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a b s t r a c t
Palladium-doped indium oxide nanocomposites were prepared by a sol-gel method using tetrabu-
tylammonium hydroxide as a surfactant. Many tools were used to describe the synthesized nanocom-
posites. The X-ray diffraction results reveal that only a single phase for In2O3 is observed for undoped 
or doped In2O3 samples. There are no characteristic peaks for palladium or palladium oxide because 
the dispersion of palladium above the indium oxide surface is high. XPS results reveal that the state 
of palladium is metallic. The values of band gap energy for indium oxide, 0.1 wt% palladium-doped 
indium oxide, 0.2 wt % palladium-doped indium oxide, 0.3 wt% palladium-doped indium oxide and 
0.4 wt% palladium-doped indium oxide samples are 2.68, 2.51, 2.41, 2.32 and 2.25 eV, respectively. 
Therefore, the band gap energy of In2O3 can be controlled by controlling the weight percentage of 
doped palladium. The photocatalytic performance of In2O3 and Pd-doped In2O3 nanocomposites was 
studied by measuring atrazine photocatalytic degradation under visible light. Parameters of photocat-
alytic reactions, such as palladium weight percentage and dose of 0.3 wt% palladium-doped indium 
oxide nanocomposites, were measured. The palladium-doped indium oxide nanocomposites had pho-
tocatalytic activity higher than that of In2O3 because the addition of Pd to In2O3 decreases the recombi-
nation rate of the electron–hole; furthermore, the absorption of In2O3 was shifted to a high wavelength.
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1. Introduction

In recent years, the release of industrial wastewater is 
considered the most serious health concern in many countries 
all over the world [1]. Many resources are responsible for 
organic pollutants, and pesticides have been found in water, 
with special concentrations in wastewater. More particularly, 
pesticides have high toxicity and have a direct effect on popu-
lar health matters because of their high environmental threat 
[2,3]. Pesticides are categorized as insecticides, fungicides, 
herbicides and bactericides [4]. Atrazine is one of the most 
vital and familiar pesticides [5]. The most familiar pesticides 

also comprise cypermethrin, chlorothalonil, chlorpyrifos 
and methamidophos [6]. Many studies have reported that 
surface and underground water are highly contaminated 
with pesticides [7–9]; further contamination occurs in tap 
and fresh water resources with concentrations of approxi-
mately 500 ppm [10]. Photocatalysis, adsorption, membrane 
filtration, oxidation biosorption and other techniques have 
been reported as promising methods for wastewater reme-
diation [11–15], and photocatalysis has been reported as 
a superior technique due to its high photocatalytic stabil-
ity and activity as well as its easy self-regeneration ability 
[16,17]. Nanotechnology manufacture is an important type 
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of modern science that addresses the design, fabrication and 
application of tiny molecules in the range of nanometers 
[18–20]. Titanium dioxide nanoparticles have been widely 
utilized as a photocatalyst; they are notably non-toxic, com-
mercially available, inexpensive and demonstrate reasonable 
photochemical stability [21–24]. Furthermore, titanium diox-
ide has a higher thermal stability and photocatalytic activity 
as well as acceptable redox properties compared with other 
photocatalysts; thus, titanium dioxide is classified as one of 
the most desirable photocatalysts for wastewater treatment 
[21,22]. The most common crystal phases for titanium diox-
ide are brookite, anatase and rutile. The anatase phase is the 
major effective and efficient phase [25]. In the open literature, 
prepared titanium dioxide nanoparticles have been examined 
and illustrated as effective photocatalysts in pesticide degra-
dation [26–28]. More particularly, titanium dioxide has shown 
higher activity when reacted under UV light, where 3%–5% 
of the solar spectrum was appointed due to its large band 
gap and reported as Eg = 3.2 eV. Therefore, working groups 
are attempting to design and estimate a formula to reduce the 
band gap; hence, the produced material would be more effi-
cient in artificial or natural sunlight [14]. On the other hand, 
significant interest has been generated in studying In2O3 as a 
special substance of variable applications. These applications 
include optical fiber behavior, photoanodes, scintillators and 
laser hosts [26,28–30]. In2O3 has been examined in the litera-
ture as an excellent photocatalyst for the photodegradation of 
numerous organic pollutants in the presence of UV radiation 
[26–31]. Furthermore, metallic dopants, morphologies and 
surface structures have been used to estimate and control the 
photocatalytic activity execution of titanium dioxide, as pre-
viously mentioned [32–34]. The present work is aimed to syn-
thesize a new Pd-doped In2O3 nanocomposite via the sol-gel 
technique. In the operational process, tetrabutylammonium 
hydroxide (TBAOH) was consumed for the synthesis of In2O3 
for the first time as a matrix. The newly designed materials 
will also be applied for atrazine photocatalytic degradation.

