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In the present study, ZnO nanostructure has been synthesized by different
methods, namely coprecipitation, hydrothermal and sonochemical
methods. After comparison of the morphology and photocatalytic
activity of ZnO samples prepared via different methods, the best method
(sonochemical method) was used for synthesis of Ni-ZnO nanoparticles
with different concentrations of nickel. Furthermore, structural and optical
properties were investigated by Fourier Transform Infrared spectroscopy,
UV-Vis spectroscopy, Field Emission Scanning Electron Microscopy,
X-Ray Diffraction, and Photoluminescence spectroscopy methods.
Morphology of nanoparticles prepared via sonochemical method were
obtained small granular shape. In addition, the direct band gap has been
calculated by Tauc's approach. Compared with pure ZnO, the band gap
of the Ni-ZnO NPs is smaller and depends on the content of dopants.
Moreover, photocatalytic activity of all samples has been investigated
under UV irradiation in an aqueous medium. In addition, photocatalytic
activity is improved in the presence of an appropriate amount of nickel
dopant.
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INTRODUCTION

Metal oxides such as ZnO nanostructures have
attracted much attention due to their unique
properties, which make them attractive candidates
for wide applications in room temperature, blue
and UV optoelectronic devices, ultraviolet laser
emission [1], piezoelectricity [2], photocatalysis
[3], solar cells [4], gas sensing [5], biological
applications [6] and so on [7-10].

Dyes widely used in textiles, plastics, paper,
and rubber industries, have led to water pollution
due to the release of the colored and toxic
wastewater into water bodies [11]. The treatment
of dye waste effluents is usually inefficient, costly
* Corresponding Author Email: M.Bordbare@gmail.com

and non-destructive or just transfers pollution
from water to another phase. Therefore, a great
deal of attention has been focused on ZnO
nanostructures. Properties of ZnO nanostructures
are strongly dependent on the morphology of ZnO
and recombination rate of the photogenerated
electron—hole. Consequently, the synthetic
method and metal doping are affected by these
properties [12, 13].

Various methods have been developed for
the synthesis of ZnO. Some of these methods
such as thermal evaporation [14], chemical vapor
deposition[15],and pulsedlaserdeposition[16]are
physical ones, which generally require special and
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expensive equipment or operation control. Others
include solution based chemical methods such as
coprecipitation, hydrothermal, solvothermal [17,
18], sol-gel [19-22], and sonochemical methods
[20, 23], which are very attractive because of their
distinct advantages such as simplicity, low cost,
mild synthetic conditions and potential for large
scale production [24].

Among a variety of methods, coprecipitation,
hydrothermal and sonochemical methods are
effective preparation methods not only for
developing basic science, but also for providing
a simple and effective way to control the various
shapes and sizes of the ZnO powders [7, 24].

In this paper, we deal with ZnO nanostructures,
which have been synthesized by different methods
namely  coprecipitation,  hydrothermal  and
sonochemical methods starting from aqueous zinc
acetate as the source of zinc, and reaction with an
aqueous solution of NaOH as the source of oxygen
without using any capping molecule. Furthermore,
after comparison of the morphology and
photocatalytic activity of ZnO samples prepared via
different methods, the best method has been used
for synthesis of Ni-ZnO (with different concentrations
of nickel) and then structural and optical properties
and photocatalytic activity of samples have been
measured. To date, based on our knowledge there
is no report on the compare of different synthesis
method on photocatalytic activity of ZnO.

MATERIALS AND METHODS

Zinc acetate dihydrate (Zn(Ac),.2H,0), sodium
hydroxide (NaOH) and nickel nitrate tetrahydrate
(Ni(NO,),.4H,0) were obtained from Merck
Chemical Company.

