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In this work, Mg-doped ZnO nanostructures were prepared in water under ultrasonic irradiation for 60 min without using any organic
compounds or post preparation treatments. The prepared samples were characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), energy dispersive analysis of X-ray (EDX), diffuse reflectance spectroscopy
(DRS), and Fourier transform-infrared (FT-IR) techniques. Powder XRD patterns display that ZnO has wurtzite hexagonal crystalline
phase and loading of Mg?" ions does not change its crystalline phase. The SEM and TEM images represented that morphology of Mg-
doped ZnO nanostructures remarkably is different from the undoped one. Photocatalytic activities of the samples were investigated by
degradation of methylene blue under UV irradiation. The degradation rate constant on Mg-doped ZnO nanostructures increases nearly 2.5-
fold relative to the undoped one. Influence of various operational parameters, such as ultrasonic irradiation time, calcination temperature,
and pH of the solution on the degradation activity was investigated and the results discussed. Finally, the results showed that the holes and
hydroxide radicals are the main species in degradation of the pollutant.
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INTRODUCTION

Nanomaterials with the size range of a few nanometers
have received considerable attention because of their
interesting properties [1-3]. Heterogeneous photocatalysis
using nanomaterials of semiconductors is an effective
method to destroy a wide range of organic pollutants at
ambient temperatures and pressures [4,5]. The initial step of
the photocatalytic processes is absorption of photons with a
wavelength adequate to match energy levels of
photocatalyst to induce electron promotion from the valence
band to the conduction band of the photocatalyst and
producing electron-hole pairs [6]. The photogenerated pairs
are recombined within a time scale of nanoseconds and only
small percentage of them migrate to surface of the
photocatalyst, where they can be captured by adsorbed
molecules to start catalytic reactions [7]. High chemical and
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thermal stability, low-cost, and nontoxicity are the main
reasons for the widespread acceptability of ZnO
nanomaterials compared to the other photocatalysts [8]. It is
generally known that a major hindrance for enhancing
photocatalytic activity is fast recombination of electron-hole
pairs [5,6]. Hence, one of the effective strategies to address
this problem is to suppress recombination of photogenerated
electrons and holes [8].

In recent years, many synthetic methods have been
applied for preparation of Mg-doped ZnO nanomaterials,
such as rheological phase reaction [9], microwave
combustion and microwave polyol [10], wet chemical [11],
oxalate coprecipitation [12], sol-gel [13,14], and microwave
irradiation [15]. These preparation methods mainly employ
harmful chemicals, high temperatures or longer reaction
times.

Due to simplicity of the method, low price of the
equipment and crystalline phase of the as-prepared samples,
utilization of ultrasonic irradiation for preparation of
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different nanomaterials has been a research topic of great
interest [16-19]. However, preparation of Mg-doped ZnO
nanomaterials using this method and investigation of their
photocatalytic activities has been rarely reported. Xiong et
al. prepared Mg-doped ZnO nanoparticles in tetraethylene
glycol by sonochemical method and investigated their
photoluminescence activities [20]. Moreover, preparation of
Mg-doped ZnO nanoparticles has been reported in
diethylene glycol by ultrasonic irradiation method and the
prepared samples subsequently heated at 200 °C for 30 min
[21]. In these reports, organic solvents have been used and
thermal treatment [21] is required. Therefore, it is highly
desirable to prepare these nanomaterials by a fast and green
method without using any organic solvents and thermal
treatments.

Hence, in the present paper, ultrasonic irradiation
method was applied for preparation of Mg-doped ZnO
nanostructures in water by one-pot procedure without using
any organic additives or post preparation treatments.
Moreover, photocatalytic activities of the samples were
investigated by degradation of methylene blue under UV
irradiation. To achieve maximum degradation efficiency,
the influence of various operational parameters, such as
ultrasonic irradiation time, calcination temperature, weight
of catalyst, and pH of solution on the degradation reaction
was studied and the results were discussed.

