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Abstract

Due to the wastewater crisis, tungsten (W)-doped ZnO particles were synthesized with varying
W dopant concentrations using the co-precipitation method for the enhancement of photocatalysis
application, which can reduce the wastewater crisis by the degradation of pollutant molecules occurring
during its process. The crystalline and optical properties of the synthesized powders were analyzed by
various methods, as well as their photocatalytic performance. Among all conditions, the WZ-5 sample
exhibited the lowest band gap energy at 3.11 eV and the highest photocatalytic efficiency, achieving
98.16% degradation within 60 minutes. These results demonstrate that tungsten doping can effectively
enhance ZnO photocatalytic activity by promoting better charge carrier separation and extending light
absorption, especially in the visible region, making W-doped ZnO a promising material for wastewater
treatment applications.
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1. Introduction

Semiconductors are materials that can switch their electrical and optical properties between
insulators and conductors by receiving an electromagnetic wavelength, causing electrons to be excited
and transfer themselves from the valence band to the conduction band, generating an electron-hole pair
in a material. This unique property allows semiconductors to conduct electricity under certain
conditions, making them essential for many applications such as electronic devices [1], [2],
optoelectronic devices [3], [4], solar cells [5], [6], sensors [7], [8], light-shielding materials [9], [10] and
photocatalysts [11], [12]. Due to significant environmental concerns in urban areas, wastewater
management has become a critical issue, as contaminated water poses dangers to all living organisms.
Selecting effective materials for wastewater treatment is vital to restoring a cleaner and more livable
environment. Therefore, a photocatalyst material is a material that has a mechanism to eliminate those
pollutants. When a photocatalyst absorbs light, typically ultraviolet (UV) or visible light, it excites
electrons from the valence band to the conduction band, allowing for chemical reactions such as the
degradation of organic pollutants.

Among these photocatalytic semiconductor materials, zinc oxide (ZnO) is considered a
semiconductor material that is widely applied for dye degradation because ZnO is a versatile n-type
semiconductor with a wide bandgap of approximately 3.37 eV at room temperature [13], which is
advantageous for optoelectronic applications, particularly in the UV radiation. This wide bandgap made
ZnO a strong UV absorption material, alongside notable transparency and thermal stability. These
properties make ZnO particularly useful in applications that demand durability and high performance in
extreme conditions, such as optoelectronics [14], [15], transparent conducting oxide [16], [17], gas-
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sensors [18], [19], solar cells [20], [21], self-powered devices [22], [23], energy storage [24], protective
coatings [9] and especially photocatalysts [11], [12].

However, zinc oxide as a material for photocatalytic application still has the limitation of its
wide energy band, which may result in inefficient dye degradation reaction and even lead to the
termination of the reaction. Therefore, the improvement of dye degradation efficiency by developing
Ag NPs decorated-ZnO composites has been studied, but the energy gap band remains wide [25]. The
Zn0O-M;Oy heterostructures (M=Co, Mn, Ni, or In) have been fabricated to enhance photocatalytic
efficiency, but the composite structure can be distorted from issues such as increased charge
recombination within the secondary oxide [26], [27]. Nitrogen-doped zinc oxide (N-doped ZnO) has
also been studied to enhance the photocatalytic activity in ultraviolet (UV) and visible light, but the
synthesis method is a complex synthesis route [28], as well as the synthesized N-doped ZnO beads via
a modified sol—gel technique [29]. W, known as a group IB element, could be one of the good candidate
acceptors to adjust the electrical semiconducting property of ZnO from n-type to p-type, a low-cost
precursor, and simple. Recently, many studies have reported the enhancement of ZnO by doping other
materials, such as tungsten (W), significantly to improve their properties, like photocatalytic
performance for dye degradation, particularly in wastewater treatment applications. Tungsten acts as a
dopant by substituting for zinc in the ZnO lattice, which introduces new electronic states within the
bandgap, thereby modifying the electronic and optical properties of the semiconductor. The introduction
of tungsten ions into the ZnO lattice leads to a narrowing of the bandgap or shifting of the band edges
[30], which facilitates better absorption of visible light. The ability to utilize a broader spectrum of light
makes W-doped ZnO more effective under sunlight or artificial light sources. Moreover, Tungsten
doping improves the charge carrier dynamics within the ZnO structure. By generating additional energy
levels within the bandgap, tungsten can help to stabilize the electron-hole pairs formed during
photocatalytic reactions. This stabilization minimizes the recombination of charge carriers, allowing
more electrons and holes to participate in the degradation of dye molecules. The W-doped ZnO has
been studied as a highly active photocatalyst toward dye photodegradation of methylene blue in aqueous
solution [31]. However, methylene blue is a dye pollutant that has a less complex molecular structure
than other dye pollutants like rhodamine B.