The sample structures were characterized
by XRD patterns obtained on a Philips model
X'PertPro X-ray diffractometer using Cu Ka
radiation (A=1.54 A), while the morphologies of
the synthetic samples were investigated by field
emission scanning electron microscopy (FESEM;
TESCAN-MIRA3) equipped with an Oxford Inca
Energy Dispersive X-ray detector. The optical
absorptions of the samples were obtained using
a Shimadzu UV-2500 spectrophotometer. Fourier
transform infrared spectra (FTIR) of the samples
were recorded using a Jasco model 4200 FTIR
spectrophotometer over the frequency range
of 400-4000 cm™ using KBr as the diluent. The
room temperature photoluminescence (RT-
PL) measurements were performed on a Cary
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Eclipse fluorescence spectrophotometer with a
wavelength of 325 nm as the excitation source.
In order to evaluate the photocatalytic activity
of the samples, methyl orange (MO) degradation
was evaluated as follows: Before the illumination,
a 5 ppm solution of MO was magnetically stirred
in the dark for 1 h to ensure the establishment
of absorption equilibrium of methyl orange on
the photocatalyst sample surfaces. Following
this, the suspension was irradiated under a 50 W
low pressure Hg lamp. UV-Vis absorption spectra
were recorded at different times to calculate MO
concentrations

Sample preparation

ZnO nanostructure synthesis by coprecipitation
method. The typical procedure for the preparation
of samples using coprecipitation method was as
follows:

First, 25 mL of a 0.1 M aqueous solution of
zinc acetate in a beaker were stirred magnetically
at room temperature on an ice bath. The white
precipitate was filtered, thoroughly washed with
distilled water, dried in an oven at 60 °C for 1 h and
ultimately calcined at 300 °C for 1 h.

ZnO nanostructure synthesis hydrothermal method

First, 25 mL of a 0.1 M aqueous solution of zinc
acetate in a beaker were stirred magnetically at
room temperature on an ice bath. Then, 100 mL
of a 0.1 M aqueous solution of sodium hydroxide
was added to this solution dropwise for about 45-
50 min. Finally, the white precipitate formed was
transferred to an autoclave and maintained at
95 °C for 20 h and then allowed to cool to room
temperature. The white precipitate was filtered,
thoroughly washed with distilled water and dried
inan oven at 60 °C for 1 h.

ZnO NPs synthesis by sonochemical method
Samples were synthesized by a simple
sonochemical method using a sonochemical bath.
The procedure was as follows: First, 25 mLof a 0.1 M
aqueous solution of zinc acetate in a beaker on aniice
bath, was kept in a sonication bath (28 kHz, 340 W).
Then, 100 mL of a 0.1 M aqueous solution of sodium
hydroxide was added to this solution dropwise for
about 45-50 min. Finally, the white precipitate was
filtered, thoroughly washed with distilled water and
dried in an oven at 60 °C for 1 h. In the presence of
ultrasound following reaction take place:
Zn** +40H < [Zn(OH),J*
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Ni-ZnO NPs synthesis by sonochemical method

All the steps in the synthesis of Ni-ZnO NPs
were similar to those for ZnO NPs, but appropriate
amounts of Ni acetate ([Ni]/[Zn]%=0.25, 0.5
and 0.75%) were added to aqueous zinc acetate
solution in the first step.

RESULTS AND DISCUSSION
Sample characterization

FE-SEM images were used to describe the
morphologies. Fig. 1 shows the FE-SEM images
of ZnO nanostructure prepared using different
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methods.

FE-SEM images reveal that the ZnO samples
prepared using coprecipitation and hydrothermal
methods consist of aggregates of particles with
irregular sizes and shaped agglomerated particles
in the nano/micro-scale range, whereas typical
FE-SEM images of ZnO sample prepared via
sonochemical method indicate that particles are
very uniform and have spherical shapes with the
diameters varying between 65 to 70 nm [25, 26]
(see particle size distribution, inset Fig. 1).

The sonochemical method has been proved to
be a useful method to obtain novel materials. The
chemical effects of ultrasonic irradiation arise from
acoustic cavitation, in other words, the formation,
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Fig. 1. FE-SEM images of ZnO samples prepared by different methods: (a) sonochemical (b) hydrothermal (c) coprecipitation.
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Fig. 2. Typical EDAX pattern obtained for the Ni-ZnO (0.50%) NPs.

growth and implosive collapse of bubbles in a
liguid medium, which results in an instantaneously
high temperature and pressure pulse. These
special conditions of high temperature, pressure
and local intense micromixing attained during
acoustic cavitation lead to many unique properties
in the irradiated solution and particles suspended
in the same [27].

