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Abstract - The main objective of this research project is to 
develop an efficient material for degrading pollutants from the 
textile and pharmaceutical industries, which seriously harm 
the environment and are challenging to remove from water 
bodies. This study aims to synthesize In₂O₃ and enhance its 
fundamental properties by fabricating it with a nitrogen and 
sulfur-reduced graphene oxide (N,S-rGO) heterostructure. 
Nanosized In₂O₃ was synthesized via a hydrothermal system 
and co-doped with N,S-rGO through a facile in-situ co-
precipitation technique. The prepared samples were subjected 
to various characterization methods. XRD evaluation revealed 
that bare In₂O₃ has a rod-like structure with high crystallinity, 
while no characteristic diffraction peaks were observed for 
N,S-rGO and In₂O₃/N,S-rGO. FE-SEM and HR-TEM 
micrographs showed that In₂O₃ formed nanorods, N,S-rGO 
exhibited a thin-film layered structure, and In₂O₃/N,S-rGO 
presented a nanorod-layered structure. The nanorods had an 
average length of 200-500 nm, with particle sizes ranging from 
1-4 µm. FT-IR spectra showed absorption peaks
corresponding to In-O asymmetric vibrations and the in-plane
deformation vibration of the O-H bond. Additionally, distinct
vibrations corresponding to C=N, C-N, and C-S were noted. A
strong and broad absorption peak was observed in the UV-VIS
DRS evaluation, with a visible absorption edge at 460 nm for
the photocatalysts. Bandgap studies revealed a moderate
reduction in bandgap from the bare to the binary
photocatalyst, with the ternary composite showing the lowest
bandgap of 2.72 eV. The characterization results suggest that
our In₂O₃/N,S-rGO nanocomposite is a feasible semiconductor
photocatalyst that is inexpensive, easy to assemble,
environmentally friendly, and effective at addressing recycling
challenges, charge recombination, surface area, and bandgap
issues.
Keywords: Photocatalyst, In₂O₃/N,S-rGO Nanocomposite,
Bandgap, Pollutant Degradation, Hydrothermal Synthesis

I. INTRODUCTION

The world’s heavy reliance on fossil fuels, rapid industrial 
expansion, significant waste generation, and the increasing 
population are posing serious environmental challenges, 
resulting in a shortage of clean drinking water [1], [2]. The 
use of semiconductor materials and light energy in 
photocatalysis is a promising technique for environmental 
cleanup. Reactive oxygen species, including superoxide 
radicals, hydroxyl radicals, and hydrogen peroxide, are 
generated by excited electrons in a semiconductor 

photocatalyst, which then react with oxygen and water [3]. 
However, these electrons do not effectively contribute to the 
process; instead, they recombine with holes, releasing 
energy and reducing the quantum yield of photochemical 
reactions [4], [5]. 