In this research, we reported tungsten (W)-doped ZnO nanoparticles synthesized with varying W
dopant concentrations via the co-precipitation method to study their physical and optical properties for
photocatalysis applications. All as-prepared samples show different morphologies when increasing the
W dopant concentrations. Moreover, to evaluate the enhancement in the degradation of rhodamine B as
a dye pollutant, all samples were tested using a Xenon lamp as a light source.

2. Experimental

2.1 Materials

Zinc (II) acetate dihydrate (Zn(CH3CO;),-2H,O) and sodium tungstate dihydrate
(Na;WO4-2H,0) were used as starting materials. Deionized water was used as a solvent. Sodium
hydroxide (NaOH) was used as a pH adjustment and capping agent. Rhodamine B was used as a model
pollutant. All chemicals in this study were analytical grade and used in experiments.

2.2 Preparation of W-doped ZnO particles

For the synthesis of W-doped ZnO particles, Zinc (II) acetate dihydrate (0.02 mol) as a zinc
precursor and a certain amount of sodium tungstate dihydrate as a tungsten precursor were dissolved in
deionized water (100 mL) at room temperature until dissolved. The solution was then added dropwise
0.1 M NaOH, to adjust pH to 11 for the hydrolysis of Zn>" ions, leading to the formation of Zn(OH),
precipitates. The reaction mixture was permitted to react for about 2 hours at a constant temperature of
80°C. Thereafter, the samples were separated and washed four times with deionized water. Then, the
solids were collected and dried in an oven at 100°C overnight. The final product was calcinated at 600°C
for 5 hours to obtain the W-doped ZnO particles, then used for further characterization. The W dopants
were meant to create a trap-state in the ZnO structure, narrowing its band gap and improving the
photocatalytic performance. The W/Zn mol ratios were 0, 0.01, 0.03, 0.05, and 1.00, and the
corresponding samples are denoted as WZ-0, WZ-1, WZ-3, WZ-5, and WZ-10, respectively.
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2.3 Photocatalytic testing

Rhodamine B is a synthetic xanthene dye widely used in industries such as textiles, printing,
paper, pharmaceuticals, and food production. Since it has a stable aromatic structure and ethyl amino
groups, which make it resistant to degradation, serving as a challenging test for evaluating treatment
methods, the photocatalytic performance for degrading Rhodamine B (RhB), as an evaluated model
pollutant, is evaluated to ensure effective breakdown. The first step involved preparing a 30 mL solution
containing 10 uM of RhB, and 0.03 g of W-doped ZnO was added. After the addition of the W-doped
ZnQO, the mixture was stirred in the dark for 30 minutes to achieve equilibrium in the absorption and
desorption processes on the photocatalyst surface. Following this, a 300 W Xenon lamp was activated
to provide for the photodegradation process under visible light. The experiment was conducted under
these conditions with continuous stirring, and samples were collected every 15 minutes over a total
duration of 60 minutes. Once the sample collection was complete, the solution was centrifuged at 5200
rpm for 20 minutes to separate the precipitate from the liquid phase. After centrifugation, the absorbance
of the remaining RhB in the solution was analyzed using the Thermo Helios Alpha UV/Vis
spectrophotometer. This measurement provided quantitative data on the remaining concentration of
Rhodamine B dye, facilitating the assessment of degradation efficiency resulting from the photocatalytic
process.

