO3 can
significantly improve the photocatalytic efficacy of ZnO
in degrading various contaminants, including acid orange
II (Yuetal.,2011), brilliant blue dye (Hunge et al., 2018),
azo dyes (Chaudhary et al., 2020; Hindryawati et al.,
2023; Lei et al., 2019), thodamineB (Aziz et al., 2023),
phthalic acid (Hunge et al., 2017), diclofenac (E et al.
2019), bisphenol A (Lam et al., 2013; Mokhtar et al.,
2023; Rani et al., 2024), orange G (Adhikari et al., 2015),
benzimidazoles (Li et al., 2024), auramine O (Rani et al.
2024), and oxytetracycline (Zhang et al., 2022). These
studies reveal that the valence and conduction bands of
WO3 exhibit more positive potentials compared to those
of ZnO. As a result, the conduction band of WO3 acts as
an electron sink, attracting photogenerated electrons
from the conduction band of ZnO. Simultaneously, the
valence band of ZnO functions as a hole acceptor,
facilitating the transfer of holes from the valence band of
WO3 to that of ZnO. This spatial separation of electron—
hole pairs prolongs their lifetime and enhances overall
photocatalytic performance (Hunge et al., 2017). The
photogenerated holes interact with surface hydroxyl
groups on the photocatalyst, forming hydroxyl radicals
(Zhang et al., 2011), while the electrons reduce oxygen
to generate superoxide radicals. These reactive species
either directly attack the dye molecules or further
generate hydroxyl radicals, which are ultimately
responsible for the degradation of the pollutant. Based on
the literature reports (Aziz et al., 2023; Faris et al., 2023),
the suggested mechanism for the photocatalytic
elimination of methyl orange is outlined as follows:
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Figure 8. UV-Vis result of the MO degradation at different
times of the light and dark conditions in the presence of (a)
100ZnO, (b) 100WOs3, and (c) SOWO3-50Zn0O samples.

4. CONCLUSION

ZnO, WO3, and the ZnO-WO3 composite were
successfully prepared using a green synthesis method.
The morphological, structural, and optical properties
were characterized by FESEM, XRD, and UV-Vis
absorption spectroscopy. Compared with pure ZnO and

WO3, the ZnO-WO3 (50W03-50ZnO) composite
exhibited higher photocatalytic activity under UV—Vis
light, as the presence of WO3 enhances the optical
absorption of ZnO from the ultraviolet to the visible light
region and inhibits the recombination of photo-induced
charge carriers. The 50WO03-50ZnO composite achieved
100% dye removal within 15 minutes for methyl orange,
demonstrating  significantly superior performance
compared to pure ZnO and WO3.
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