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Abstract
A sol- gel method was used to prepare ZnO nanoparticles, and a photo-assisted deposition method was used to deposit indium into the surface of ZnO nanoparticles. 
BET, XRD, XPS, Pl, UV-Vis and TEM measurements were used to characterize the ZnO and Pt/ ZnO nanoparticles. The photocatalytic oxidation of methylene blue 
dye under visible light irradiation was used to determine the photocatalytic performance of the prepared nanoparticles. The results demonstrated that the indium was 
well dispersed on the surface of the ZnO nanoparticles. Additionally, the surface area of the In/ZnO nanoparticles was smaller than that of the ZnO nanoparticles 
because some of the pores of the ZnO nanoparticles were blocked by the deposited In metal.  The In/ ZnO nanoparticles (0.6 wt%) exhibited the lowest band gap and 
the highest photocatalytic activity for the methylene blue dye. The photocatalytic performance of the 0.6 wt% In/ZnO nanoparticles was stable after the nanoparticles 
were reused five times for the oxidation of methylene blue dye. 

Introduction
In recent years, the contamination of surface and ground 

water has increased due to population growth. The main sources 
of environmental contamination are organic dyes used in the food 
and textile industries due to their high toxicity and their non-
biodegradability, which have carcinogenic effects on humans. MB dye 
is used by different industries, for example, as a dye in silk; as a food 
colouring additive; and as a dye in wool, leather, cotton, jute, and paper 
[1-3]. Methylene blue dyes have strong effects on the immune and 
reproductive systems and exhibit potential carcinogenic and genotoxic 
effects [4,5]. Thus, these hazardous dyes must be removed from 
industrial effluents. Many methods, such as biological treatment [6,7], 
adsorption [8], and photocatalysis [9-13], have been used for removal 
of these dyes from industrial effluents. The use of photocatalysts to 
degrade organic compounds in contaminated air or water or to convert 
them into harmless chemicals has been extensively studied to decrease 
the damage caused by organic dye pollution to the environment 
and humans [14]. Therefore, heterogeneous photocatalysis is an 
interesting area of research because the method allows for complete 
mineralization of these environmentally hazardous dyes [13]. Among a 
variety of photocatalysts, TiO2 is the most common photocatalyst due 
to its non-toxicity, good activity and high resistance to corrosion. One 
of the disadvantages for the use of titanium dioxide is its absorption 
in the UV region, which represents approximately 5% of sunlight. 
Therefore, the absorption of the photocatalyst must be altered to move 
it from the UV to visible region. Many methods have been studied to 
extend the absorption of photocatalysts from the UV to the visible 
region, such as variation of the titanium dioxide by metal or non-metal 
[14,15]. Other attempts have focused on preparing new photocatalysts, 
such as multi-metal oxide photocatalysts [16-19].  Zinc Oxide (ZnO) 
belongs to a category of n-type semiconductors having wide energy 
band gap of 3.37 eV. Recently, ZnO has attracted much attention as 
a promising photocatalytic material for removal of organic pollutants, 
which present in wastewater, all because of its high catalytic activity, 
moderate preparation cost and environmentally benign nature [20-