2.4 Characterization

The crystal structure of the synthesized samples was determined by the X-Ray Diffractometer
(XRD, Rigaku, SmartLab) equipped with Cu-Ka radiation. The morphology structure and the elemental
analysis of the samples were investigated by a Field Emission Scanning Electron Microscope (FE-SEM,
JEOL, JEOL JSM-7610F) and an Energy-dispersive X-ray spectroscopy (EDS, FEI, Quanta 250 and
JEOL, JEOL JSM-7610F), respectively. The optical property of the samples was measured by a UV-
VIS-NIR Spectrophotometer (UV-VIS-NIR, HITACHI, UH4150) in the range of 300-700 nm. The
photocatalytic process was monitored using a UV-VIS spectrophotometer (UV-VIS, Thermo, Helios
Alpha) with a 300W xenon lamp light source.

3. Result and discussion

3.1 Structure and morphology of W-doped ZnO particles

X-ray diffraction (XRD) patterns of W-doped ZnO particles are shown in Fig. 1. All the samples
exhibit typical diffraction of (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), and (202)
planes that can be assigned to hexagonal ZnO structure [JCPDS No.01-075-0576]. Meanwhile,
increasing W dopants is leading to an obvious XRD peak shift to a higher angle. According to Bragg’s
law equation, this might be attributed to the substitution of W¢* (0.064nm) in the crystal structure, which
has a lower ionic radius than Zn*" (0.074nm) since the smaller ions’ substitution decreases the lattice
spacing of the material [30]. Peaks corresponding to tungsten metal are rarely observed, meaning the
lattice structure of ZnO is not changed by tungsten metal dopants, further indicating that tungsten ions
were successfully incorporated into the ZnO lattice as dopants. The sharp diffraction peaks indicate that
all synthesized W-doped ZnO is highly crystalline. Crystallite size, interplanar distance (d-spacing), and
lattice parameter (a, b, ¢) of W-doped ZnO particles were calculated from the mean of full width at half-
maximum (FWHM) of all peaks that occurred according to Bragg’s Law, Scherrer, and the hexagonal
structure equation, then listed in Table 1. The average crystallite size of all samples is 110-220 A,
indicating that all samples have a nanocrystalline size. As the doping amount of W increased, the average
crystallite size was first decreased and then increased. This may be due to the lattice disturbance caused
by the W dopant as an impurity in the ZnO crystal structure, which results in a decrease in its crystalline
size. Then, when the amount of W dopant is increased, the system starts to undergo aggregation until
the good crystal structure is formed again at WZ-5. However, when the amount of W dopant is too high,
the excess amount of W ions tends to enter the interstitial sites of the lattice instead of substituting,
resulting in the crystallite size of WZ-10 decreasing again [32].
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Fig. 1. XRD patterns of ZnO doped with different W doping contents prepared by the co-precipitation
process.

Table 1. Crystallite size, interplanar distance (d-spacing), and lattice parameter (a, b, c) of W-doped
ZnO particles.

Sample Crystalline size (A) d-spacing (A) a=b (A) c(Ad)
WZ-0 218.39 1.78 3.24 5.19
WZ-1 110.79 1.77 3.24 5.18
WZ-3 149.33 1.77 3.23 5.18
WZ-5 203.44 1.78 3.24 5.19
WZ-10 154.70 1.77 3.23 5.18

FE-SEM photographs with 50,000 times magnification of W-doped ZnO samples are shown in
Fig. 2. The micrograph shows that all the samples have particle sizes less than the microscale. Moreover,
Fig. 2a revealed that WZ-0 has a clearer circular morphology than other conditions due to its defect-free
nature, which enables uniform crystal growth. Compared to Fig. 2b-e, all conditions with W dopants
have less circular morphology and more disordered particle size distribution in WZ-1 and WZ-3 before
the particle size distribution becomes more uniform at WZ-5, then increases again at WZ-10. This
confirmed the interference of W dopant by ZnO crystal growth, which is consistent with the crystal
structure analysis. Since WZ-5 has a more uniform particle size distribution than the other conditions,
it can be assumed that this condition has an optimized amount of W dopant [33]. Furthermore, the EDS
spectra results are presented in Fig. 3. There are only Zn and O elements found in Fig. 3a, indicating
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that WZ-0 has a pure ZnO structure with no other impurity. As well as in Fig. 3b-e, only Zn, O, and W,
whose role as the dopant elements is pointed out, confirming the presence of W dopants in WZ-1, WZ-
3, WZ-5, and WZ-10.

