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ABSTRACT

Zinc sulfate and sodium hydroxide were used as starting ingredients in a straightforward precipitation
method to synthesize zinc oxide nanoparticles. For two hours, the synthesized sample was treated at
various temperatures. Energy dispersive spectroscopy (EDS), proton-induced X-ray emission (PIXE)
analysis, scanning electron microscopy (SEM), and X-ray diffraction (XRD) were used to analyze the

samples. SEM pictures of ZnO synthesized using the aforementioned technique display a variety of
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1. Introduction

Due to its advantageous qualities and potential uses in a
variety of fields, including catalysts [1], sensors [2],
photoelectron devices [3, 4], and extremely useful and efficient
devices [5], nano-sized semiconductor particles have attracted
a lot of attention in recent years. These nanomaterials are of
great scientific interest in both basic and applied domains due
to their unique electrical, structural, and thermal properties. At
ambient temperature, the energy gap of zinc oxide (ZnO), a
semiconductor with a broad band gap, is 3.37 eV. Because of
its photochemical, electrical, optoelectronic, and catalytic
qualities, it has been wused extensively [6-9]. ZnO
nanostructures' strong catalytic activity and vast surface area
make them ideal for use in catalytic reaction processes [10].
Since the morphology of nanostructures affects the physical
and chemical properties of zinc oxide, it is important to
examine not only different synthesis techniques but also the
physical and chemical characteristics of generated zinc oxide
in relation to its shape. Numerous techniques, including laser
ablation [11], hydrothermal methods [12], electrochemical
depositions [13], sol-gel method [14], chemical vapor
deposition [15], thermal decomposition [16], and combustion
method [17, 18], have been documented in the literature for the
fabrication of ZnO nanostructures. Ultrasound [19],
microwave-assisted combustion [20], two-step mechano-
chemical-thermal synthesis [21], anodization [22], co-
precipitation [23], and electrophoretic deposition [24] have all
been used recently to create ZnO nanoparticles.

By adjusting various precipitation process parameters,
including solution concentration, pH, and washing medium,
Rodrigues-Paez et al. [25] synthesized ZnO nanoparticles with
various morphologies. In this work, a straightforward
precipitation technique was used to synthesize ZnO

morphological changes. Using Debye-Scherrer's formula, the average crystallite sizes of the samples
were determined from the whole width at half maximum of XRD peaks and were discovered to be in the
nano-range. EDS demonstrates that the aforementioned method yielded extremely pure ZnO
nanostructures. The PIXE technique was employed to analyze ZnO's trace elements. Calculations of the
optical band gaps of different ZnO powders were made using UV-visible diffuse reflectance

nanostructures. ZnO nanostructures were synthesized using
sodium hydroxide and zinc sulfate heptahydrate as precursors.
X-ray diffraction (XRD) and scanning electron microscopy
(SEM) were used to characterize the prepared samples, while
energy dispersive spectroscopy (EDS) and proton-induced X-
ray emission (PIXE) studies were used to assess the sample's
purity. The samples' band gap energies were determined using
diffuse reflectance spectroscopy. The morphology, crystallite
dimensions, and optical characteristics of ZnO nanostructures
were examined, and an effort was made to associate the optical
properties of ZnO with its morphology and crystallite
dimensions.

2. Materials and methods
2.1 Materials

The studies employed sodium hydroxide and zinc sulfate
heptahydrate. Gracia Enterprises (New Delhi, India) supplied
all of the analytical reagent-grade chemicals utilized, and
solutions were prepared using deionized water.