EXPERIMENTAL
Materials
Zinc acetate (Zn(CH;COO),.2H,0, extra pure),

magnesium nitrate (Mg(NO3),.6H,0, extra pure), sodium
hydroxide, = MB,  2-propanol, potassium iodide,
benzoquinone and absolute ethanol were obtained from
Merck and employed without further purification. Double
distilled water was used for the experiments.

Instruments

The ultrasonic irradiation was performed using a
Hielscher high intensity ultrasound processor UP200H,
Germany (1.4 cm diameter Ti horn, 140 W, 23 kHz). The
acoustic power in the solution was 47 W, determined by the
heating rate method [22]. X-ray diffraction (XRD) patterns
were recorded on a Philips Xpert X-ray diffractometer with
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Cu Ka radiation (A = 0.15406 nm). Diffuse reflectance
spectra (DRS) were recorded by a Scinco 4100 apparatus.
Surface morphology was studied via LEO 1430VP scanning
electron microscopy (SEM), using an accelerating voltage
of 15 kV. The purity of the products was obtained by energy
dispersive analysis of X-rays (EDX) on the same SEM.
Transmission electron microscope (TEM) measurements
were performed on a Philips EM 208 with an acceleration
voltage of 100 kV. Fourier transform-infrared (FT-IR)
spectra were obtained using Perkin Elmer Spectrum RX |
apparatus.

Preparation of the Nanostructures

For preparation of Mg-doped ZnO nanostructures, zinc
acetate dihydrate (3.7314 g) and magnesium nitrate
hexahydrate (0.7693 g) were dissolved in 100 ml of distilled
water under stirring at room temperature. Then, aqueous
solution of NaOH (5 M) was dropwise added into the
solution under stirring at room temperature until pH of the
solution reached to 11. The milky suspension was irradiated
in air for 60 min. The formed suspension was centrifuged to
get the precipitate out and washed two times with double
distilled water and ethanol to remove the unreacted reagents
and dried in an oven at 60 °C for 24 h. The schematic
diagram for preparation of the nanostructures is illustrated
in Scheme 1.

Photocatalysis Experiments

Photocatalysis experiments were performed in a
cylindrical Pyrex reactor with about 400 ml capacity. The
reactor was provided with water circulation arrangement to
maintain the temperature at 25 °C. The solution was
magnetically stirred and continuously aerated by a pump to

1) pH=11

v

Zn+2 + Mg+2
in water

2) Ultrasonic irradiation
for 60 min

Scheme 1. The schematic diagram for preparation of Mg-
doped ZnO nanostructures under ultrasonic
irradiation for 60 min.
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provide oxygen and complete mixing of the reaction
solution. A UV Osram lamp with 125 W was used as UV
source. The lamp was fitted on the top of the reactor. Prior
to illumination, a suspension containing 0.1 g of the
nanostructures and 250 ml of MB (2.75 x 10° M) was
continuously stirred in the dark for 30 min, to attain
adsorption equilibrium. Samples were taken from the
reactor at regular intervals and centrifuged to remove the
photocatalyst before analysis by spectrophotometer at 664
nm corresponding to maximum absorption wavelength of
MB.

RESULTS AND DISCUSSION

The XRD patterns for ZnO nanoparticles and Mg-doped
ZnO nanostructures are displayed in Fig. 1. Pure ZnO has
diffraction peaks corresponding to (100), (002), (101),
(102), (110), (103), (200), (112), (201), (004) and (202)
planes in agreement with a wurtzite hexagonal crystalline
phase (JCPDS file number of 36-1451) and no other peaks
attributable to possible impurities such as Zn(OH), are
observed [23]. For Mg-doped ZnO nanostructures, the
diffraction peaks correspond to ZnO and there are not any
diffraction peaks corresponding to impurities such as
Mg(OH), and MgO. Hence, loading of Mg?* ions does not
change ZnO crystalline phase. As clearly seen in Figs. 1b
and 1c, for Mg-doped ZnO nanostructures, there are
significant changes in peak positions to the higher angles.
These shifts are due to the smaller ionic radius of Mg*
(0.66 ) compared to Zn?* (0.74 ) [24].