Fig. 2. FE-SEM photographs of W-doped ZnO (a) WZ-0, (b) WZ-1, (c) WZ-3, (d) WZ-5, and (e) WZ-
10 particles.
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Fig. 3. EDS spectra of W-doped ZnO (a) WZ-0, (b) WZ-1, (¢) WZ-3, (d) WZ-5, and (e) WZ-10 particles.
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3.2 Optical properties of W-doped ZnO particles

The UV-Vis-NIR diffuse reflectance spectra of W-doped ZnO particles are presented in Fig. 4.
All samples exhibited minimal reflection in the ultraviolet spectrum and significant reflection in the
visible light spectrum, indicating that all W-doped ZnO particles possess high ultraviolet absorbance
capabilities, making them suitable for photocatalytic applications that utilize ultraviolet light as photon
energy. Among all conditions, WZ-5 exhibits the largest shift in the reflection edge toward the visible
light spectrum, indicating a significant reduction in its band gap energy compared to other samples and
an enhanced absorption of lower-energy visible light [32]. For more information, the band gap energy
of the samples was calculated using a Kubelka-Munk equation. Fig. 5 shows that the band gap energy
of samples firstly decreases as the amount of W dopants increases, then increases at WZ-10, which has
the highest amount of W dopants in this research. These results indicate that the appearance of acceptor
W dopants in the samples caused the formation of trap states, leading to the decrease of band gap energy
[34]. Furthermore, WZ-5 has the smallest band gap energy because of the introduction of defect levels
within the band structure due to W substitution, which narrows the energy gap between the valence
and conduction bands. This band gap narrowing enhances the ability of the material to absorb visible
light instead of just ultraviolet light since narrowed band gap can promote an electron excitation with
lower-energy photons, enabling the up-conversion process using less energy, allowing WZ-5 to absorb
across a broader range of the solar spectrum which should be improving its photocatalytic performance
since the creation of electron-hole pair received from electron excitation which role as the important
factor to react with the outside molecules was easily generate and making it the most effective sample
for Rhodamine B degradation.
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Fig. 4. UV—Vis—NIR diffuse reflectance spectra of ZnO particles doped with different W doping
contents.
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Fig. 5. Band-gap energy of ZnO particles doped with different W doping contents determined based
on a direct Kubelka-Munk plot.

3.3 BET Surface area analysis of W-doped ZnO particles

The specific surface areas determined by Brunauer—-Emmett-Teller (BET) methods, including
nitrogen adsorption/desorption isotherms and pore size distribution, for W-doped ZnO at various doping
concentrations are demonstrated in Fig. 6. The characteristic IUPAC classification of adsorption
isotherms indicates that all samples are classified as Type IV with H3 hysteresis, which indicates the
presence of mesoporous structures formed by non-rigid aggregates or plate-like particles with slit-
shaped pores [35]. The H3 type hysteresis loops observed in all samples exhibit variations that may
result from the plate-like aggregation [36] of W-doped ZnO particles with increasing W concentrations.
Furthermore, the results of BET analysis, including surface area, cumulative volume, and average pore
diameter, are presented in Table 2. The average pore diameter for all W-doped ZnO samples ranges
from 4.3 to 6.4 nm, corresponding to a mesoporous structure with pore sizes between 2 and 50
nanometers. These results confirm the presence of a conventional mesoporous configuration in all
samples, which indicates the efficient diffusion of dye molecules into the material and enhances light
absorption due to multiple scattering effects within the porous network. Additionally, the mesoporous
structure facilitates charge carrier separation by shortening diffusion paths, thus improving
photocatalytic efficiency. Despite the presence of H3-type hysteresis loops, the surface areas do not
correlate with the average pore diameter but are influenced by the size and shape of the particles, as
discussed in the SEM analysis. The ZnO material with the highest specific surface area was achieved
with the WZ-3 sample, due to the mixture of small rod-like and plate-shaped morphologies, which is
similar to WZ-1. In contrast, the lowest specific surface area was observed in the WZ-5 sample, likely
due to structural changes that caused pore blockage or particle agglomeration, related to the high
aggregation of the W-doped ZnO clusters in rod shapes. These results highlight that not only particle
shape but also the degree of aggregation have a significant impact on the specific surface area as
measured by BET analysis. The highest surface area observed in the WZ-3 sample can be attributed to

7



Thai J. Nanosci. Nanotechnol. Volume 10. Issue 1. (2025) J. Wattana et. al.