2. Experimental methods

2.1. Preparation of photocatalysts

Three grams of TBAOH was dissolved under magnetic 
stirring in bi-distilled water (20 mL). Then, 0.05 M of indium 
nitrate was added to a TBAOH solution dropwise and stirred 
for 60 min to form mixture A. The required amount of palla-
dium chloride, which needed to be prepared at different wt% 
of palladium to indium oxide, for example, 0.1, 0.2, 0.3 and 
0.4 wt%, were dissolved under magnetic stirring in bi- distilled 
water (50 mL) to form mixture B. Mixture A was added in a 
dropwise manner to mixture B, and the resulting mixture 
was left to form gel. The produced gel was dried in an oven 
at 473 K. The produced materials were calcined at 773 K for 
2 h. The nanocomposites were calcined under a flow of hydro-
gen gas for 2 h at 423 K. To prepare indium oxide, the above 
method was repeated without the use of palladium chloride.

2.2. Photocatalysts characterization

The morphological, chemical and physical properties of 
In2O3 and Pd-doped In2O3 nanocomposites were investigated 

using different characterization techniques. Transmission 
electron microscopy (TEM) was used to investigate the nano-
structure morphology and sample dimensions using a JEOL-
JEM-1230. The texture properties and surface area analysis 
were performed using N2 adsorption measurements with a 
Nova 2000 series Chromatech apparatus at 77 K after degas-
sing the samples for 2 h at 373 K. Powder X-ray diffraction 
(XRD) was used to study the crystallinity of the samples 
using a Bruker axis D8 with Cu Kα radiation (λ = 1.540 Å) 
at room temperature. A UV–Vis–NIR spectrophotometer 
(V-570, Jasco, Japan) was used to determine the UV–Vis dif-
fusion reflectance spectra (UV–Vis-DRS) to estimate the band 
gap performance over a range of 200–800 nm. A Shimadzu 
RF-5301 fluorescence spectrophotometer was used to deter-
mine the photoluminescence (PL) emission spectra.

2.3. Photocatalytic activity

Indium oxide and palladium-doped indium oxide were 
used to measure the degradation of atrazine using visi-
ble light. An annular batch reactor with a horizontal cylin-
der was used for the photocatalytic reaction. A 150-W blue 
fluorescent lamp with a maximum energy of 450 nm and a 
UV cut filter covering was used to irradiate the In2O3 and 
Pd-doped In2O3 nanocomposite photocatalysts, which were 
spread in 1,000 mL of atrazine solution with a 100-ppm 
atrazine concentration. The photocatalytic reactions were 
conducted at room temperature. Samples from the reaction 
mixture were taken at preset interval times to measure In2O3 
and Pd-doped In2O3 nanocomposite photocatalytic activity. 
A high-pressure liquid chromatography LC 20 A with a C18 
column UV detector (Shimadzu) was used to determine the 
concentration of atrazine remaining in the reaction mixture. 
The removal efficiency of atrazine was measured by adopt-
ing the following equation:

% Removal efficiency = (Co – C)/Co × 100 (1)

where Co is the initial concentration of atrazine, and C is the 
remaining concentration of atrazine.

Ion chromatography (DX-300) with a CDM-II conductiv-
ity detector and a AS4A-SC column were used to measure 
chloride and nitrate ion concentrations. The gases obtained 
from the photocatalytic reaction were passed through a 
sodium hydroxide solution with a concentration of 0.2 M, 
and a barium nitrate solution was added to the obtained 
materials; the produced precipitate was identified by XRD.

3. Results and discussion

3.1. Photocatalyst characterizations

Fig. 1 shows the XRD patterns of In2O3 and Pd-doped 
In2O3 nanocomposites. The marks show that only a single 
phase for In2O3 is observed for undoped or doped In2O3 sam-
ples. Additionally, no characteristic peaks for palladium or 
palladium oxide due to the amount of palladium are found 
in the low detection limit of XRD, and the dispersion of pal-
ladium above the indium oxide surface is high. Moreover, 
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the heights of the indium oxide characteristic peaks are 
decreased by the palladium doping.