In Figs. 2a and 2b, SEM images for ZnO nanoparticles
and Mg-doped ZnO nanostructures are displayed. The
undoped ZnO mainly has spherical nanoparticles with
diameter of about 60 nm. However, by doping Mg®* ions,
morphology of the nanoparticles remarkably changes to
highly aggregated nanostructures with different sizes.

The TEM images for ZnO nanoparticles and Mg-doped
Zn0O nanostructures are shown in Figs. 2c and 2d. It is clear
that each grain of ZnO nanoparticles has been composed of
highly aggregated smaller particles with the size of about 25
nm. Moreover, morphology of the Mg-doped nanostructures
remarkably is different from the ZnO nanoparticles.

Purity of the prepared samples was studied by EDX
technique and the results for the undoped and Mg-doped
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Fig. 1. (a) XRD patterns for ZnO nanoparticles and
Mg-doped ZnO nanostructures. (b) and (c) Shifts
in XRD pattern of ZnO nanoparticles by doping
with Mg®* ions.
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Fig. 2. SEM images for (a) ZnO nanoparticles, (b) Mg-doped ZnO nanostructures. TEM images for (c) ZnO
nanoparticles and (d) Mg-doped ZnO nanostructures.

ZnO are shown in Fig. 3. For the undoped ZnO, the peaks
are clearly related to Zn and O elements. Moreover, Mg-
doped ZnO nanostructures demonstrate the peaks
corresponding to Mg along Zn and O elements. Other peaks
in these figures correspond to the Au element applied for
sputter coating of the samples on the EDX stage.

UV-Vis DRS of the prepared samples was obtained,
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which the results are shown in Fig. S4a. The pure ZnO has
an absorption maximum at about 348 nm. This absorption
shows blue shift relative to bulk ZnO with absorption at 384
nm that can be attributed to quantum confinement effect
[25]. It reveals that absorption spectrum of Mg-doped ZnO
nanostructures is similar to that of the undoped one.

The FT-IR spectra for the undoped and Mg-doped ZnO
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Fig. 3. EDX results for (a) ZnO nanoparticles and (b) Mg-doped ZnO nanostructures.

nanostructures are shown in Fig. S4b. The broad absorption
bands in the range of 3100-3600 cm™ correspond to the O-H
stretching vibration of adsorbed water molecules on the
samples. The peaks at about 560 and 1438 cm™ are related
to Zn-0 and Mg-O vibrations, respectively [12].
Photocatalytic activities of the prepared samples were
investigated by degradation of MB under UV irradiation at
25 °C. (Fig. 5a). The degradation of MB on Mg-doped ZnO
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nanostructures takes place at 150 min which is much less
than the corresponding time for the undoped ZnO
nanoparticles. It is evident that in presence of Mg-doped
ZnO nanostructures, without using the light irradiation (dark
experiment), about 11% of MB molecules are adsorbed on
the Mg-doped nanostructures during 150 min. Moreover, in
presence of the light and without using the nanostructures
(photolysis experiments), only about 8.3% of MB molecules
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are degraded after irradiation for 150 min. Hence, the
decrease of MB molecules in the solution containing Mg-
doped ZnO nanostructures majorly is related to
photocatalytic degradation of them. Plots of absorbance
against wavelength for the degradation reaction on the
doped ZnO ([MB] = 2.75 x 10° M, catalyst weight = 0.1 g,
ultrasonic irradiation time = 60 min, calcination temperature
= 400 °C, and pH = 5.4) at various irradiation times are
shown in Fig. 5b. As can be seen, the absorbance gradually
diminishes with increasing the irradiation time. Molecules
of MB have two absorption maxima in the visible range.
These absorptions correspond to the conjugation system
between the two aromatic rings [26,27]. Moreover, the two
absorption maxima at the UV range are related to the
aromatic rings. During photocatalytic degradation of MB,
intermediates such as azures and thionine are formed [28].
These intermediates are degraded to produce benzene
sulfonic acid, phenol, and formic acid [29]. Afterwards, the
intermediates are degraded to produce final degradation
products [30]. As evident from Fig. 5b, during the
degradation of MB on the nanostructures, the absorbance at
UV and visible ranges decrease with increasing the
irradiation time and new absorption bands are not formed.
Therefore, it can be concluded that stable intermediates such
as azures, thionine, and benzene sulfonic acid, with distinct
absorptions in UV and visible ranges, are not formed during
the degradation reaction. Furthermore, Fig. 5¢ shows FT-IR
spectra for the fresh and recycled Mg-doped ZnO
naostructures. As can be seen, these spectra are very similar
to each other. Hence, it can be concluded that after complete
degradation of MB on the nanostructures, there is no any
adsorption of MB and its intermediates produced during the
degradation reaction.

