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Synthesis of In2S3 microspheres using a template-
free and surfactant-less hydrothermal process and
their visible light photocatalysis†

Arpan Kumar Nayak,a Seungwon Lee,b Youngku Sohnb and Debabrata Pradhan*a

Indium sulfide (In2S3) microspheres of (β-) tetragonal phase were synthesized by varying the indium

precursors using a template-free and surfactant-less hydrothermal process at 150 °C. The as-synthesized

samples were found to be crystalline and phase pure as confirmed by X-ray diffraction and X-ray photo-

electron spectroscopy studies, respectively. Indium precursors play an important role in controlling the

shape of the building blocks, i.e. nanoflakes or nanobricks, of In2S3 microspheres. The photocatalytic activity

of as-synthesized In2S3 microspheres was tested for the degradation of methylene blue and crystal violet in

the presence of visible light produced by an incandescent lamp. The terephthalic acid test using

photoluminescence spectroscopy shows hydroxyl radicals as active species for the degradation of organic

contaminants. Repeat photocatalysis measurements suggest the high stability of In2S3 microspheres without

a change in theirmorphology and phase.
1. Introduction

Metal oxide semiconductors are extensively used in photo-
catalysis. However, the wide band gaps of most oxide semi-
conductors limit their photocatalytic and photovoltaic
applications. This is due to a small percentage (~5%) of ultra-
violet (UV) radiation in the solar spectrum. Therefore, it is
indispensible to explore semiconductor photocatalysts with
narrower band gaps to be used under visible light of solar
spectrum.1–3 Chalcogenides such as CdS, CdSe, ZnSe, ZnTe,
InS, In2S3, etc. have band gaps in the visible range solar spec-
trum and therefore can be a potential alternative to oxides as
visible light photocatalysts. Among the chalcogenides, In2S3 is
an important group III–VI semiconductor that has been found
promising for photovoltaic applications due to its stability, desired
band gap energy (2.0–2.4 eV),4 good transparency,5 and
photoconducting behavior.6 In2S3 exists in three different
phases at atmospheric pressure, i.e. the defective cubic struc-
ture α-In2S3 (stable up to 693 K), a defect spinel structure
called β-In2S3 (stable up to 1027 K), and the higher tempera-
ture layered structure γ-In2S3 (above 1027 K).7 Among these,
β-In2S3 is the most stable at room temperature. Therefore
previous reports are mostly on β-In2S3, which is an n-type
semiconductor and is used as a promising photoconducting
material for photovoltaic cell design, in thin film solar cells as
an alternative to toxic CdS,8 and as a photocatalytic material
for the degradation of dyes.9–11 Phase-controlled synthesis and
stabilization of a particular In2S3 phase at room temperature
depend on the growth process (by impurity incorporation).7

Various architectures of In2S3 such as 3D flower-like
structures,12 hollow nanospheres,13 nanosheets,14 urchin-like
nanostructures,15 and nanoflake structures16 have been
prepared using microwave,17 sonochemical,18 hydrothermal
and solvothermal methods.14 These solution-based techniques
are particularly attractive because of their low-temperature
synthesis and potential for large-scale production. In the
above solution-based processes, toxic chemicals including HCl,
organic solvents, reducing agents, surfactants and templates
are used to a greater extent.9,10,16,19 The most commonly
used sulfur sources in the synthesis of In2S3 are sulfides,20

sulfur powder,21 sodium thiosulfate,22 dimethyl sulfoxide,19

thioglycolic acid,23 thiourea,24 and thiols.25 Here, we have
employed a biomolecule, L-cystine, to synthesize In2S3 in
aqueous solution, thereby making the process greener.12,26

The present low-temperature hydrothermal technique
employed for the synthesis of In2S3 microspheres is facile,
cost-effective and reproducible. The photocatalytic properties
of as-synthesized In2S3 microspheres are studied by the
degradation of methylene blue (MB) and crystal violet (CV).
In addition, the high stability of In2S3 microspheres as a
photocatalyst is demonstrated.
oyal Society of Chemistry 2014
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2. Experimental
2.1 Chemicals

Indium(III) chloride [InCl3], indium sulfate [In2(SO4)3], and
indium nitrate [In(NO3)3] from Spectrochem, India, oxalic
acid [C2H2O4·2H2O] and L-cystine [C6H12N2O4S2] from Merck,
India, and ethanol [C2H5OH] from Changshu Yangyuan
Chemical, China were of analytical grade and used without
further purification.
2.2 Synthesis