23]. Nanoscale ZnO particles possess significant surface area and large 
number of active sites ensure increased surface catalyzed reaction rates 
thus promoting photocatalysis [24]. However, the large energy band 
gap of ZnO permits electronic excitations only with photons having 
energy below 400 nm (UV spectrum). High degree of recombination 
of photogenerated species is another limitation associated with ZnO 
which is responsible for low photocatalytic activity [25-28]. These 
shortfalls can be remediated by modifying ZnO such as to extend its 
absorption threshold to the visible spectrum and limiting the rate of 
electron/hole pair recombination. Different attempts were achieved 
recently to improve the activity of ZnO photocatalyst. Development 
of nanoscale core/shell materials is a worth mentioning technique 
receiving considerable attraction [29,30]. The functional groups 
attached on the outer shell provide with the surface charge and 
reactivity to the surface and may also help to stabilize and provide 
equal dispersion of the core material. On other hand the characteristic 
catalytic, optoelectronic or magnetic properties of the shell may also 
be imparted to the core particles. The main aim to synthesize core/
shell structured materials is to achieve a mix of the best qualities of the 
components in the composite materials. A number of studies focused 
on the synthesis of composite materials such as; NiO [31], V2O5 [32], 
TiO2 [33], Fe2O3 [34], Pt [35], and Ag [36-37] with SiO2 coatings have 
been reported. SiO2 has been given significant consideration as a shell 
candidate based on easy preparation, environmental friendliness and 
conformity with most other materials, which provides and ample 
motivation to synthesize the  ZnO and SiO2 core/shell structured 
composite with expectation of achieving novel photocatalytic 
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properties from their synergic interaction. Surface modification by 
metal doping of photocatalytically active material has shown much 
promise towards increase in photocatalytic efficiency. The dopant ions 
act as electron sinks thus prevent the recombination of photogenerated 
holes with  electrons, therefore,  charge separation  will be increased 
[38-41]. The physicochemical properties of ZnO nanoparticles can 
be altered by doping with mixed metal oxides to facilitate charge-
transfer and promote its photocatalytic applications. Metal ions for 
instance, Iron (Fe) [42] and silver (Ag) [43,44] when used as dopants 
have been reported to improve the photocatalytic activity of ZnO. A 
number of controlling factors such as particle dimensions, number 
of actives sites, energy band gap, and stability of photogenerated 
species can decide the efficiency of a photocatalyst [45]. Researchers 
have investigated alternative routes such as multicomponent oxide 
catalysts, doping and altering synthesis techniques to add desired 
characteristics to the catalysts of choice [46-50]. However, the above 
methods required complicated procedures, special equipment or 
organometallic precursors. Therefore, the great challenge of fabricating 
ZnO nanocrystals with uniform size and well-defined crystal shape still 
remains. Thus, the efficiency of visible-light-harvesting was increased 
by increasing the optical path length of photons and surface area, 
which can be achieved by preparing a mesoporous semiconductor/
metal composite. In this work, a In/ZnO nanoparticles were  prepared 
by a sol-gel method. The photocatalytic performance of the prepared 
materials was studied by the photocatalytic degradation of methylene 
blue dye using visible light irradiation. 

Experimental
Preparation of photocatalyst

ZnO nanoparticles were synthesized via a sol-gel technique. In 
a typical procedure, 20 ml zinc methoxide was mixed with methyl 
alcohol, ultra pure water (H2O) and nitric acid (HNO3) under vigorous 
stirring for 1hr. The prepared samples were aged at room temperature 
till form a gel.  Finally, the samples were evaporated and dried at 80 °C, 
followed by calcination at 550°C for 5 h in air.

A photo-assisted deposition method was used to prepare In/ZnO. 
Typically, ZnO was impregnated in an aqueous solution of InCl3.4H2O 
(containing 0.2, 0.4, 0.6 or 0.8 wt% of In). Then, the resulting mixture 
was exposed to UV irradiation for 24 h.  The obtained sample was dried 
for 24 h at 60ºC. 

Characterization techniques 

A Bruker axis D8 instrument with Cu Kα radiation (λ = 1.540 Å) 
was used for X-ray diffraction (XRD) analysis, which was performed 
at room temperature. N2 adsorption measurements were conducted 
using a Nova 2000 series Chromatech apparatus at 77K to calculate the 
surface area. The samples were treated for two hours under vacuum at 
100ºC before taking the measurements. UV-visible diffuse reflectance 
spectroscopy (UV-Vis-DRS) was used to display the performance of 
the sample band gaps of samples. The spectroscopy was conducted in 
air at room temperature using a UV/Vis/NIR spectrophotometer (V-
570, JASCO, Japan) in the wavelength range of 200 to 800 nm. A JEOL 
JEM-1230 microscope was used for transmission electron microscopy 
(TEM). The samples were entirely placed in a suspension of ethanol 
and then ultrasonicated for half an hour. A small amount of solution 
was placed on a copper grid, coated with carbon and left to dry. After 
the solution was dry, the sample was loaded into the TEM. A Shimadzu 
RF-5301 fluorescence spectrophotometer was used for recording the 
photoluminescence (Pl) emission spectra.

