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ABSTRACT

Nanocrystalline β-In2S3 was prepared by reacting In(NO3)3 with thioacetamide through
hydrothermal method at 120˚C for 12 h. The size and morphology of In2S3 photocatalyst
were characterized using X-ray diffraction (XRD), scanning electron microscope (SEM),
transmission electron microscopy (TEM), and Brunauer–Emmett–Teller (BET) surface area
analysis. The band gap energy was measured using Kulbeka–Munk function and the
electronic state of the prepared In2S3 was determined by X-ray photoelectron spectroscopy.
The photocatalytic activity of the prepared sample was investigated by the photocatalytic
degradation with 20 mg/L of the tetracycline (TC) under natural sunlight as a source of
irradiation. The results showed that the synthesized In2S3 matches completely with the
cubic phase of β-In2S3 with a surface area of 95.6726 m2 g−1, and the photocatalytic activity
for the degradation of TC under natural sunlight irradiation was excellent followed with
first-order kinetics and the complete removal could be within 30 min, which suggests that
the prepared photocatalyst has the potential to degrade the antibiotics.

Keywords: Hydrothermal method; β-In2S3; Heterogeneous photocatalyst; Tetracycline
degradation; Natural sunlight

1. Introduction

In recent years, considerable attention has been
focused on the possibility of combining heterogeneous
catalysis with solar technologies to achieve the
degradation or mineralization of organic and inorganic
pollutants present in water and wastewater [1].
Heterogeneous solar photocatalysts effectively utilize

the energy from the sunlight, a renewable energy, for
the photocatlytic reactions that can potentially reduce
the treatment costs [2].

Typically, semiconductor powders have been
extensively studied as photocatalysts over the past five
decades, and In2S3 has attracted a great deal of atten-
tion due to its high photocatalytic activity, nontoxicity,
photostability, chemical and thermal stability, low
cost, and favorable optoelectronic properties [3]. It is
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well known that In2S3 occurs in nature as three
crystallographic forms namely α-In2S3 (defect cubic
structure, stable up to 693 K), β-In2S3 (defect spinel
structure, stable up to 1027 K), and γ-In2S3 (layered
hexagonal structure, stable above 1027 K) [4]. Among
the three distinct forms, β-In2S3 is an n-type semicon-
ductor with a band gap of 2.0–2.3 eV and is a potential
candidate for solar cell [5], photocatalyst [6], photocat-
alytic hydrogen production [7], and optoelectronic [8]
applications because of its defected spinel structure.
The defected spinel structure is obtained in either
cubic or tetragonal form.

In general, the photocatalytic activity of the In2S3
depends on several factors such as crystalline phase,
crystal size, and specific surface area as well as on
other factors, such as production capacity of
electron–hole pair, separation efficiency of the
photogenerated charge pair, and the transfer efficiency
to compounds adsorbed on the In2S3 surface. In
addition, the photoactivity of In2S3 also depends on
the preparation method, thermal treatment, concentra-
tion of the pollutant, and concentration of the
photocatalyst.

Numerous synthesis methods have already been
reported by researchers to fabricate In2S3 with a vari-
ety of morphologies, such as hydrothermal [9], sol-
vent thermal [10], chemical bath deposition [11],
laser-induced synthesis [12], microwave synthesis
route [13], and sonochemistry [14] of indium organic
or inorganic salts. Different precursors have been
employed for the synthesis of In2S3 nanoparticles
such as indium nitrate [In(NO3)3] [15], indium acety-
lacetonate [16], and indium chloride (InCl3·4H2O)
[17]. Numerous research works have been conducted
to obtain the different structure and morphology
nanocrystals, such as hollow microsphere [18], and
3D flower-like morphology [17]. But the reports are
scarce on the photocatalytic degradation studies
using In2S3 for organic pollutants using solar light as
a source of irradiation.

Thus the paper is focused to investigate the photo-
catalytic activity of β-In2S3 synthesized through
hydrothermal method using In(NO3)3 as a precursor.
The In2S3 samples were characterized with various
analytical characterization techniques for their phase,
morphology, elemental composition, surface proper-
ties, electronic configuration, optical property, and
band gap energy. Furthermore, photocatalytic activity
of the synthesized In2S3 photocatalysts was evaluated
by degrading TC under natural solar light irradiation.
In addition, the experimental photocatalytic degrada-
tion data were fitted with first-order kinetics to deter-
mine the degradation mechanism.