its mixed rod-like and plate-like morphologies, which offer a greater exposed surface and pore
accessibility. In contrast, the lower surface area of WZ-5 is likely a result of particle agglomeration,
which reduces the number of accessible pores by blocking them and decreasing the effective surface.
According to SEM-observed morphology and BET-measured specific surface area analysis, it can be
summarized that a mixture of rod-like and plate-like increases the specific surface area due to its large
surface area. In contrast, high aggregation of particles leads the samples, especially WZ-5, to have a
small specific surface area compared to the others. So, non-aggregated or irregularly shaped particles
provide better porosity and thus higher photocatalytic efficiency. The specific surface area of the WZ-1
sample was comparable to that of the WZ-10 sample, attributed to the mixture of small rod-like ZnO
nanostructures. Thus, the isotherms of all samples suggest that each material has a mesoporous structure,
as evidenced by the Type IV isotherm and hysteresis, highlighting differences in pore shape, size, and
distribution among the samples, which, in turn, affect photocatalytic performance. A higher surface area
is crucial for enhancing photocatalytic efficiency since reactions predominantly occur at the material's
surface.
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Fig. 6. BET curves of W-doped ZnO with (a) WZ-0, (b) WZ-1, (C) WZ-3, (d) WZ-5, and (e) WZ-10
particles.

Table 2. Results of surface area per volume, cumulative volume, and average pore diameter.

BET Surface Cumulative Volume Average Pore
Samples .
Area (m%g™) (1-50 nm, cc’g ™) Diameter (nm)
WZ-0 32.95 0.031 43
WZ-1 37.80 0.037 4.793
WZ-3 40.42 0.041 5.028
WZ-5 21.49 0.023 5.269
WZ-10 32.06 0.040 6.402
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3.4 Photocatalytic properties of W-doped ZnO particles

To investigate how increasing W concentrations in W-doped ZnO particles affect photocatalytic
efficiency. The photocatalytic performance of all samples was evaluated by measuring the degradation
of Rhodamine B (RhB) dye, targeting the breakdown of organic pollutants under Xenon light irradiation.
The photocatalytic activity of the nanocomposite photocatalysts under visible light irradiation,
expressed in terms of A/Ao versus irradiation time, is illustrated in Fig. 7. The degradation rate constant
(k) was calculated using the equation In(A/Ao) = —kt [37], following the pseudo-first-order rate law. The
degradation efficiencies of the RhB solutions subjected to photocatalytic degradation with W-doped
ZnO after 60 minutes are presented in Table 3. All samples demonstrated effective photodegradation of
RhB within 60 minutes. The pure ZnO sample (WZ-0) exhibited approximately 94% degradation
efficiency for RhB dye, while the WZ-5 sample showed an enhanced degradation rate, achieving nearly
98% complete degradation compared to the other samples. WZ-3 and WZ-1 also exhibited similar
results, with significant improvements attributed to their plate-like morphologies. In contrast, the WZ-
10 condition did not perform well in degrading the dye compared to the other conditions, likely due to
the formation of a dense sheet-like structure of tungsten aggregates, which resulted in only 60%
degradation. Moreover, the spherical structure of ZnO particles demonstrated superior photocatalytic
degradation compared to the sheet structure samples [38]. In summary, the spherical morphology of
ZnO particles in WZ-0 and WZ-5 contributes to their superior photocatalytic degradation compared to
the aggregated sheet-like structures in WZ-10 is likely due to better surface exposure and reduced charge
carrier recombination in the more stable spherical structures, while the dense-layered morphology in
WZ-10 limits photocatalytic activity. Additionally, the WZ-5 sample also exhibited the narrowest
bandgap at 3.11 eV, reduced from 3.16 eV for WZ-0. This reduction in the bandgap contributes to WZ-
5 being the most effective configuration for dye degradation, enhancing light absorption and
photocatalytic efficiency according to the mechanisms of W-doped ZnO catalysts in photocatalytic
reactions.

Time (min)

Fig. 7. Photocatalytic activity of all nanocomposite photocatalysts under visible light irradiation in
terms of A/A0 and irradiation time.
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Table 3. Degradation efficiency and pseudo-first order rate constant for photocatalytic degradation of
W-doped ZnO.