In2S3 microspheres were synthesized using a simple hydro-
thermal method by varying the indium precursor. In a typical
synthesis process, 0.11 g of indium chloride (0.01 M) and
0.48 g of L-cystine powder were dissolved in 40 mL of distilled
water and stirred for 10 min. Then 0.126 g of oxalic acid was
added to the solution and stirred vigorously for 30 min at
room temperature. The resultant milky white solution was then
transferred to a 50 mL Teflon-lined stainless steel autoclave
and was heated at 150 °C for 30 h and cooled naturally to room
temperature. The precipitated black-colored product was
collected by centrifugation and washed with ethanol and
distilled water at least three times. The same procedure was
followed to synthesize In2S3 microspheres with two other
indium precursors (at the same molar concentration), i.e.
indium sulfate and indium nitrate, keeping other synthesis
parameters fixed. Furthermore, different indium precursors
of the same concentrations (0.01 M) and L-cystine were sim-
ply stirred with and without oxalic acid at room temperature.
The resultant precipitates were collected in order to compare
the results with the products obtained in the hydrothermal
process.
2.3 Characterization

The surface morphology of as-prepared In2S3 microspheres
was examined using a Carl Zeiss SUPRA 40 field-emission
scanning electron microscope (FESEM). Energy dispersive
X-ray (EDX) measurements were carried out using a Carl
Zeiss EVO 60 SEM attached to an Oxford EDS detector. The
effective Brunauer–Emmett–Teller (BET) surface area of the
as-synthesized samples was measured using a Quantachrome
ChemBET TPR/TPD analyzer. The structural properties of the
as-synthesized samples were studied with a PANalytical High
Resolution X-ray diffractometer (XRD) (PW 3040/60) operated
at 40 kV and 30 mA using Co Kα X-ray (1.79 Å). The detailed
microstructure of the In2S3 product was studied with a FEI
TECNAI G2 transmission electron microscope (TEM). For
X-ray photoelectron spectroscopy (XPS) measurements, we
used a Thermo-VG Scientific ESCALab 250 microprobe with
a monochromatic Al Kα source (1486.6 eV) with a typical
energy resolution of 0.4–0.5 eV full-width at half-maximum.
Fluorescence measurements were carried out with a PerkinElmer
LS 55 spectrophotometer at an excitation wavelength of
250 nm generated by a xenon lamp.
This journal is © The Royal Society of Chemistry 2014
2.4. Photocatalytic study

The photocatalytic activity of the as-prepared In2S3 micro-
spheres was studied by the degradation of methylene blue
(MB) and crystal violet (CV) in the presence of an incandes-
cent light bulb. 10 mg of In2S3 powder was suspended in a
100 mL aqueous solution of MB or CV (5 × 10−5 mol L−1) and
sonicated for 30 min in the dark at room temperature to
obtain a complete adsorption–desorption equilibrium among
water, MB/CV, and In2S3 photocatalyst prior to the light irra-
diation. The dye solution was then irradiated by a 200 W
incandescent lamp (Philips) at a working distance of 100 cm.
The light intensity was measured to be 500 lux in a beaker
containing dye solution. The degradation of dyes as a func-
tion of irradiation time was measured using UV-vis absorp-
tion spectroscopy (PerkinElmer, Lambda 750).
3. Results and discussion
3.1. Morphology

The morphology of the as-synthesized samples was examined
by FESEM. Fig. 1 shows the FESEM images of In2S3 micro-
spheres prepared by varying the indium precursors.
Fig. 1(a) and (b) show the FESEM images of In2S3 micro-
spheres of 4–8 μm diameter synthesized using indium
chloride as an indium source, L-cystine as a sulfur source and
oxalic acid as a shape controlling agent. These microspheres
were found to be composed of flakes with a thickness of
<15 nm. This supports the results reported by Yu et al.
recently on similar spherical-like In2S3 microspheres using
indium chloride as an indium precursor.27 Upon changing
the precursor to indium sulfate with other parameters fixed,
microspheres of 3–8 μm diameter were obtained as shown in
Fig. 1(c, d). Moreover, several of these microspheres were
found to be either with a hollow [Fig. 1(c)] or with a half-
sphere concave sink [Fig. 1(d)] and most of the hollow
spheres had multiple pores on their surface. Similar hollow
spheres with multiple pores were reported by Zhao et al.
using indium chloride as an indium source, cysteine as a
sulphur source and dodecanethiol.26 Their result indicates
that dodecanethiol plays a key role in the formation of hollow
spheres and reducing the length, width and thickness of
nanoflakes.26 Upon changing the precursor to indium nitrate,
In2S3 microspheres [Fig. 1(e, f)] of 4–5 μm diameter were
obtained. Interestingly, these microspheres were not com-
posed of nanoflakes as in the previous cases. The magnified
FESEM image [Fig. 1(f)] clearly shows the brick-shaped build-
ing blocks of these microspheres. The length and width of
these bricks are measured to be in the range of 300–600 nm
and 100–150 nm, respectively. This suggests that the indium
precursor plays an important role in forming the shape of
initial building blocks of the microspheres. The effective BET
surface area of In2S3 microspheres was measured and found
to be in the order of 167.84 m2 g−1 (for hollow microspheres
with pores on their surface obtained using indium sulfate),
>69.79 m2 g−1 (solid microspheres obtained using indium
CrystEngComm, 2014, 16, 8064–8072 | 8065