2. Experimental

2.1. Materials

Indium nitrate (99.9%) and tetracycline were pro-
cured from Aldrich, thioacetamide (99%) from Sino-
pharm Chemcial Reagent and anhydrous ethanol from
Tianjin Fuchen Chemical Reagent. All chemicals were
of analytical grade and used as received without any
further purification.

2.2. Synthesis of indium sulfide nanoparticles

Synthesis of nanocrystalline In2S3 by hydrothermal
method between indium nitrate and thioacetamide
was performed in a glass beaker. Here, thioacetamide
serves as a sulfur source. A certain amount of thioac-
etamide was added into a certain amount of In(NO3)3
solution under vigorous stirring (5:12 molar ratio of
In:S). The reaction is vigorous in nature; finally, the
colorless transparent solution was obtained. Eighty
milliliters of the solution was then transferred into a
100-ml high pressure reactor and heated at 120˚C for
12 h. After the hydrothermal treatment, the suspension
turned to orange color and then to orange-yellow
color. The resulting In2S3 precipitate was cooled down
to room temperature naturally and harvested by cen-
trifugation at 8,000 rpm for 5 min and thoroughly
washed with 10 mL of anhydrous ethanol. The wash-
ing step was repeated for three times and after every
washing step, the solvent was removed by centrifuga-
tion. This ensures the complete removal of the possi-
ble remaining cations and anions. After washing, the
obtained In2S3 orange-yellow powder was dried at
60˚C for 24 h and grinded in the agate mortar.

2.3. Characterization

The In2S3 samples were analyzed for their
crystallite phase with powder X-ray diffraction (XRD)
(Philips X’Pert Pro MPD X-ray diffractometer, Hol-
land) using CoKa (λ = 0.178901 nm) radiation
operating at 40 kV and 30 mA for the angle of diffrac-
tion 2θ between 5˚ and 95˚ with scan rate of 0.02 s−1.
Scanning electron microscope (SEM) (HITACHI
S-4800, Japan) and transmission electron microscope
(TEM) (Tecnai G2 F20 S-TWIN 200KV, FEI, the United
States) were used to investigate the morphology and
microstructure of the photocatalyst. Brunauer–
Emmett–Teller (BET) surface area, pore volume, and
Barret–Joyner–Halenda (BJH) pore size distribution
based on nitrogen adsorption–desorption isotherms
were analyzed with ASAP2020 M+C surface area and
porosity system (the United States). Prior to surface
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area analysis, the samples were degassed at 120˚C for
5 h under nitrogen atmosphere. X-ray photoelectron
spectra (XPS) were obtained with ESCALAB 250
instrument of Thermo Scientific (the United States)
using monochromatic AlKa radiation (225 W, 15 mA,
15 kV). The binding energy (BE) of adventitious C ls
(284.9 eV) was used as reference. UV–vis diffuse
reflectance spectroscopy of the samples was per-
formed through Shimadzu SHIMADZU UV-2450 scan-
ning spectrophotometer (Japan) using BaSO4 as a
reference. From the absorption edge, the band gap val-
ues were calculated by the extrapolation method.

2.4. Photocatalytic experiments

All photoreaction experiments were carried out in
a photocatalytic reactor system, which consists of a
quartz glass reactor vessel, a magnetic stirrer, and
other parts. Photocatalytic activity of the In2S3 sample
was evaluated by the photocatalytic degradation of TC
under sunlight. The experiments were carried out in a
batch reactor of 50 mL capacity with a working vol-
ume of 40 mL (initial concentration of TC = 20 mg L−1)
under continuous stirring in the presence of natural
sunlight by adding 2.5 g L−1 of the photocatalyst. For
each run, the reaction suspensions were freshly pre-
pared. The sunlight intensity during the experiment
was between 10,000 and 200,000 lx. Since the photocat-
alytic reactions occur in the adsorbed phase, dark
experiments were carried out prior to photocatalytic
experiments to substantiate the possibility of parallel
removal of TC by adsorption. Additional control
experiments were carried out with zero photocatalyst
condition to ensure the degradation was only due to
presence of photocatalyst. Three replicates of all exper-
iments were performed at identical conditions to
check the reproducibility of the experimental results.
The analytical samples were drawn out at regular
intervals (10 min), immediately centrifuged at
12,000 rpm for 5 min, and then filtered to remove the
catalyst and analyzed for residual concentration of TC
using an UV–vis spectrophotometry (WFZ UV-2000,
Unico) at 357 nm to understand the TC degradation.
The degree of mineralization of TC during photocat-
alytic experiment was estimated from the amount of
total organic carbon (TOC) before and after photocat-
alytic degradation process using Elementar High TOC
Analyzer (the United States).