The synthesis of nanoscale materials has garnered 
significant interest over the past 20 years. Metal oxide 
semiconductors are among the most attractive material types 
for functional nanomaterials. A substantial amount of 
research has focused on synthesizing catalyst-supported 
nanomaterials using techniques that are not substrate-
specific but are compatible with various synthetic and 
fabrication methods. For instance, [6] synthesizes materials 
at the nanoscale, particularly metal oxide semiconductors, 
through catalyst-supported techniques that are compatible 
with diverse production strategies. In₂O₃, also known as 
amphoteric indium oxide, forms cubic crystals of the 
bixbyite type and is an example of a metal oxide. It is an n-
type semiconductor with a body-centered cubic structure 
and a lattice parameter of a = 10.12 Å [7]. Initially reported 
with a bandgap of approximately 3.7 eV, it has been revised 
to around 2.9 eV [8]. Significant applications of In₂O₃-
based photocatalysts include drug delivery in medical 
research, antimicrobial activity [9], and self-cleaning 
applications [10]. The work in [11] emphasizes the need for 
controlled synthesis of In₂O₃ materials with precise 
morphologies, such as nanowires, nanobelts, nanoparticles, 
nanotowers, microarrows, nanotubes, and lotus-root-like 
In₂O₃ nanorods. These morphologies significantly influence 
the performance of nanostructured materials [12], and are 
affected by factors like temperature, carrier gas flow, and 
substrate type [9]. Due to its relatively wide bandgap, In₂O₃ 
can absorb only a limited amount of radiation in the UV 
region of the solar spectrum, despite having excellent 
photocatalytic properties [13]. Wider bandgaps may lead to 
rapid recombination of photogenerated carriers, thus 
reducing photoactivity [14]. The common approach to 
address this issue is to engineer and shift the bandgap to the 
visible light region. However, metal oxides may produce 
recombination centers, which decrease photocatalytic 
activity, yet they also facilitate beneficial bandgap 
modifications. 
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Using non-metals as quantum dots is an efficient approach 
to reducing the bandgap of In₂O₃ [15]. Research has shown 
that doping In₂O₃ with non-metals such as C, N, and S 
creates oxygen vacancy defects [16], which can serve as 
charge-trapping sites and accelerate charge carrier 
separation. Among the various N-doping configurations, 
carbon atoms adjacent to pyridinic-N were found to be the 
most active sites. Increasing levels of sulfur have attracted 
considerable attention for sulfur-doped In₂O₃, as they can 
reduce the bandgap [17] and exhibit strong visible light 
absorption [18]. Photocatalytic activity is enhanced by dual 
doping with nitrogen and sulfur (N,S), which introduces 
structural defects in the carbon framework, improving 
electron delocalization and hole separation efficiency [19]. 

F. Wan, et al., [20] produced a dual-defective ternary
photocatalyst, ZnS/ZnO-In₂O₃, with large heterojunction
interfaces and a porous layered structure, using an in situ
etching growth approach and heat treatment. The study
found that visible light photocatalysis performance
improves when dual defects on ZnO and ZnS work in
tandem to separate photogenerated charges. F. Gao, et al.,
[21], studied that In₂D/3D In₂O₃/graphitic carbon nitride
(g-C₃N₄) heterojunction (In₂O₃/OGCN) doped with oxygen
was synthesized. Compared to pure In₂O₃ and OGCN, the
enhanced In₂O₃/OGCN heterojunction demonstrated
significant photocatalytic degradation capability, with
results reported in the paper. This photocatalyst exhibited
excellent physical stability and was recyclable.

A. Uddin, et al., [22] successfully synthesized well-defined,
flower-like In₂O₃ microrods through a one-step
hydrothermal procedure followed by calcination. They
achieved significant control over the morphology of the
synthesized In₂O₃ samples. In the presence of glucose and
urea, the data suggest that the template’s synergistic effect
contributes to the formation of flower-like In₂O₃ microrods.

Reduced graphene oxide (rGO) provides a promising 
alternative for photocatalysis, with double heteroatoms 
enhancing its activity. To increase the photoactivity of rGO, 
various semiconductors have been integrated with it [5]. 
Studies have shown that doping semiconductor 
photocatalysts with rGO can enhance their activity by 
reducing the recombination of photogenerated electron-hole 
pairs. Reduced graphene oxide is a single layer of two-
dimensional (2D) carbon with sp² hybridization. It has a 
high surface area (2630 m² g⁻¹), optical transparency, and 
chemical stability. However, consistently coating metal 
oxide nanoparticles with a carbon layer remains 
challenging. These factors make it critical to address the 
difficulty of creating ultrafine metal oxide nanoparticles 
with co-doped carbon layers. 

To improve photocatalytic activity, it is essential to balance 
surface area and ease of photocatalyst recovery. While 
assembling N,S-codoped carbon-coated In₂O₃ nanoparticles 
may facilitate recycling, this often compromises surface 
area, reactive sites, and activity [23]. Achieving an optimal 

balance between surface area effects and photocatalyst 
recovery is essential for improving photocatalytic 
performance. Given its high electrocatalytic activity, N,S-
rGO serves effectively as a cocatalyst in photocatalytic 
processes. The redistributed surface charge and electrostatic 
potential of graphene specifically make N,S-rGO/In₂O₃ 
more effective than other dual heteroatom-doped carbon 
materials for hydrogen evolution and permonosulfate 
activation. Consequently, the addition of N,S-codoped rGO 
nanoparticles to the In₂O₃ superstructure is expected to 
significantly enhance photocatalytic activity and potentially 
enable photocatalyst recovery. 