Fig. 2 shows the XPS spectra of 0.3 wt% palladium-doped 
indium oxide sample for In3d, O1s and Pd3d. The results of 
Fig. 2(A) revealed that the presence of two peaks at 444.6 and 
452.2 eV for In3d confirm the presence of indium(III) [35]. 
The results of Fig. 2(B) revealed that the presence of one peak 
at 529.2 eV for O1s confirmed the presence of an O2– ion [35]. 
Fig. 2(C) revealed that the presence of two peaks at 341.7 
and 336.4 eV for Pd3d confirmed the presence of palladium 
metal. Therefore, the nanocomposite was composed of metal-
lic palladium-doped In2O3 [35].

The TEM images of In2O3 and Pd-doped In2O3 nano-
composites are shown in Fig. 3. The marks verified that as 
the weight percent of doped palladium increased from 0 to 
0.3 wt%, the dispersion increased, as shown in Figs. 3(A)–(D). 
However, with an increased weight percent of doped palla-
dium above 0.3 wt%, the agglomeration of palladium also 
increased, as shown in Fig. 3(E). Therefore, the dispersion of 
palladium above the surface of In2O3 could be controlled by 
controlling the weight percentage of doped palladium.

Table 1 shows the BET surface area of In2O3 and Pd-In2O3 
nanocomposites. Marks reveal that the surface area values 
are 30, 28, 24, 22 and 18 m2/g for Indium oxide, 0.1 wt% 
palladium-doped indium oxide, 0.2 wt% palladium-doped 
indium oxide, 0.3 wt% palladium-doped indium oxide and 
0.4 wt% palladium-doped indium oxide samples, respec-
tively. Therefore, the addition of palladium blocked some 
pores of indium oxide and decreased its surface area.

The UV–Vis spectra of In2O3 and Pd-doped In2O3 nano-
composites are shown in Fig. 4. The marks revealed that as 
the weight percentage of doped palladium was increased 
from 0 to 0.4 wt%, the absorption edge of In2O3 was moved 
to a high wavelength. UV–Vis spectra were used to cal-
culate band gap energy values for indium oxide, 0.1 wt% 
 palladium-doped indium oxide, 0.2 wt% palladium-doped 
indium oxide, 0.3 wt% palladium-doped indium oxide and 
0.4 wt% palladium-doped indium oxide of 2.68, 2.51, 2.41, 

2.32 and 2.25 eV, respectively. Therefore, the band gap energy 
of In2O3 could be controlled by the control weight percentage 
of doped palladium.
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Fig. 1. XRD patterns of Indium oxide and palladium-doped 
indium oxide nanocomposites.
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Fig. 2. XPS spectra of 0.3 wt% palladium-doped indium oxide 
sample, where (A) In3d; (B) O1s and (D) Pd3d.
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The PL spectra of In2O3 and Pd-doped In2O3 
nanocomposites are shown in Fig. 5. The marks reveal that 
as the weight percentage of doped palladium increased 
from 0 to 0.4 wt%, the peak intensity of PL of In2O3 
decreased. Therefore, the addition of palladium to In2O3 
increased the lifetime rate for electron–hole recombination 
and increased the photocatalytic activity, as discussed in 
section 3.2. 

  

  

 

(a) (b)

(c) (d)

(e)

Fig. 3. TEM images of indium oxide and palladium-doped indium oxide nanocomposites, where (A) indium oxide; (B) 0.1 wt% 
palladium-doped indium oxide; (C) 0.2 wt% palladium-doped indium oxide; (D) 0.3 wt% palladium-doped indium oxide and 
(E) 0.4 wt% palladium-doped indium oxide samples.