The observed first-order rate constant (K.s) of the
degradation reactions was calculated by using InAy/A = Koyt,
in which Aq and A are absorbance of the solution in 664 nm
before and after irradiation for t min [31]. The rate constants
for degradation of MB on the doped and undoped ZnO are
22.6 x 10 and 9.17 x 10 min™, respectively. Hence, the
degradation rate constant on Mg-doped ZnO nanostructures
increases nearly 2.5-fold relative to the undoped one. Very
recently, Yousefi et al. investigated the effect of Mg doping
on photoluminescence (PL) of ZnO nanostructures [32].
The results showed that the intensity of PL spectra in 375
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nm decreases by increasing Mg content. It is well known
that intensity of PL is related to life time of electron-hole
pairs, and doping of Mg on ZnO nanostructures decreases
recombination of the charge carriers [33]. In Mg-doped ZnO
nanostructures, Mg®" ions act as trapping sites of the charge
carriers, which prolongs the lifetime of them. For this
reason, the photocatalytic degradation of MB on the doped
ZnO is higher than that of the undoped one.

To study the influence of the ultrasonic irradiation time
applied for preparation of Mg-doped ZnO nanostructures,
four comparative samples were prepared, keeping the
reaction parameters constant except that the nanostructures
were prepared by irradiations for 30, 60, 90 and 120 min
(Fig. 6a). It is clear that the degradation rate constant
initially increases with the irradiation time up to 60 min and
then decreases. Ultrasonic irradiation time can change
crystallinity, size and morphology of nanomaterials [34].
Enhancing the photocatalytic activity with increasing the
irradiation time can be attributed to increasing crystallinity
of the nanostructures. Figure 6b shows SEM image for the
prepared nanostructures by ultrasonic irradiation for 120
min. It is clearly evident that the prepared nanostructures
are highly aggregated. Hence, its ability for adsorption of
MB molecules decreases. As a result, the photocatalytic
activity decreased at higher irradiation times (Fig. 6a).

It is well known that calcination temperature changes
photocatalytic activity of nanomaterials [34]. To investigate
the effect of calcination temperature, degradation of MB on
Mg-doped ZnO nanostructures calcined for 2 h at various
temperatures was considered (Fig. 7a). As can be seen, the
degradation rate constant increases with calcination
temperature up to 400 °C and then decreases (Fig. 7b). It is
accepted that increasing calcination temperature can cause
formation of photocatalysts with high crystallinity [35].
Therefore, it is expected that photocatalysts treated at higher
temperatures might display better photocatalytic activity.
Size of nanomaterials usually increases with increasing the
calcination temperature [36]. Decreasing the degradation
rate constant at high calcination temperatures can be
attributed to the increasing size of the nanostructures and
hence decreasing surface area of the catalyst.

In heterogeneous photocatalysis reactions, weight of
catalyst has reasonable effect on degradation reaction.
Hence, a series of experiments were carried out by changing
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Fig. 5. (a) Photodegradation of MB on ZnO nanoparticles and Mg-doped ZnO nanostructures along with dark
and photolysis data. (b) Plots of absorbance againest wavelength for degradation of MB on Mg-doped
Zn0O nanostructures at various irradiation times. (c) FT-IR spectra for the fresh and recycled Mg-doped
Zn0O nanostructures.
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Fig. 6. (a) Photodegradation of MB on the nanostructures prepared at various ultrasonic irradiation times. (b) SEM
image for the nanostructures prepared by ultrasonic irradiation for 120 min.