II. METHODOLOGY

A. Synthesis of In2O3 Nanorods

The hydrothermal process was used to prepare In₂O₃ as 
reported in [16]. Typically, the synthesis involves dissolving 
2 mmol of InCl₃ in 30 mL of deionized water, adding 3.5 g 
of glucose and 3.5 g of urea, and vigorously stirring the 
mixture for 1 h. The combined mixture was then transferred 
into a 50 mL Teflon-lined stainless-steel autoclave and 
maintained at 180 °C for 8 h. After allowing the autoclaved 
mixture to cool naturally to room temperature, a black 
precipitate was formed. The resulting deposits were 
separated by centrifugation and rinsed three times with 
ethanol and water. The material was then heated to 500 °C 
for 2 h in a tube furnace at a heating rate of 2 °C/min in a 
nitrogen environment, producing In₂O₃ microrods after a 
12-h drying period at 80 °C in a vacuum oven.

B. Synthesis of Graphene Oxide (GO)

An adapted version of the Hummers’ process was used to 
prepare GO [24]. Graphite powder (2 g) and NaNO₃ (1.5 g) 
were added to a flask, followed by the gradual addition of 
46 mL of concentrated H₂SO₄ while stirring in an ice-water 
bath. Next, 7 g of KMnO₄ powder was gradually added with 
stirring, and the mixture was heated to 35 °C for 2 h. After 
heating to 90 °C for 30 min, 200 mL of deionized water was 
gradually added. Finally, 30 mL of H₂O₂ (5 wt%) was 
added as the temperature was allowed to drop to 60 °C. 

C. Synthesis of Reduced Graphene Oxide (rGO)

After centrifuging the mixture and washing it with 100 mL 
of HCl solution (5 wt%) and 900 mL of deionized water, 1 g 
of graphite oxide was dispersed in 1,000 mL of deionized 
water using ultrasonication for 30 min. The mixture was 
then centrifuged at 1,000 rpm for 10 min, after which the 
solid was discarded, and the ultrasonic step was repeated 
three times. rGO was then isolated by centrifugation at 
15,000 rpm for 30 min and dried at room temperature for 
72 h. 

D. Synthesis of N,S-rGO Nanosheet

To prepare N,S-rGO nanosheets, 1.2 g of thiourea was 
dispersed in 70 mL of deionized water using sonication for 
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15 min. Then, 70 mg of graphene oxide was added to the 
mixture and sonicated for 1 h. The resulting solution was 
transferred to a 100 mL Teflon-lined autoclave and heated 
at 180 °C for 12 h. The residue was washed with deionized 
water and ethanol, then dried at 70 °C for 12 h. 

E. Synthesis of In₂O₃/N,S-rGO Nanocomposite

The ternary nanocomposite was prepared using an in-situ 
co-precipitation method. A homogeneous solution was 
produced by ultrasonically dispersing 0.40 g of In₂O₃ in 40 
mL of deionized water, followed by dissolving 40 mg of 
N,S-rGO in 20 mL of deionized water and adding it to the 
above suspension. The two suspensions were vigorously 
stirred for 4 h, after which the sediments were collected by 
vacuum filtration and washed repeatedly with ultrapure 
water and ethanol. Finally, the In₂O₃/N,S-rGO samples 
were heated at a rate of 3 °C/min for 2 h at 250 °C. 