The composition of ZnO and Ni-ZnO NPs were

determined by the elemental dispersion analysis
using X-ray (EDX) measurements. The EDX results
for Ni-ZnO samples confirm the presence and
uniform distribution of the elements zinc, nickel
and oxygen (Fig. 2).
The characteristic functional groups of ZnO
samples prepared using different methods and
Ni-ZnO NPs (with different concentrations of
Ni) prepared via sonochemical method were
investigated using FTIR spectroscopy at room
temperature in the range of 4000-400 cm™ and
the results are shown in Fig. 3.

The broad peak observed in the 460-560 cm
range is the combination of Zn-O vibrations. The
vibration mode at 475 cm™ has changed slightly
in Ni-ZnO samples. It seems the change is related
to the interaction between ZnO and metal ions,
which has formed new bonds. Moreover, in Ni-
Zn0O samples, no obvious changes can be seen
in FTIR spectra of undoped and doped samples.
It is worth mentioning that Ni atoms were
successfully incorporated into the crystal lattice of
Zn0. Therefore, it is reasonable to conclude that
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synthetic product has no significant impurity [28].

The X-ray diffraction patterns of samples are
shown in Fig. 4. The diffraction patterns of samples
prepared via different methods well match with
hexagonal wurtzite structure [29, 30].

Comparison of the spectrum of pure ZnO with
that of Ni-ZnO indicates that the samples are
single phase with a hexagonal wurtzite without
formation of impurities like NiO. It seems that the
doping with Ni?* ions has no appreciable effect on
the crystal phase of ZnO [31].

The diffraction peaks of Ni-ZnO samples are
shifted slightly to higher angles with increasing Ni
concentration. The small shift of peaks to higher
values is reasonable because the ionic radius of
Ni%* ion (0.055 nm) is only slightly less than that of
Zn*ion (0.060 nm) at tetrahedral site. Therefore,
the substitution of Ni** ion for Zn* will not result in
much distortion in the ZnO lattice, generally [32].

The lattice parameters of samples are found
using the following equation [32].

1 4(h®>+hk+k?\ [
dz2 3 ( ) * c?

Where h, k and | are Miller indexes and d is the
distance between adjacent lattice planes in the
crystal.

Table 1 shows the calculated lattice parameters
of the samples. Lattice parameters of Ni-ZnO are
slightly less than those of ZnO, confirming that
the Ni ions have been doped into the ZnO crystal
lattice without changing the wurtzite structure. On

(1)

a?
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the other hand, zinc and nickel have ionic radii of
0.60 and 0.55 A, respectively. Hence, if Nireplaces
Zn in the ZnO crystal lattice, a little reduction in
lattice parameters is expected [33].

In addition, according to the Scherrer formula
(D =kN\/BcosB) [34], the average crystallite size of
ZnO NPs prepared using sonochemical method
associated with the all diffraction peaks was
estimated about 19.2 nm.

Optical properties of samples

To confirm the optical properties of the ZnO
nanostructures prepared using different methods
and Ni-ZnO nanostructure (with different
concentrations of Ni) prepared via sonochemical
method, the UV-Vis transmittance spectra were
also recorded and the results are presented in Fig.
5. [35]. It can be clearly seen that in all samples,
the sharp absorption edge at the wavelength of
about 370 nm can be assigned to the intrinsic
band gap absorption for the wurtzite hexagonal
structure of ZnO. In addition, according to Fig.
5(b), comparison of the UV-Vis spectra of undoped
Zn0 and Ni doped with different concentrations of
dopant, the maximum of the absorbance band
show slight red shifts due to nickel doping and
increasing Ni content causes a slight blue shift in
band edge absorption peak. The wavelengths of
maximum absorbance for each nanostructure
sample are listed in Table 1.

The absorption coefficients of samples were
investigated by Tauc’s approach and the optical
band gap of the ZnO nanostructures prepared
using different methods and Ni-ZnO nanostructure
(with different concentrations of Ni) prepared via
sonochemical method were calculated using the
following equation [19]:

(athv)?=C (hv—Eg)

where a is the absorption coefficient, C is a
constant, hv is the photon energy and E is the
band gap. Fig. 6 shows the Tauc plots of samples.
Extrapolation of the linear region of Tauc plot
gives a band gap. The absorption spectra are
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Fig. 3. FTIR spectra of samples: (a) ZnO samples (different
methods), (b) Ni-ZnO NPs (sonochemical method).

shown in Fig. 6. When the concentration of Ni-
doping increases, the band gap first decreases and
then increases (Table 1), while the doping level

Table 1. Peak position, band gap, lattice constants and photcatalytic activity of samples.