weight of the nanostructures between 0.025 and 0.15 g
(Table 1). It is evident that the rate constant increases with
weight of the photocatalyst up to 0.1 g and then decreases.
With increasing weight of the photocatalyst, the active sites
and absorption of the irradiating light are increased.
However, more photocatalyst increases scattering of light
and reduces the light penetration through the solution [37].
Hence, the degradation rate constant decreases using much
greater weight of the catalyst.
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It is well known that pH of solutions has remarkable
influence on photocatalytic activity. The effects of solution
pH on the degradation reaction were studied by varying the
initial pH between 2.5 and 12 (Fig. S8a). Similar to ZnO
based photocatalysts, decrease of the degradation reaction
with decreasing pH of the solution is attributed to
dissolution of the nanostructures [38]:

Mg-doped ZnO + 2H* ———»  Zn* (along with

Mg?") + H,0 1
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Fig. 7. (a) Photodegradation of MB on the nanostructures calcined at various temperatures. (b) Plot of the rate
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Hence, because of low stability of the photocatalyst, the
degradation reaction is decreased at more acidic solutions.
Very recently, photolysis of MB molecules under sunlight
irradiation has been reported [39]. The results show that the
photolysis reaction rapidly increases in alkaline solutions.
Hence, it is necessary to investigate the extent of MB
stability under UV irradiation in different solutions. In Fig.
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S8b, plots for photolysis of MB in solutions with different
pH are shown. As can be seen, in solution with pH < 7,
photolysis of MB is not noticeable; but the reaction is
suddenly increased with increasing pH of the solution.
Therefore, because of much greater photolysis, alkaline
solutions are not proper solutions for photocatalytic
degradation of MB under UV irradiation. At pH 5.4, after
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Table 1. Effect of the Nanostructure Weight on the Degradation
Rate Constant of MB

No. Catalyst weight (g) Kops X 107 (min™)
1 0.025 14.9
2 0.050 17.0
3 0.075 19.0
4 0.100 75.0
5 0.150 52.0
100
80 |
< 60 |
c
S
=
©
o]
S 40 |
(@]
(6]
Qo
20 |
0

BQ  2-PrOH Kl
Type of scavenger

Fig. 9. Plot of %degradation of MB on the nanostructures in presence of various scavengers.

UV irradiation for 25 min, only about 3% of MB molecules To determine the role of the reactive species on the
were degraded by photolysis reaction. As evident in Fig. degradation reaction, effects of various scavengers with 1.0
S8b, in presence of Mg-doped ZnO nanostructures, MB mM on the degradation reaction was investigated after

molecules are completely disappeared at 25 min. Hence, irradiation for 50 min and the results are shown in Fig. 9.
this solution is proper for photocatalytic degradation of MB Without using any scavenger, the degradation efficiency is
on the nanostructures under UV irradiation. 98.4%. By using benzoquinone (scavenger for “0,’), 2-PrOH
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(scavenger for °OH), and KI (scavenger for hole) [40,41],
the degradation efficiency decreases to 74, 34 and 25%,
respectively. Decrease of the degradation efficiency in
presence of KI and 2-PrOH is greater than that of
benzoquinone. Hence, it can be concluded that the role of
the holes and hydroxyl radicals in degradation of MB is
greater than supper oxide ions.

CONCLUSIONS

Ultrasonic irradiation method was applied for
preparation of Mg-doped ZnO nanostructures in water and
the prepared samples were fairly characterized by different
techniques. The rate constants for degradation of MB on the
doped and undoped ZnO are 22.6 x 10 and 9.17 x 107
min™, respectively. Photocatalytic activity of the
nanostructures shows the best results for the prepared
sample using ultrasonic irradiation for 60 min. The
degradation rate constant increases with increasing
calcination temperature up to 400 °C and then decreases. At
pH 5.4 (as an optimum solution), after UV irradiation for 25
min, only about 3% of MB molecules are degrade by
photolysis reaction and MB molecules are completely
degraded on Mg-doped ZnO nanostructures. In presence of
benzoquinone, 2-PrOH and KI, the degradation efficiency
decreases to 74, 34, and 25%, respectively. Therefore, it
can be concluded that the holes and hydroxyl radicals play a
vital role in degradation of MB relative to superoxide ions.
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