Fig. 1 FESEM images of In2S3 microspheres obtained at 150 °C for 30 h by the hydrothermal method using (a, b) indium chloride, (c, d) indium
sulfate, and (e, f) indium nitrate as precursors for indium, L-cystine for sulfur and oxalic acid as a shape-controlling agent. The inset shows the
respective magnified FESEM image.
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chloride) and ≫15.18 m2 g−1 (solid microspheres obtained
using indium nitrate). These results are well correlated to
their morphology. A representative adsorption–desorption
isotherm and a BJH pore size distribution plot of hollow
In2S3 microspheres obtained with indium sulfate are shown
in Fig. S1 (ESI†). The pore volume and the pore diameter
were measured to be 0.813 cm3 g−1 and 8.6 Å, respectively,
for hollow In2S3 microspheres.
Fig. 2 Powder XRD patterns of In2S3 microspheres synthesized
hydrothermally at 150 °C for 30 h using (a) indium chloride, (b) indium
sulfate, and (c) indium nitrate as indium precursors with other
synthesis parameters fixed. XRD patterns were collected with a Co Kα
X-ray source. (d) A standard JCPDS file with a Co Kα X-ray source for
comparison.
3.2. Structural and microstructural properties

The structural properties of the as-synthesized In2S3 product
were analyzed by powder XRD. Fig. 2 shows the XRD patterns
of In2S3 microspheres synthesized using different indium
precursors, keeping other synthesis parameters fixed. The
XRD patterns match those of tetragonal β-In2S3 (JCPDS:
00-025-0390, upon converting to a Co Kα source) with intense
diffraction intensities from (2212), (0012) and (109) planes.16

No characteristic diffraction peaks from possible impurities
such as InS, In2O3, S, sulfate, and nitrate are detected, indi-
cating phase-pure In2S3 product. The diffraction features are
found to be slightly broad for the In2S3 microspheres com-
posed of nanoflakes, which is ascribed to smaller crystallites.

The microstructure of the as-synthesized In2S3 micro-
spheres was studied by TEM. Fig. 3(a) shows a TEM image of
8066 | CrystEngComm, 2014, 16, 8064–8072 This journal is © The Royal Society of Chemistry 2014



Fig. 3 TEM images of In2S3 microspheres obtained at 150 °C for 30 h by the hydrothermal method using (a) indium chloride, (b) indium sulfate,
and (c) indium nitrate as indium precursors. (d) An HRTEM image showing the lattice fringe of the brick-shape building block of In2S3 microspheres
shown as the inset of (c). The inset of (d) shows the corresponding SAED pattern.
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In2S3 microspheres with a dark central part, indicating the
solid nature of these microspheres. The magnified TEM
image at the outer edge shown as an inset (bottom right) con-
firmed that these microspheres were composed of thin flake-
like structures. The ring selected area electron diffraction
(SAED) (top right inset) indicates polycrystalline nature of
these microspheres. Fig. 3(b) represents the TEM image of
In2S3 microspheres obtained with indium sulfate. The
brighter contrast at the center of the microsphere suggests
hollowness in accordance with the FESEM images
[Fig. 1(c, d)]. The SAED pattern indicates polycrystalline
behavior similar to that of the previous sample. Fig. 3(c)
shows a TEM image of In2S3 microspheres obtained using
indium nitrate. The TEM image clearly suggests the compact
nature of these microspheres composed of nanobricks. The
inset of Fig. 3(c) shows the brick-shaped building blocks of
the microspheres. Fig. 3(d) shows a high-resolution TEM
(HRTEM) image of a part of a nanobrick with a lattice spac-
ing of 1.9 Å corresponding to the (2212) plane of tetragonal
In2S3, which has maximum XRD intensity [Fig. 2(c)]. The
spot SAED pattern [inset Fig. 3(d)] further confirms the sin-
gle crystalline nature of In2S3 nanobricks with a tetragonal
crystal structure.
This journal is © The Royal Society of Chemistry 2014
3.3. Composition and chemical states

