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ABSTRACT

Hexagonal-structured zinc oxide (ZnO) is a semiconductor material with various industrial and
cosmetic applications. Some of the main limitations of ZnO are aggregation, poor dispersibility, and
wide energy gap, which limit its efficiency in some applications. The present study aimed to
synthesize tungsten (W)-doped ZnO nanostructures using a hydrothermal method and characterize
the particles to discover their application potency in various fields. To do so, 0.5%, 1.0%, and 2.0%
of tungsten oxide (WO) were incorporated into the structure of ZnO, and the properties of the particles
were determined via SEM, XRD, FTIR, AFM, DLS, and UV-Vis spectroscopy and zeta potential
analysis. According to the obtained SEM images and XRD patterns, the prepared particles possessed
hexagonal, non-aggregated structures. Furthermore, the UV-Vis spectra and AFM micrograms
indicated that the doping of the ZnO nanostructures with tungsten caused a spectral shift in the
absorbance of ZnO nanoparticles from the UV region to the visible light spectrum, increasing their
relative roughness. According to DLS analysis, doping decreased the particle size of ZnO. In general,
our findings demonstrated that the doping of ZnO nanostructures with tungsten could promote their
efficiency and applicability in the treatment of environmental pollutants.
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Introduction

Zinc oxide (ZnO) is a substance with
unique properties, including the dual
characteristics of  semiconductor  and
piezoelectric materials. As a semiconductor, the
exciton binding energy of ZnO is 60 meV, and
its energy gap is 3.3 eV.! With such particular
properties, ZnO has diverse applications. For
instance, ZnO microparticles are used in burn
ointments, antibacterial treatments, sunscreens,
fabrication of transistors,” atomic force
microscopy probes, screens, solar cell
electrodes,’ gas sensors,* rubber manufacturing,
varistors and fire retardants, paints,’
anticorrosion coatings, the glass industry,
reduction of fusion points, and promoting
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chemical stability.°

In most of the applications, the
efficiency of ZnO particles depends on their size
and morphology, which could be controlled
through synthesis. ZnO nanoparticles could be
prepared through several synthesis approaches,
including  the  sol-gel,’”  sonochemical,®
microemulsion,” hydrothermal,!” and chemical
coprecipitation!! methods. All the outlined
methods have some limitations, such as
inhomogeneous particle size distribution or the
formation of large particles. To solve these
issues, recent studies have recommended the
coating of nanoparticles (NPs) to decrease their
surface tension and agglomeration based on
colloid chemistry. On the other hand, other
researchers have suggested alternative synthesis
methods.'> Among various NP preparation
routes, hydrothermal treatment is an appropriate
option since it requires low operational pressure
and temperature. In addition, it is an eco-
friendly and non-hazardous approach, which
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utilizes simple equipment without the need for
post-treatment. In this method, particle sizes
could be easily managed by maintaining the
reaction temperature, process time, and
concentration of the solution.'?

In the case of ZnO NPs, the main
limitations are the high energy gap,
agglomeration, and poor particle
dispersibility.'* Researchers have attempted to
overcome these issues by altering the structure
of ZnO NPs using dopants or surface inhibitors.
In fact, surface modification by surfactants has
proven useful for avoiding aggregation, and
doping is expected to decrease the energy gap
and shift the required excitation wavelength
from the UV range to the visible light
spectrum.’> Therefore, the doping of the
structure of ZnO NPs using appropriate dopants
is expected to improve their efficiency in the
photodegradation of organic pollutants. The
present study aimed to employ a hydrothermal
method to synthesize tungsten (W)-doped ZnO
NPs and assess the properties of the prepared
particles.

Materials and Methods
Chemicals

This laboratory-scale, semi-empirical was
conducted using various chemicals, such as
Zn0O, n-butylamine, NaOH (Merck, Germany),
and tungsten oxide (WO) (Sigma Co.).

WO-ZnO Synthesis
The W-doped ZnO particles were
synthesized using a hydrothermal method.