Photocatalysis experiment

A xenon lamp (300 W power and 0.96 W/cm2 intensity with a cutoff 
filter of 420 nm) was used to study the photocatalytic degradation of 
methylene blue dye.  Prior to the photocatalytic test, the photocatalyst 
was suspended in an aqueous solution of methylene blue dye in a 500 
ml reactor. Then, the obtained mixture was stirred for 30 min in the 
dark to establish the adsorption-desorption equilibrium.  At different 
time intervals, samples from the mixture were taken and filtered 
for analysis. The absorbance of the samples were analyzed using a 
spectrophotometer. 

Results and discussion
Structural, morphological and compositional characterizations

Figure 1 shows the XRD patterns of the ZnO and In/ZnO 
nanoparticles. The results reveal that all samples were mainly composed 
of ZnO, which indicates that the lack of diffraction peaks due to indium 
in the patterns of the In/ZnO samples, because the indium wt% was 
below the XRD detection limit or because indium was well dispersed 
on surface of ZnO nanoparticles. 

Figure 2 shows TEM images of the ZnO and In/ZnO nanoparticles. 
The results show that increased indium wt%, the indium dispersion 
increased on the surface of the ZnO nanoparticles. Additionally, 
increased indium wt% up to 0.6% increased the homogeneity of the In 
particle size on the surface of the ZnO nanoparticles. This homogeneity 
decreased at higher concentrations of In, i.e., 0.6 wt%, which suggests 
that there is an optimum content for the deposition of indium ions 
that controls the size and homogeneity of the doped indium (Figure 3). 

Surface area analysis

BET surface area of ZnO and In/ZnO nanoparticles are presented 
in Table 1. The SBET values for ZnO, 0.2 wt% In/ZnO, 0.4 wt% In/ZnO, 
0.6 wt% In/ZnO and 0.4 wt% In/ZnO were determined to be 50, 46, 
44, 40 and 38 m2/g, respectively. The BET surface area of In/ZnO 
nanoparticle was lower than that of the ZnO sample because some of 
the pores were blocked by the deposited of indium.  

Optical characterization

Figure 4 shows the UV-Vis diffuse reflectance spectra of the ZnO 
and In/ZnO nanoparticles. The results demonstrate that the deposition 
of indium onto the ZnO surface  led to a shift in the absorption edge 
of ZnO from 387 nm to 454 nm. The UV-Vis spectra were used to 
calculate the direct band gaps of the ZnO and Pt/ZnO nanoparticles.  
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Figure 1. XRD patterns of ZnO and In/ZnO nanoparticles.
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The band gap energies were calculated using the following equation:

Eg = 1239.8/λ 

where Eg is the band gap (eV) and λ is the wavelength (nm) of the 
absorption edges in the spectrum; the results are tabulated in Table 2. 
The results reveal that increasing the In wt% from 0.2 wt% to 0.6 wt% 
decreased the band gap from 3.2  eV to 2.73 eV, respectively. However, 
there was no significant effect on the band gap at a high wt% of In 
(greater than 0.6). Therefore, there is an optimum content of deposited 
In that controls the band gap. 

We investigated the separation and recombination of 
photogenerated charge carriers and the transfer of the photogenerated 
electrons and holes by gathering photoluminescence (Pl) emission 
spectra. The results indicate that an increase in the wt% of In deposited 
on the ZnO nanoparticles from 0.2 wt% to 0.6 wt% led to decreased Pl 
intensity. However, there was no significant effect on the Pl intensity 
at a high in wt% (above 0.6), as shown in Figure 4. Therefore, there 
is an optimum content of deposited in that yields the carrier lifetime 
required for e-h recombination, which is in agreement with the UV-
Vis results. 