EDX analysis was performed on as-prepared In2S3 micro-
spheres to identify the elements present and measure their
composition. Fig. 4 shows the EDX spectra of In2S3 micro-
spheres synthesized with different indium precursors. The
stoichiometric ratios (S : In) were measured to be 1.57, 1.54,
and 1.42 for the In2S3 microspheres obtained with indium
chloride, indium sulfate and indium nitrate, respectively. The
stoichiometric ratios (S : In) are close to 1.5, suggesting the
formation of In2S3.

The chemical state of the as-synthesized samples was
further characterized by XPS analysis. Fig. 5 shows the XPS
survey spectra of In2S3 microspheres [Fig. 1(c, d)] obtained
with indium sulfate precursor. The XPS survey spectrum
shows the presence of In, S, O, and C elements, matching the
literature results.28 The C 1s and O 1s peaks were assigned to
surface impurity carbon and adsorbed oxygen, respectively.
The atomic ratio of [S] : [In] was estimated to be 1.58 from
the survey spectrum confirming In2S3. The left and right
insets of Fig. 5 show In 3d and S 2p high-resolution region
spectra, respectively. Two strong photoelectron peaks at bind-
ing energies of 444.4 and 451.9 eV are assigned to In 3d5/2
CrystEngComm, 2014, 16, 8064–8072 | 8067



Fig. 4 EDX spectra of In2S3 microspheres obtained hydrothermally using (a) indium chloride, (b) indium sulfate, and (c) indium nitrate at 150 °C
with other synthesis parameters constant.

Fig. 5 XPS survey spectrum of hollow In2S3 microspheres
hydrothermally synthesized using indium sulfate precursor at 150 °C.
Left and right insets show In 3d and S 2p XPS region spectra,
respectively.
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and In 3d3/2 transitions, respectively, with a spin–orbit split-
ting of 7.5 eV. The XPS binding energy feature at 161.0 and
162.1 eV is assigned to the S 2p3/2 and S 2p1/2 transitions,
respectively. These values are in good agreement with the
reported data for In2S3.

29,30

3.4. Optical properties

The optical properties of the black In2S3 product obtained
using different indium precursors were measured by UV-vis
absorption spectroscopy. The Kubelka–Munk reflectance
spectra (Fig. S2, ESI†) of In2S3 microspheres synthesized
using different indium precursors show strong absorption in
the UV-vis region without any clear band edge. The strong
absorption in the visible region of electromagnetic radiation
suggests the potential use of In2S3 as a visible light
photocatalyst.