Synthesis of ZnO

Zinc sulfate aqueous solution was vigorously stirred for 12
hours while sodium hydroxide solution was added gradually
dropwise in a molar ratio of 1:2. After filtering, the resulting
precipitate was carefully cleaned with deionized water. Agate
mortar was used to grind the precipitate to a fine powder after
it had been dried in an oven set at 100°C [26]. The powder
produced by the aforementioned process was calcined for two
hours at various temperatures, including 300°C, 500°C, 700°C,
and 900°C.
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2.2 Characterization

XRD and SEM

XRD and SEM were used to characterize the compounds'
appearance and structure. A Bruker Dg Advanced X-ray
diffractometer (Bruker Optik GmbH, Ettlingen, Germany)
equipped with CuK, radiation (A = 1.5418 A, rated at 1.6 kW)
was used to record the XRD patterns of the powdered samples.
A Philips XL 30 ESEM scanning electron microscope (FEI-
Philips Company, Hillsboro) was used to take SEM pictures of
the samples.

UV-vis diffuse reflectance spectroscopy

The optical absorption characteristics of ZnO were
characterized using UV-vis spectroscopy. Using BaSO, as a
reference, the samples' UV-vis absorption spectra were
captured in the 200-800 nm wavelength range using a
Shimadzu UV 3600 UV-vis-NIR spectrometer (Shimadzu
Corporation, Kyoto, Japan) in diffuse reflectance mode. At
room temperature, spectra were captured, and the Kubelka-
Munk function was used to convert the data [27].

Proton-induced X-ray emission

Pure graphite and finely ground samples were combined in
a 1:1 ratio (150 mg each), homogenized, and then compressed
into a pellet with a diameter of 13 mm. PIXE measurements
have been performed on a 3-MV horizontal pelletron
accelerator [28]. On the target, the proton beam was collimated
to a 3 mm diameter. A Si(Li) detector was maintained at a 90°
angle to the direction of the beam. With a beryllium window
that is 12 pum thick and an active area of 30 mm?, the detector
offers an energy resolution of 170 eV at 5.9 keV. A current
integrator attached to the target holder was used to measure the
integrated charge on the sample. Before entering the Si(Li)
detector, the X-rays exiting the chamber through a 95-pm
Mylar window passed through a 4 cm air gap.

The targets were maintained at a 45° angle to the beam in
the PIXE chamber. The beam current was maintained between
3 and 10 nA, and the Si(Li) detector was positioned 90° from
the beam. A Canberra MCA [29] (Canberra Industries,
Meriden, CT, USA) was used to record the spectra, which were
then moved to a personal computer [30].

GUPIX-95 [31], a program that offers nonlinear least-
square spectrum fitting, was used to perform PIXE spectral
analysis. Since the target was sufficiently thick to completely
stop the proton beam, the thick-target PIXE investigation was
carried out. Using the macrometer standards and other
approved reference materials, an external standard technique
was used to verify the chosen analysis process and input
parameters. The values were then normalized in accordance
with this.

3. Results and discussion

Catalyst characterization

XRD analysis

Figure 1 displays the XRD patterns of the ZnO powders
made using the aforementioned technique and calcined at
various temperatures. The hexagonal ZnO wurtzite structure is
well-indexed to all of the diffraction peaks (JCPDS no. 36—
1451). The great purity of the synthesized products was
confirmed by the absence of diffraction peaks associated with
the contaminant in the XRD patterns. As the calcination
temperature rises, the peak intensity rises as well, suggesting

greater crystallinity. The produced materials are in the
nanoscale range, as indicated by a distinct line broadening of
the diffraction peaks at 300°C, 500°C, and 700°C. Using the
whole width at half maximum of 100, 002, and 101 of the X-
ray diffraction peaks, Debye-Scherrer's equation (Equation 1)
computed the average crystallite sizes of the samples, as shown
in Table 1 [32].
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Figure 1: XRD patterns ZnO nanoparticles after calcination at various
temperatures.

Table 1: Average ZnO crystallite size as determined by XRD with
Equation (1)

Calcination temperature (°C) Crystallite size, D (nm)
300 64
500 74
700 131
900 187

As the calcination temperature rises, the average crystallite
size also rises. The sample that was calcined at 900°C shows a
notable increase in crystallite size. Grain boundaries migrate at
such high temperatures, resulting in the coalescence of small
grains and the creation of big grains.
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where A is the incident X-ray wavelength (nm), B is the
full width at half maximum, 6 is the diffraction angle, and D is
the crystallite size (nm).