Samples EDAX 0Znalyms 2 00 ¢ Wazzzl)lgth Bandgap (V) ]?jglrggarzic;ln
ZnO (precipitation) 0.00 3.2359 5.1872 374 2.47 58%
ZnO (hydrothermal) 0.00 22478  5.2055 370 3.08 60%
ZnO (sonochemical) 0.00 3.2416  5.1962 372 2.97 78%
ZnO-Ni (0.25%) 0.21 3.2378 5.1918 374 2.95 92%
ZnO-Ni (0.50%) 0.49 3.2410 5.1957 376 2.92 100%
ZnO-Ni (0.75%) 0.69 3.2387  5.1899 370 3.00 62%
194 J Nanostruct 6(3): 190-198, Summer 2016
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Fig. 7. The PL spectra of samples: (a) ZnO samples (different
methods), (b) Ni-ZnO NPs (sonochemical method).

is (> 0.5%), which is because the excess carriers
provided by dopingcan fill some energy levels
on the edge of conduction band and cause the
transition energy increase [32]. Furthermore, sp—d
exchange interactions are responsible for the band
gap variations in Ni- ZnO samples.

Room temperature PL spectra of the samples
are shown in Fig. 7. As shown in Fig. 7, all samples
have two peaks at about 380 nm (near-band edge
emission (NBE), which come from the collision of
the free excited electrons and holes) and 570 nm
(deep level emission (DLE) mediated by oxygen
vacancies and other defects). Since PL emission
is the result of the recombination of excited
electrons and holes, the lower PL intensity of the
sample indicates a lower recombination rate of
excited electrons and holes [36-38].

PL spectra of the samples prepared by different
methods (Fig. 7(a)) show that the intensity of the
deep level emission (DLE) band for the sample
prepared by hydrothermal method is higher than
that of other samples. It can be deduced that
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oxygen vacancies and other defects in this sample
are higher than those in other samples. Moreover,
Fig. 7(b) shows that in Ni-ZnO (0.5%) sample, the
near-band edge emission (NBE) peak intensity
decreases, probably due to less recombination rate.

Photocatalytic activity

Inorder to evaluate the photocatalytic activity of
the samples, photodegradation of methyl orange
(MO) under UV light irradiation was performed in
the presence of samples at room temperature and
the results are shown in Fig. 8.

As observed in Fig. 8(a), ZnO nanostructure
prepared by the sonochemical method showed
better photocatalytic activity than that by the
coprecipitation or hydrothermal methods.

As we know, particle size and surface area
have key effects on the photocatalytic activities
of photocatalyst. Expect these factors, which play
important roles in photocatalytic activity, however,
other parameters such as morphology, defect and
impurity contents might affect photocatalytic
activity [39].

On the basis of the FE-SEM results, specific
surface areas of the samples prepared by

100
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Fig. 8. Photodegradation of methyl orange (MO) using the
samples: (a) ZnO samples (different methods), (b) Ni-ZnO NPs
(sonochemical method).
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sonochemical method are larger than those of
other samples indicating the better photocatalytic
activity of this sample.

According to Fig. 8(b), the degradation rate
increases depending on the Ni content, and
a 0.5% content of Ni resulted in the highest
photodegradation of the MO dye. This efficiently
reduces the recombination chance of excitions
so that the doping induces the distortion of local
electric field and the photo induced electrons and
holes could be trapped around the dopant, which
is in good agreement with the PL results [32].

CONCLUSION

Zinc oxide nanopowder has been synthesized
by different methods and used as a catalyst in the
process of photodegradation of methyl orange as
a dye model. According to the results, samples
prepared via sonochemical method in low
temperature and short time (2 h) have an average
diameter of 60- 70 nm and are very uniform, have
spherical shapes and show the best photocatalytic
activity in comparison with those prepared
by hydrothermal or coprecipitation methods.
Sonochemical method does not require pressure
controlling and high temperature. Moreover,
Ni-doped ZnO (with different concentrations of
nickel) has been synthesized by sonochemical
method. Results indicate that the presence of a
small amount of nickel in ZnO structure enhances
the photodegradation efficiency, but further
increase of the dopant concentration results in a
decrease in photocatalytic activity.
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