Initially, 2 M ZnO and a definite molar
percentage of WO (0.0%, 0.5%, 1.0% or 2.0%)
were added to a Teflon lined stainless steel
autoclave. Afterwards, 1 M NaOH (10 mL) and
surfactant (0.5 mL) were combined with the
ZnO and WO particles, and the autoclave was
maintained for 12 hours at the temperature of
120 °C. Following that, the autoclave contents
were removed, washed with deionized water
repeatedly, and dried in the air.'®

Material Characterization

The dried product was subjected to
characterization analysis, which consisted of
powder X-ray diffraction (XRD) (Inel,
EQUINOX 3000, France), scanning electron
microscopy (SEM) (Tscan, MIRA3, Czech
Republic), Fourier transform infrared spectra
(FTIR) (Bruker-Tensor 27, Germany), atomic
force microscopy (AFM) (Research Ara-
Advance, Iran), and Zeta potential analyzers
(Brookhaven- Nanobrook, USA) in order to
determine the crystal structure, morphology,
and surface chemistry, respectively.

Results and Discussion

SEM was wused to determine the
morphology and size of the ZnO particles, and
the obtained SEM images are depicted in Figure
1. As can be seen, the hydrothermally prepared
particles were completely distinctive and
contained no agglomerated masses. Moreover,
the doped particles had proper size distribution,
the particle sizes were less than 100 nm, and the
NPs had hexagonal morphologies.

Fig. 1. SEM Images of nanoparticles a) ZnO b) WO-ZnO 0.5% c) WO-ZnO 1% d) WO-ZnO 2%
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The un-doped and W-doped ZnO particles
were investigated via XRD, and the obtained
patterns are shown in Figure 2. The obtained
XRD patterns exhibited three main peaks, which
were associated with the (100), (002), and (101)
ZnO crystal planes (JCPDC No. 36-1451). The
lattice parameters of the un-doped samples were
a=3.2491 and ¢=5.20710, while these values
reduced in the doped samples. Furthermore, the
density of the un-doped ZnO particles was
estimated at 5.6470 g/cm™, which increased
with the addition of the dopant.

Full width at half maximum (FWHM) is the
simplest and most commonly applied method
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for the estimation of the average crystallite size,
which is performed based on the diffraction
peak using the Scherrer equation,!” as follows:

K
r_ﬂcosﬁ (1)

where t is the average size of the Krystal
(nm), K represents the crystal form factor, A
shows the wavelength of the manufacturer’s x-
ray tube (0.154 nm), and f is the peak width at
the half maximum height. Calculation of the size
of 2% W-ZnO using the Scherrer equation
indicated that the size of the crystals was 64 nm.
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Fig. 2. XRD Diffractogram a) ZnO b) WO-ZnO 0.5% c) WO-ZnO 1% d) WO-ZnO 2%

The FTIR spectra of the samples are
depicted in Figure 3. As can be seen, the spectra
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showed a strong vibrational band at 469 cm™,
referring to the stretching vibration of Zn-O.'8
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Fig. 3. FTIR Diffractogram a) ZnO b) WO-ZnO 0.5% c) WO-ZnO 1% d) WO-ZnO 2%
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In addition to this peak, the spectra
contained a peak at 1730 cm™!, which could be
ascribed to the C=0O bond stretching of the
carboxylic groups and a peak at 2918 cm™,
which was indicative of the C-H bonds. In
addition, the stretching vibrations of the N-H
bonds of the amine groups appeared at 3448 cm”
' as the direct outcomes of adding the n-
butylamine surfactant to the synthesis solution.
Consistent with the present study, the findings
of Mote have denoted the observation of the Zn-
O stretching mode at 600-400 cm™ and the N-H
stretching vibration at 3600-3400 cm™ in a study
regarding Cr-doped ZnO NPs."