SEM and EDS analysis

Figure 2 displays the samples’ SEM pictures. The
temperature at which ZnO is calcined alters its morphologies.
When the samples are calcined at 700°C, they transform from
nanoflakes that were formed at 300°C and 500°C. The SEM
pictures of ZnO samples demonstrate how much less particle
aggregation occurs with this preparation technique.
Nanoparticles are visible in high-resolution SEM pictures of
ZnO that has been calcined at 300°C and 500°C (Figure 2b). It
is evident from the energy dispersive spectra of the samples
derived from the SEM-EDS analysis (Figure 3) that the sample
made using the aforementioned method contains pure ZnO
phases.
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Figure 2: SEM pictures of ZnO samples that were calcined at three distinct temperatures: (a) 300°C, (b) 500°C, and (c) 700°C.
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Figure 3: EDS of ZnO calcined at 500°C.

Diffuse reflectance analysis

Figure 4 displays the samples' UV-visible absorption
spectra. Below 400 nm, all of the samples exhibit a significant
absorption maximum. Samples calcined at 500°C and 700°C
exhibit a change in absorption maxima toward higher
wavelengths. The agglomerations in the samples are
responsible for this red shift [33]. Figure 5 illustrates how the
linear part of the graph between the modified Kubelka-Munk
function [F(R)hv]? vs photon energy (hv) is extrapolated to get
the band gap energy of the samples [27]. It is challenging to
determine the band gap of the 900°C-calcined samples due to
their low reflectance. As the calcination temperature rises,
Zn0O's band gap decreases. This is because ZnO's particle size
increases as the calcination temperature rises. Table 2 displays
the band gaps of the samples.
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Figure 4: UV-vis absorption spectra of ZnO samples that were
calcined at: (a) 300°C, (b) 500°C, (c) 700°C, and (d) 900°C.
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Figure 5: Plots showing the Kubelka-Munk function against energy
for ZnO calcined at different temperatures.

Table 2: The optical band gap of various ZnO samples that were
calcined at varying temperatures

Calcination temperature (°C) Bandgap (eV)
300 3.30
500 3.28
700 3.27
Table 3: Elemental concentrations in ZnO nanoparticles
Element Concentration Statistical error (%)
Ti 1000 ppm 10
Fe 900 ppm 12
Zn 99.75% 0.2
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PIXE analysis

GUPIX software is used to examine the samples in order
to determine the trace elements and purity of the ZnO
nanoparticles. The synthesized ZnO nanoparticles have 99.8%
purity, with trace levels of impurities including Fe and Ti,
according to the results displayed in Table 3. The dominating
characteristic peak of Zn is reflected in the PIXE spectrum of
the ZnO nanoparticle that was calcined at 300°C (Figure 6).
However, because the minimum detection limit of the
corresponding elements has increased, the pile-up continuum
may comprise the distinctive X-ray lines of trace impurities
like Pb that are not visible in the spectra and cannot be
quantified. Regarding the limit of detection of contaminants at
the trace level, the significance of efficiently suppressing the
pile-up continuum is evident. The limits of detection for trace
elements are worse because the pile-up continuum of
significant elements, as zinc in this instance, may overlap the
X-ray lines of trace elements. However, if these specific
elements are present, their concentration must be substantially
lower because the residual concentration is only a few
thousand parts per million, which may not have a major impact
on the materials' purity. Thus, the PIXE analysis validates the
efficiency of our method for preparing nanoparticles.
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Figure 6: PIXE spectrum of 300°C-calcined ZnO.

4. Conclusions

A straightforward precipitation technique was used to
synthesize ZnO nanoparticles. The XRD and EDS
measurements unequivocally show that the aforementioned
process produces extremely pure ZnO. ZnO SEM photos
demonstrate how the calcination temperature altered the
morphology. The produced material's excellent purity and trace
levels of elements like Fe and Ti were verified by PIXE
analysis. An increase in calcination temperature reduced the
band gap of ZnO and pushed the absorption maximum to
higher wavelengths.
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