3. Results and discussion

3.1. Structure and morphology properties

The crystal structures of the samples were charac-
terized by X-ray powder diffraction (XRD). Fig. 1

depicts the XRD pattern of the prepared In2S3
nanoparticle. The obtained diffraction peaks were
matched very well with the JCPDS Card No.: 00-032-
0456 indicating the cubic β-In2S3. The diffraction peaks
at 2θ = 27.6˚ (2 2 0), 32.1˚ (3 1 1), 38.9˚ (4 0 0), 51.3˚ (5 1
1), 56.3˚ (4 4 0), 66.3˚ (5 3 3), and 70.5˚ (4 4 4) were all
corresponds to the lattice plane of only β-In2S3. No
characteristic peaks were observed for the other impu-
rities such as In2O3, S, or In(OH)3, which confirmed
that In2S3 was pure β-In2S3 nanoparticle. In Fig. 1, it
can also be seen that the three sharp and more intense
peaks (32.1˚, 38.9˚, 56.3˚) indicate that the product is
well crystallized and the crystal structure is very
perfect. The crystallite sizes were calculated from the
broadening of the diffraction (4 4 0) peaks using
Scherrer’s formula.

D ¼ Kk
b cos h

(1)

where D is the crystallite size (nm), K is the shape
constant (0.89), λ is the wave length of CoKa radiation
(0.178901 nm), θ is the diffraction angle (˚), and β is
the full width at half maximum (rad). The crystallite
size of In2S3 was found to be 22 nm. The obtained
result suggests that the synthesis method resulted in
nanosized In2S3 particles.

The morphologies and size of the prepared In2S3
photocatalyst were investigated by SEM and TEM.
Morphologies of the pure β-In2S3 nanoparticles were
shown in Fig. 2. The crystallite nature of β-In2S3 was
clearly observed from the Fig. 3 and the particles were
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Fig. 1. XRD diffraction pattern of In2S3.
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in uniform nanosheet. The observation of the catalyst
confirms the uniform sized particles distributed homo-
geneously. SEM showed a higher particle size due to
agglomeration of the nanoparticles. The actual size of
In2S3 nanomaterials was measured using TEM images.
TEM not only characterizes the morphology, but also
gives crystallographic information of a material. A
general view of the regions at the surface of the parti-
cles is shown in Fig. 3(a). It looks like a structure that
consists of small sheets, of which contrasts are dark
and light, respectively. Both of them are, in fact, the
nanosheets oriented along different directions with
respect to the electron beam. When the surface of the
nanosheet is parallel to the electron beam it appears
as dark contrast. On the contrary, the light contrast
shows the surface of nanosheets. The observed various
contrasts can be explained as a thickness effect, there-
fore, given by the combination of the different-ori-
ented and overlapped nanosheets. Fig. 3(b) shows
nanofiber-like regions embedded in the continuous
nanosheet. It can be seen that the lattice fringes are
continuous from the dark region to the nanosheet,
indicating that both regions have the same lattice

plane. The Fig. 3(c) image reveals the substructure of
the nanosheets. The interfringe distance is measured
to be 0.320 nm, which is close to the lattice space of (3
1 1) planes of β-In2S3. The obtained result was very
well matched with the crystallite size measured by
XRD analysis.

3.2. BET analysis

The surface area and porosity are important prop-
erties of a catalyst to determine its activity to apply
for photocatalytic degradation applications. The pore
architectures of the heterogeneous catalysts control the
transport phenomena and govern the selectivity in
various catalyzed reactions. The pore nature of In2S3
was confirmed by pore size distribution measure-
ments, which was obtained by the nitrogen adsorp-
tion–desorption isotherm and BJH method. Fig. 4
shows the typical sorption isotherms and the corre-
sponding pore size distribution (inset of Fig. 4) of
In2S3. It is seen that the isotherm is type IV, indicating
the presence of mesoporous materials (2–50 nm)
according to the International Union of Pure and

Fig. 2. SEM images of In2S3.