To evaluate the effect of the dopant on the
band gap energy of the ZnO NPs, the un-doped
and W-doped samples were scanned using a
UV-Vis spectrophotometer. The resultant
spectra are illustrated in Figure 4. In line with
the prior reports in this regard,?’ the absorbance
peak of the un-doped ZnO samples was
observed at 388 nm in the current research,
which is within the UV range. However, the
absorbance peaks of the doped samples shifted
toward longer wavelengths and rose within the
visible range of approximately 440 nm. In other
words, the UV-Vis spectra had a peak shift from
the UV light region to the visible spectrum.
Since the doped samples could be excited by
visible light, the W-doped ZnO NPs had the
potential to be applied in visible light-driven
processes. Such conclusion was also drawn in
the study by Wang et al. in which ZnO was
doped by nitrogen, and the authors declared that
N-doping resulted in a shift in the absorbance
peak of the un-doped ZnO from 384 to 450
nm.?!

Absorption
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Fig. 4. Spectra of nanoparticles a) ZnO b) WO-ZnO
0.5% c) WO-ZnO 1% d) WO-ZnO 2%
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Topography of the un-doped ZnO NPs and
doped samples containing 2.0% WO was
investigated by atomic force microscopy
(AFM). According to the results of AFM
(Figure 5), the relative roughness of the un-
doped and W-doped ZnO particles was 3.291
and 1.7701, respectively. Therefore, W-doping
could enhance the relative roughness of ZnO,
thereby promoting dispersibility and pollutant
adsorption capacity.

Particle Size Distribution

P a

e

Fig. 5. AFM of nanoparticles a) ZnO b) WO-ZnO 2%

could measure
size of the

Since DLS analysis
the hydrodynamic particle

samples, which may be larger than
the sizes determined by SEM, the
samples were analyzed by DLS (Figure
6). As is evident, the W-doping of the
ZnO particles reduced the particle size
of ZnO and improved the distribution
of the ZnO NPs. In this regard, the

study by Shayesteh et al. entitled the
“Effects of Doping and Annealing on the
Physical Properties of ZnO:Mg Nanoparticles”
indicated that the doping of ZnO with Mg
reduced the size of the NPs. In addition,
the effect intensified by increasing the Mg
concentration, which could be due to the
fact that Mg ions have a lower ionic radius
compared to ZnO ions.??
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Zeta potential is essential to understanding
and controlling the properties of colloidal
suspensions. In the present study, the zeta
potential of the pure ZnO doped with the molar
percentages of 0.5, 1, and 2 tungsten oxide was
measured at the optimal pH. To do so, a
suspension of NPs (0.01 gram) was prepared in
distilled water (5 ml), and all the samples were
placed in ultrasonic instruments for 15 minutes
before measuring the zeta potential. The zeta
potential results are presented in Table 1.
According to the information in the table, ZnO
with tungsten NPs increased the zeta potential
and movement, so that ZnO in the un-doped
Zn0O and WO-ZnO (2%) was -7.34 and -14.45
mV, respectively. Therefore, it could be
concluded that doping increases the level and
surface charge of ZnO NPs.

Table 1. Zeta potential of nanoparticles

Nanoparticles Zeta Potential Mobility

P (mV) (Ws)/(V/em)
WO-Zn005% 1165 051
WO-ZnO 1 % i
WO-Zn0 2 % s e
undoped ZnO _714 057
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Fig. 6. DLS of nanoparticles a) ZnO b) WO-ZnO 0.5% c) WO-ZnO 1% d) WO-ZnO 2%

Conclusion

According to the results, the SEM images
of the synthesized NPs were hexagonal, which
is consistent with ZnO. Furthermore, the
hydrothermally = synthesized @ NPs  were
completely distinctive and contained no
agglomerated masses. The XRD analysis
demonstrated three main peaks of (100), (002),
and (101), which matched the -crystalline
structure of ZnO in the Moler index. The effect
of the dopant on the energy band gap was also
investigated. According to the results, the
absorption of pure ZnO was 388 nm, while it
was 440 nm in doped oxide. The results of AFM
indicated that the relative roughness of the
doped NPs increased compared to pure ZnO.
Moreover, the DLS charts showed that doping
reduced the size and uniformity of the ZnO
particles.  The zeta  potential  results
demonstrated that doping could also increase the
surface charge in ZnO NPs.
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