III. CHARACTERIZATION

High-resolution transmission electron microscopy (HR-
TEM) was performed using a LEO 912 AB microscope with 
an electron beam accelerating voltage of 120 kV. Field 
emission scanning electron microscopy (FE-SEM) analysis 

was conducted on a TESCAN instrument. The UV-VIS 
absorption spectra of the samples were recorded in the 300-
700 nm range using a Varian spectrophotometer. X-ray 
diffraction (XRD) analysis was carried out with a Shimadzu 
XRD-6000 powder diffractometer using CuKα radiation, 
with a diffraction angle range between 20° and 80°. Fourier 
transform infrared (FT-IR) spectra were obtained using a 
Thermo Nicolet FT-IR spectrometer. The crystallite size 
was determined using the Debye-Scherrer formula. 

IV. DISCUSSION OF ANALYSIS

A. XRD Analysis

At room temperature, X-ray diffraction (XRD) tests were 
conducted to examine the phase purity and lattice structure 
of the as-obtained photocatalysts. The diffraction patterns of 
In₂O₃, N,S-rGO, and In₂O₃/N,S-rGO nanocomposites are 
shown in Figure 1, following two hours of sintering at 500 
°C. Diffraction peaks observed at 21.4°, 30.5°, 35.4°, 50.9°, 
and 60.5° correspond to the (211), (222), (400), (440), and 
(622) planes of the In₂O₃ nanorods, which match the
JCPDS reference no. 06416. The nanorods had a lattice
parameter of a = 10.118 Å.

Fig. 1 XRD spectra for In2O3, N,S-rGO, and In2O3/N,S-rGO nanocomposite 

Based on the available data, the XRD pattern produced can 
be indexed to the body-centered cubic structure of In₂O₃ 
[6]. Due to the low nitrogen concentration and weak S-rGO 
diffraction intensity, no peaks were observed for N,S-rGO 
and In₂O₃/N,S-rGO. This could be explained by the 
relatively low concentration of the composite and the weak 
intensity of rGO [25]. 

B. FT-IR Analysis

The characteristic peaks corresponding to the In-O 
asymmetric stretching vibrations were detected at 605, 563, 
and 430 cm⁻¹. On the surface of In₂O₃, the solid adsorption 

peaks at 3481 and 1630 cm⁻¹ indicate the stretching 
vibration and in-plane deformation vibration of the O-H 
bond, respectively [26]. The C-N and C-S vibrations are 
represented by strong bands at 1172-1189 cm⁻¹ and 1522-
1573 cm⁻¹, respectively [27]. The wavelength 
corresponding to the C=N vibration suggests that GO has C 
double bonds with N dopants from thiourea, while the C-N 
and/or C-S vibrations indicate that GO has C single bonds 
with N and/or S dopants from thiourea. The stretching 
vibration of In-O-In bonds is represented by the broad 
infrared band at low frequency in the In₂O₃/N,S-rGO 
nanocomposite, and the bond at 556 cm⁻¹ is due to the In-O 
vibration [28]. Additionally, a new absorption band at 1642 
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cm⁻¹ was detected, which may be related to the skeletal 
vibration of the rGO sheets. The C=O and C-OH vibrations 
at 1719 and 1048 cm⁻¹, respectively, are represented by 
peaks in the In₂O₃/N,S-rGO composite, but they are not 

visible [29]. According to these results, the oxygen 
functional groups of N,S-rGO were removed, and its size 
decreased during the annealing of the In₂O₃/N,S-rGO 
composite [30]. 

Fig. 2 FT-IR spectra for In2O3, N,S-rGO, and In2O3/N,S-rGO 

C. FE-SEM and HR-TEM Images

Our SEM and TEM analyses of the produced 
nanocomposites allowed us to characterize additional 
morphologies and particle sizes. Figure 3 shows the SEM 
and TEM images of In₂O₃, N,S-rGO, and In₂O₃/N,S-rGO 

composites obtained with secondary electrons. The 
micrographs in Figures 3(b) and (e) show the morphology 
of pure In₂O₃, which is described as a rod-like structure, 
and thus they are referred to as nanorods. These nanorods 
often have a homogeneous, monodispersed structure. 