Fig. 3. TEM images of In2S3.
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Applied Chemistry (IUPAC) classification. In general,
mesoporous In2S3 having both high surface area and
crystallinity possess good photocatalytic properties
and employed for photocatalytic applications. The
type-IV isotherm with a hysteresis loop (H3) in the
range of 0.5–1.0 P/P0 was obtained in the samples.
According to the hysteresis loop, it can be seen that
P/P0 = 0.99, which indicates the presence of macrop-
ore (>50 nm). A quantitative calculation shows that
the In2S3 samples possess a BET surface area of nearly
95.6726 m2/g and a pore volume of 0.2932 cm3 g−1. In
addition, the average pore diameter, determined by
Barrett–Joyner–Halenda (BJH) method using the des-
orption isotherm (inset of Fig. 4), was 10.4 nm. In
addition, solar energy conversion efficiency may vary
based on the particle size and pore size distribution
[19]. At times, very small average pore size of β-In2S3
would hinder the access of organic pollutants result-
ing in poor degradation. Hence the β-In2S3 nanoparti-
cles were experimented for its photocatalytic activity
under the natural sunlight irradiation.

3.3. XPS analysis

Further evidence for the quality and composition
of the samples was obtained by XPS of the products.
Fig. 5 depicts the high resolution XPS spectra of In2S3.
The XPS spectra showed the presence of In and S
elements (Fig. 5(a)). The absence of the NO�

3 ion
confirms the adopted washing procedure was more
effective in the removal of the unwanted anion (NO�

3 )
that may interfere with the photocatalytic activity. In
addition, the C 1s peak in Fig. 5(a) was attributed to

the adhesive tapes used to support the samples on the
SEM platform or introduced from reactant thioac-
etamide. High-resolution core spectra of In 3d and S
2p of In2S3 are shown in panels b and c of Fig. 3,
respectively. The In 3d spectrum (Fig. 5(b)) showed
that the observed value of the binding energies for In
3d5/2 (444.8 eV) and In 3d3/2 (452.3 eV) was indicative
of indium as trivalent In3+ ions. The observed value of
the binding energies for In 3d5/2 (444.3 eV) agrees with
the reported data in In2S3 (444.3 eV). These peaks are
attributed to an active site which improves the photo-
catalytic activity, especially under the visible light irra-
diation [20]. The S 2p spectrum (Fig. 5(c)) appeared as
a broad peak, which indicated that the particle surface
sulfur might exist in form of S2− (161.8 eV) and ele-
ment S (163.8 eV). These values are in good agreement
with the reported data.

The contents of In and S are quantified by In 3d
and S 2p peak areas, and a molar ratio of 1:1.46 for In:
S is given. However, there is a little inconsistency
among the results, and this is very true for the stoi-
chiometry of In2S3. No obvious peaks for elemental
sulfur or other impurities were observed. Thus, the
XPS results further proved that the sample was pure
In2S3 and has no oxide impurities.

3.4. UV–vis absorption spectra and band gap energy

In addition to the structural properties, the optical
properties of the In2S3 samples were also studied by
UV–vis diffused reflectance spectroscopy (DRS). The
DRS spectra of In2S3 samples were recorded in the wave-
length range between 200 and 800 nm and are shown in
Fig. 6. The obtained spectrum depicts the strong absorp-
tion of the prepared In2S3 both in the visible light spec-
trum and in the UV light region. It is clear that there is
an absorption band at 280–370 and 600–640 nm, respec-
tively. According to the characteristic step-like shape of
the band, it should be attributed to the valence-to-con-
duction-band transition of electrons excitations in
indium sulfide. The band structure indicates that charge
transfer upon photoexcitation occurs from the S 3p orbi-
tal to the In 5p empty orbital. Kulbeka–Munk equation
was used to obtain the accurate band gap energy of In2S3
nanoparticle. The reflectance data were converted to the
absorption coefficient F(R1) values [21]:

F R1ð Þ ¼ 1� R1ð Þ2
2R1

(2)

where R1 is the diffused reflectance of at the given
wavelength.
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E eVð Þ ¼ hC

k
(3)

where h is the Planck’s constant (4.14 × 10−15 eV s), C
is the speed of light (3.0 × 1017 nms−1), and λ is the
wavelength (nm). From the Kulbeka–Munk analysis,
the band gap energy of the prepared In2S3 was found
to be 2.0 eV. Similar values of band gap energy were
reported in the literature for In2S3 nanoparticle synthe-
sized by different methods and different precursors
[22].