Table 1
BET surface area of In2O3 and Pd-In2O3 nanocomposites

Samples Surface area (m2/g)

In2O3 30.0
0.1 wt% Pd-In2O3 28.0
0.2 wt% Pd-In2O3 24.0
0.3 wt% Pd-In2O3 22.0
0.4 wt% Pd-In2O3 18.0
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3.2. Photocatalyst performance for atrazine degradation

Fig. 6 shows the photocatalytic degradation of atrazine 
using indium oxide and Pd-doped indium oxide nanocom-
posites. The results reveal that indium oxide can degrade 
40% of the atrazine after 120 min, while degradation efficien-
cies after 120 min were 70%, 86% and 100% using 0.1 wt% 
Pd-In2O3, 0.2 wt% Pd-In2O3 and 0.3 wt% Pd-In2O3, respec-
tively. Additionally, we noticed that 0.4 wt% Pd-In2O3 photo-
catalyst has photocatalytic activity relatively identical to that 
of the 0.3 wt% Pd-In2O3 photocatalyst. Therefore, photocat-
alytic efficiency of the In2O3 photocatalyst can be controlled 
by controlling the weight percentage of the doped palladium 
metal, which agrees with the published results [36].

The gases obtained from the atrazine degradation reac-
tion were passed through a solution of sodium hydroxide 

with a 0.2 M concentration, and a solution of barium nitrate 
was added to the obtained materials; the obtained precip-
itate was identified by XRD. Fig. 7 shows the XRD results 
of the white precipitate. The results demonstrated that the 
phase of the obtained sample is barium carbonate. Therefore, 
atrazine is oxidized to carbon dioxide as one product of 
the  photocatalytic oxidation process. Additionally, we 
detected chloride and nitrate ions, which were produced 
from the photocatalytic oxidation process of atrazine. 
Therefore, atrazine is completely degraded to Cl–, NO3

–, CO2 
and H2O, which agrees with the published results [36].

Fig. 8 shows the dosing effect of 0.3 wt% palladium-doped 
indium oxide on atrazine degradation. The marks indicate 
that the degradation efficiency of 0.3 wt% palladium-doped 
indium oxide nanocomposite photocatalyst increased from 
62% to 100% by increasing the dose of 0.3 wt% palladium-
doped indium oxide nanocomposite from 0.5 to 1.0 g/L, 
respectively. The increasing dose from 1.0 to 1.5 g/L of 
0.3 wt% palladium-doped indium oxide nanocomposite 
led to decreased reaction time for the complete degradation 
of atrazine from 120 to 75 min. The number of active sites 
available for the photocatalytic oxidation of atrazine was 
increased by increasing the dose of 0.3 wt% palladium-doped 
indium oxide. However, the reaction time was increased 
again from 75 to 120 min, and the photocatalytic activity 
was decreased from 100% to 81% by increasing the dose of 
0.3 wt% palladium-doped indium oxide nanocomposite 
above 1.5 g/L. The penetration of light to the surface of 
the photocatalyst was decreased by the increased dose of 
the photocatalyst above the optimal dose, so the reaction 
time was decreased, while the photocatalytic activity was 
decreased, which agrees with published results [36].

Recycling and reuse of 0.3 wt% palladium-doped 
indium oxide photocatalyst for the degradation of atrazine 
is shown in Fig. 9. The results demonstrated that the 0.3 wt% 
palladium-doped indium oxide nanocomposite is a fivefold 
more stable photocatalyst for the degradation of atrazine, 
which agrees with published results [36].
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Fig. 4. UV–Vis spectra of indium oxide and palladium-doped 
indium oxide nanocomposites.

500 520 540 560 580 600 620 640 660 680 700

 0.4 wt % Pd-In2O3

 0.3 wt % Pd-In2O3

 0.2 wt % Pd-In2O3

 0.1 wt % Pd-In2O3

 In2O3

In
te

ns
ity

 (a
. u

.)

Wavelength (nm)

Fig. 5. PL spectra of indium oxide and palladium-doped indium 
oxide nanocomposites.
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activity of indium oxide nanocomposites for degradation of 
atrazine.
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4. Conclusions

A sol-gel method in the presence of TBAOH as a surfac-
tant was used to prepare indium oxide and palladium-doped 
indium oxide nanocomposites. In2O3 and Pd-In2O3 nanocom-
posites were characterized using many tools. The results 
revealed that the activity and band gap of Pd-In2O3 nanocom-
posites can be controlled by the optimized weight percentage 
of palladium. Pd-In2O3 demonstrated a photocatalytic activ-
ity for the degradation of atrazine higher than that of indium 
oxide photocatalyst. The electron–hole recombination rate 
was decreased, and the absorption edge of indium oxide was 
shifted to a high wavelength by the addition of palladium to 
indium oxide. The 0.3 wt% palladium-doped indium oxide 
nanocomposite was a fivefold more stable photocatalyst 
during the degradation of atrazine.
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