Samples Kinetic cqnfltant X) R-squzared Degradatign efficiency
(min™") R? (%)
WZ-0 0.7799 0.9698 94.33
WZ-1 0.6447 0.9655 90.55
WZ-3 0.6919 0.9489 91.74
WZ-5 0.9854 0.9644 98.16
WZ-10 0.2391 0.8969 63.71
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Fig. 8. Photocatalytic activity of all nanocomposite photocatalysts under visible light irradiation in
terms of A/A0 and irradiation time.

The mechanisms of W-doped ZnO catalysts in photocatalytic reactions are illustrated in Fig. §,
highlighting the critical roles of superoxide (*O,’) and hydroxyl radicals (*OH) in this process. Once W-
doped ZnO catalytically absorbs photon energy from ultraviolet or visible light, since the narrowing
band gap can cause an electron excitation with lower-energy photons, electrons from the valence band
will be excited to the conduction band, creating electron-hole pairs. Electrons at the conduction band
will react with adsorbed oxygen to generate superoxide radicals (¢O2"), while holes in the valence band
will oxidize water molecules to produce hydroxyl radicals (*OH). Then, both highly reactive oxygen
species (ROS) will oxidize pollutant molecules like Rhodamine B and break them down into less
harmful substances. Also, trap states created by W dopants act as temporary holding sites for
photogenerated electrons or holes, which reduces their immediate recombination and effectively
prolongs their lifetimes, which extends the availability of charge carriers and increases the probability
of redox reactions occurring at the catalyst surface. The results demonstrate that W-doped ZnO exhibits
significantly enhanced photocatalytic activity in degrading RhB compared to pure ZnO. This improved
activity is attributed not only to better charge separation but also to the influence of tungsten on the
photocatalytic reaction itself. It is essential to determine the optimal concentration of W to effectively
separate excitons, which are bound electron-hole pairs, as excessive amounts of W can create additional
recombination centers that ultimately degrade photocatalytic activity [30]. Consequently, WZ-5, which
has the narrowest band gap due to optimal tungsten dopant, shows a significant enhancement in
photocatalytic performance compared to pure ZnO (WZ-0). The incorporation of tungsten ions into the
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ZnO lattice narrows the bandgap, allowing the material to absorb visible light and produce electron-
hole pairs. Under visible light activation, WZ-5 generates holes that can be directly transferred to the
valence band, allowing both materials to absorb UV light and generate electron-hole pairs. Furthermore,
the valence band of W-doped is closer to the conduction band of ZnO, facilitating electron transfer from
the conduction band of W dopant to the valence band of ZnO, thus increasing the electron population
in ZnO. This enhanced electron population allows for more efficient visible light absorption by ZnO,
resulting in increased electron-hole pair separation. Therefore, W-doped ZnO can improve electron
population, which is primarily responsible for generating superoxide radical, which is the leading
species involved in the photolysis of RhB dye under optimal conditions [39]. However, when tungsten
dopants exceed the solubility limit and enter interstitial sites within the ZnO lattice, they introduce deep-
level trap states in the band gap [40]. These defect sites can capture photo-generated electrons or holes
and facilitate their non-radiative recombination, thereby reducing the availability of charge carriers for
photocatalytic reactions. This recombination mechanism is a key factor in the diminished photocatalytic
activity observed in highly doped samples such as WZ-10.

4. Conclusion

In this study, W-doped ZnO nanoparticles were successfully synthesized via the co-precipitation
method. The incorporation of W ions into the hexagonal ZnO lattice influenced morphology, reducing
the bandgap energy from 3.16 eV to 3.11 eV, leading to an increase in photocatalytic performance,
especially in the visible light region. Among all synthesized samples, WZ-5 demonstrated the most
favorable properties, exhibiting a highly crystalline, high particle size distribution, and the largest
amount of bandgap narrowing due to the optimal molar dopant of W. These characteristics contributed
to its superior photocatalytic performance, achieving a 98.16% degradation efficiency of Rhodamine B
under visible light irradiation. The enhanced activity can be attributed to more effective charge
separation that occurred from the W dopants' trapped state, leading to the reduced recombination of
charge carriers and improved light absorption. This indicates that W-doping is a promising strategy for
enhancing the photocatalytic efficiency of ZnO-based materials for wastewater treatment applications.
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