To examine the quantum-confined effect of the
products, UV–vis spectra is shown, when ethanol is
used as a reference. The result of UV–vis spectroscopy
(Fig. 6) shows that there is an absorption band at 280–
370 nm. Because there is a strong influence from light
scattering, the bumps they observe in UV–vis absorp-
tion may be difficult to discuss in terms of actual
transitions. However, according to the characteristic
step-like shape of the band, it should be attributed to
the valence-to-conduction-band transition in indium
sulfide. In bulk In2S3, the band gap (Eg) is reported to
be between 2.00 and 2.20 eV with corresponding
wavelengths from 620 to 550 nm.
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3.5. Photocatalytic activity

To study the photocatalytic activities of the β-In2S3
sample, antibiotic TC of low concentration was chosen
as a model pollutant. The maximum absorptive energy
of TC is at 357 nm.

The results of control experiments and photocat-
alytic degradation experiments in the optimal
conditions [23] under the sunlight irradiation were
depicted in Fig. 8. All the experimental data were
statistically significant and the standard deviation
was found to be less than 0.05. The obtained results
suggests that a complete degradation of TC was
achieved using the In2S3 photocatalyst with variation
in time duration. The control experiments confirms
that only a limited amount of TC was removed
(<1%) in the absence of the In2S3 photocatalyst by
direct photolysis. This demonstrates the high photo-
catalytic activity of the β-In2S3 under the sunlight.
Moreover, the photocatalyst is quite stable. After four
cycles run, slight decline in the photocatalytic activi-
ties was detected. From the dark reactions (see
Fig. 7), it was clear that a modest removal of TC
occurred due to adsorption (32–36%). Almost com-
plete degradation (99–100%) was achieved for the cat-
alyst under solar light radiation in 30 min.

3.6. Total organic carbon

The degree of mineralization of TC during the
photocatalytic degradation was analyzed as a func-
tion of TOC and depicted in Fig. 8. In the figure, it
can be seen that an efficiency of 69.53% was achieved
for the In2S3 under the sunlight irradiation for
40 min. The removal efficiency of TOC was 60.71% in
20 min, and it tended be stable after 20 min. This
indicated that TC could be mineralized by the In2S3
photocatalyst.

3.7. Kinetics of degradation

The degradation kinetics of TC on the In2S3
heterogeneous catalysts is explained by the first-order
kinetics [24]. The first-order expression is given below:

� ln
C

C0
¼ k1t (4)

where C0 is the initial concentration of TC (mg L−1)
and C is the concentration TC at time t, and k1 repre-
sents the rate constant of first-order reaction (min−1).
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The obtained experimental data were fitted with
first-order kinetics and presented in Fig. 9. Higher cor-
relation coefficients (R2 > 0.98) obtained for the In2S3
photocatalyst indicates that the degradation of TC fol-
lows first-order kinetics. The first-order reaction rate
constants (k1) were found to be 0.071 min−1 for the
In2S3. Higher rate constant value of the In2S3 indicates
its potential for higher photocatalytic activity. The
obtained results suggest that the higher photocatalytic
activity of the In2S3 was attributed to the high
crystallinity that increases the formation of hydroxyl
radicals and super oxide radicals.

4. Conclusions

The present study exemplifies the successful
synthesis of pure β-In2S3 nanoparticle through
hydrothermal method. The structural and morphologi-
cal studies confirmed that the In2S3 photocatalyst was
in pure cubic phase. The In2S3 nanoparticle exhibited
good crystallinity. The synthesized photocatalyst
demonstrated an excellent photo response toward the
sunlight irradiation by successfully degrading TC in
shorter duration. The band gap energy of the In2S3
was found to be 2.0 eV. The higher photocatalytic
activity of the In2S3 was attributed to good crys-
tallinity that increases the formation of hydroxyl radi-
cals and super oxide radicals. The kinetics of
photocatalytic degradation confirms that the process
follows the first-order kinetic pathway. This study
provides a versatile approach of utilizing solar energy
for complete degradation of antibiotic pollutant (TC)
using pure β-In2S3 photocatalysts synthesized from In
(NO3)3 precursor. Hence, the synthesized photocata-
lysts can be effectively used for water and wastewater
treatment under solar light irradiation.
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