Fig. 3 FE-SEM and HR-TEM images of (a) N,S-rGO, (b) In2O3 (c) In2O3/N,S-rGO 

As observed in Figures 3(a) and (d), the N,S-rGO images 
display thin, transparent sheets with creases and folds. The 
correlated skeleton and highly porous network structure of 
this overlapping network is evident. During the 
hydrothermal process, N and S atoms replace sp² C atoms 

and oxygen functional groups on the GO surface, resulting 
in structural defects that likely cause the wrinkle appearance 
and overlapping formation. Furthermore, the external 
carbon layer prevents aggregation and enhances the stability 
of the nanoparticles. The composite In₂O₃/N,S-rGO 

37 AJSAT Vol.13 No.2 July-December 2024

Hydrothermal Synthesis of Indium Oxide (In₂O₃) Semiconductor Photocatalyst Fabricated with Nitrogen-Sulfur Co-Doped 
Reduced Graphene Oxide (N,S-rGO)



contains a nanorod-layered structure, as demonstrated by 
the micrographs in Figures 3(c) and (f). The composite’s 
micrograph shows many In₂O₃ nanorods deposited on the 
surface of the N,S-rGO nanosheet. This confirms the 
effective creation of a hybrid heterostructure combining 
layered N,S-rGO nanosheets with rod-like In₂O₃. These 
micrographs provide additional confirmation that adding 
In₂O₃ to N,S-rGO did not alter the material’s initial rod-like 
shape. According to the images in Figures 3(b) and (c), the 
nanorods’ average lengths range from 200 to 500 nm, and 
their particle sizes range from 1 to 4 µm. All of the findings 
point to the successful preparation of the In₂O₃/N,S-rGO 

composite, which is consistent with other research. 
According to [31], N and S dual doping may increase the 
chemical activity and electronic transport efficiency of the 
carbon layer, potentially enhancing the carriers’ ability to 
separate during photocatalytic processes. 

D. UV-Visible Diffuse Analysis

The UV-Vis diffuse reflectance profiles of the produced 
photocatalyst samples were determined by measuring their 
photoresponse, as shown in Figure 4. 

Fig. 4 (a) UV−Vis Diffuse reflectance spectra and (b) Tauc plots of (αhʋ)2 vs photon energy (eV) of the In2O3, In2O3/rGO and 
In2O3/N,S-rGO nanocomposites 

The photoabsorptive capacity of a photocatalyst is known to 
affect its photocatalytic activity as well as other applications 
[32]. In the visible range, all of the generated photocatalysts 
exhibited a notable absorption response, as shown in Figure 
4(a). At 460 nm, the optical absorption edges of each 
sample were observed. Tauc plots ((αhν)² vs. the photon 
energy (hν)) were used to determine the bandgap energy 
levels of the as-prepared photocatalysts, where α, h, and ν 
represent the absorption coefficient, Planck’s constant, and 
light frequency, respectively. Optical performance can be 
enhanced by combining light-absorbing materials and noble 
metals with a composite photocatalyst [33]. As shown in 
Figure 4(b), the direct bandgaps of In₂O₃, N,S-rGO, and 
In₂O₃/N,S-rGO were determined to be 2.8, 2.77, and 2.72 
eV, respectively, based on the intercepts of the extrapolated 
linear fits of the Tauc plots. 

V. CONCLUSION

In conclusion, In₂O₃ nanorods were prepared by the 
hydrothermal method and decorated with N,S-rGO using a 
simple in-situ co-precipitation technique. According to the 
results of the various characterization techniques, the 
ternary hybrid sample (In₂O₃/N,S-rGO) exhibits a 
cooperative morphology and a smaller bandgap that shifts to 
the visible light absorption region. Large-sized, regular-

morphology N,S-codoped rGO-coated In₂O₃ nanoparticle 
semiconductor photocatalysts show synergistic effects, such 
as enhanced photocatalytic activity, decreased surface area 
and reactive sites, and excellent mobility and efficiency of 
photogenerated charge carriers. The synthesis method is 
simple, addressing the challenge of recycling. From the 
characterization results, we infer that our In₂O₃/N,S-rGO 
nanocomposite is a feasible semiconductor photocatalyst 
that is inexpensive, easy to assemble, and environmentally 
benign. 
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