Photocatalytic activities

Figure 5 shows the effect of the In wt% on the photocatalytic activity 
of ZnO and In/ZnO nanoparticles for the oxidation of methylene blue 
dye under visible light irradiation. The experiment was performed 
under the following conditions: methylene blue dye concentration of 
100 ppm, methylene blue dye volume of 1000 ml and photocatalyst 
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Figure 2. TEM images of ZnO and In/ZnO nanoparticles, where the In  wt% is 0.0 (A); 0.2 
(B); 0.4 (C); 0.6 (D) and 0.8 (E). 
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Figure 3. UV-Vis absorption spectra of ZnO and In/ZnO nanoparticles. 

Sample SBET
(m2/g)

ZnO 50.00
0.2 wt% In/ZnO 46.00
0.4 wt% In/ZnO 44.00
0.6 wt% In/ZnO 40.00
0.8 wt% In/ZnO 38.00

Table 1. BET surface area  of ZnO and In/ZnO nanoparticles.
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Figure 4. Pl spectra of ZnO and In/ZnO nanoparticles. 
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Figure 5. Effect of the In wt% on the photocatalytic activity of ZnO and In/ZnO 
nanoparticles for the oxidation of methylene blue dye.

Sample Band gap energy, eV
ZnO 3.20

0.2 wt% In/ ZnO 2.95
0.4 wt% In/ ZnO 2.83
0.6 wt% In/ ZnO 2.73
0.8 wt% In/ ZnO 2.62

Table 2. Band gap energies ZnO and In/ZnO nanoparticles.
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weight of 0.75 g. The results reveal that the photocatalytic activity 
increased from 15 to 100% as the indium wt% increased from 0 to 0.6 
wt%. However, further increasing the indium wt% above 0.6 wt% has 
no significant effect on photocatalytic activity.  

Figure 6 shows the effect the loading of the 0.6 wt% In/ZnO 
sample on the photocatalytic oxidation of methylene blue dye solution 
under visible light irradiation; the experiment was performed under 
the following conditions: methylene blue dye concentration of 100 
ppm, methylene blue dye volume of 1000 ml and a 0.6 wt% In/ZnO 
nanoparticles photocatalyst. The results reveal that photocatalytic 
performance, in terms of the percentage, increased after 50 min from 
97% to 100% with increased weight of the photocatalyst from 0.50 
g/l to 0.75 g/l. The reaction time required to complete the oxidation 
of methylene blue dye decreased to 30 min as the weight of the 
photocatalyst was increased to 1.0 g/l. However, the reaction time 
required to complete the oxidation of methylene blue dye  increased 
again to 45, and 55 min as the weight of the photocatalyst increased to  
1.25 g/l and 1.50 g/l , respectively. Therefore, the optimum weight of 
the photocatalyst is 1.0 g/l. 

Figure 7 shows the results obtained regarding the recycling and 
reuse of the photocatalysts for photocatalytic oxidation of methylene 
blue dye solutions. The experiment was carried out under the 
following conditions: reaction time of 30 min, methylene blue dye 
solution concentration of 100 ppm and 1.0 g/l of the 0.6 wt% In/

ZnO nanoparticle. The results show that the photocatalytic activity 
remained nearly unchanged after five uses, which indicates that the 
photocatalyst is stable in the photocatalytic oxidation of methylene 
blue dye solutions. Therefore, this photocatalyst can be separated and 
recycled while maintaining its stability, making it a promising material 
for environmental remediation.

Conclusions
In summary, a In/ZnO nanoparticle photocatalyst was successfully 

synthesized and was demonstrated to be a promising catalyst due to 
its high efficiency in oxidizing methylene blue dye under visible light. 
The band gap of the ZnO photocatalyst could be controlled by controlling 
the weight percent of indium that is deposited onto the surface of 
the photocatalyst. The results of photocatalytic studies reveal that the 
highest photocatalytic activity and stability were obtained for the 0.6 
wt% In/ZnO nanoparticle photocatalyst, which can be used to oxidize 
100% of methylene blue dye after 30 min.  
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