3.5. Growth mechanism

In order to understand the growth mechanism of In2S3
microspheres, we have varied the experimental parameters
such as temperature and duration of synthesis. Fig. 6(a),
1(c, d) and 6(b) show the FESEM images of the product
obtained at 100 °C, 150 °C and 200 °C, respectively, keeping
other parameters constant (indium sulfate as the precursor,
30 h duration). At lower synthesis temperature (100 °C), near-
spherical microspheres composed of nanoflakes were obtained.
8068 | CrystEngComm, 2014, 16, 8064–8072
The diameter of these microspheres was measured to be
1–1.5 μm, which is lower than that obtained at 150 °C
(3–8 μm). This suggests a slower growth rate at lower synthe-
sis temperature. In addition, these microspheres were found
to be not hollow as confirmed from the TEM images (not
shown). The formation of hollow microspheres [Fig. 1(c, d)]
at 150 °C is discussed in section 3.1. At a higher temperature
(200 °C), no spherical structure was found, although the
agglomerated features appeared to be composed of nano-
flakes, as shown in Fig. 6(b). This suggests that an optimum
temperature around 150 °C is needed to obtain hollow micro-
spheres. Fig. 7 shows the FESEM images of the product
obtained using indium sulfate at 150 °C by varying reaction
duration. At a shorter duration of 8 h [Fig. 7(a, b)], most of
the microspheres were found to be not hollow. With increas-
ing the synthesis duration to 15 h, hollowness begins to
appear [Fig. 7(c)] and most of the microspheres were found to
be hollow at 30 h [Fig. 1(c, d)] and 48 h [Fig. 7(d)]. This
process is believed to follow the well-known Ostwald ripening
process, causing the formation of hollow spherical structures
with an increase in reaction duration.31,32 In all of the above
experiments, oxalic acid was used as a shape-controlling
reagent. To find the exact role of oxalic acid, we carried out
an experiment without oxalic acid while keeping the rest of
the reaction parameters fixed (indium chloride and L-cystine
as indium and sulfur sources, respectively; 150 °C for 30 h).
Fig. 8(a) and (b) show FESEM images of agglomerated nano-
flakes (without spherical structures) obtained in the absence
of oxalic acid at a different magnification. This clearly indi-
cates the role of oxalic acid in the formation of spherical
structures. The effective BET surface area and the pore
volume [Fig. S3 (ESI†)] of agglomerated nanoflakes were mea-
sured to be 103.05 m2 g−1 and 0.387 cm3 g−1, respectively,
which are lower than those of hollow In2S3 microspheres
composed of nanoflakes. The pore diameter was measured
to be 8.8 Å. However, at a higher synthesis temperature
the effect of oxalic acid is found to be negligible [Fig. 6(b)]
and/or the breakdown of spherical structures occurs. On the
basis of the above results, the growth mechanism can be
schematically presented as shown in Fig. 9. The fine particles
initially nucleated in the solution can be flocculated to nano-
flakes. L-Cystine used as a sulfur source in the present work
can act as a complexing agent because of its functional groups
–NH2, –COOH, and –SH that can react with metal ions.33 The
coordination interaction between In3+ and L-cystine can there-
fore produce the complex.34 Upon formation of thin flake-like
This journal is © The Royal Society of Chemistry 2014



Fig. 6 FESEM images of In2S3 obtained at (a) 100 °C and (b) 200 °C using indium sulfate as the indium source while other parameters remained
the same.

Fig. 7 FESEM images of In2S3 microspheres obtained at 150 °C after
(a, b) 8 h, (c) 15 h and (d) 48 h using indium sulfate as the indium
source while other parameters remained the same.
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structures at 150 °C, oxalic acid is suggested to play a role
in their assembly to spherical structures, which are Ostwald
ripened to hollow structures with an increase in reaction
duration. Both indium chloride and indium sulfate precur-
sors produced nanoflakes as the initial building blocks of
In2S3 microspheres, whereas nanobricks were obtained with
indium nitrate as an indium precursor. This indicates that
the indium precursor solution plays a role in the nucleation
and the subsequent growth of different shapes of the building
blocks. Although the indium precursor plays a strong role in
the formation of building blocks, i.e. nanoflakes and nano-
bricks, of microspheres, further work is necessary to under-
stand the exact cause behind it.
This journal is © The Royal Society of Chemistry 2014

Fig. 8 FESEM images at (a) Low and (b) high magnification, of In2S3

parameters constant.
In order to compare the results obtained by the hydrother-
mal method with a simple solution process, different indium
precursors (0.01 M) were stirred in the aqueous solvent at room
temperature, along with L-cystine and oxalic acid. All of the
samples show similar fibrous morphology [Fig. S4(a–c), ESI†],
although their diameter varies with the indium precursor.
The diameters of the fiber were measured to be 150–200 nm,
80–100 nm, and 150–200 for the sample prepared with
indium chloride, indium sulfate and indium nitrate, respec-
tively. Interestingly, no fibrous morphology [Fig. S4(d), ESI†]
was obtained in the absence of oxalic acid with indium
sulfate as an indium precursor. This indicates that oxalic
acid forms a chain-like complex forming fibrous morphology
at room temperature and acts as a shape-controlling agent,
which can form a different shape with a change in synthesis
process and reaction temperature as observed here. The XRD
pattern (Fig. S5, SI†) of the fibrous product obtained with
indium sulfate indicates the crystalline nature of the product.
However, the XRD pattern neither matches any expected
products such as InS, In2S3, In2(SO4)3 nor any known product.
Further investigation is needed to identify the crystal
structure of the product.

3.6. Photocatalytic study

The photocatalytic performance of as-synthesized In2S3
microspheres was tested for the degradation of MB and CV
using UV-vis absorption spectroscopy. Fig. 10(a) shows a typi-
cal UV-vis absorption spectra of MB solution in the presence
of In2S3 hollow microspheres (obtained with indium sulfate)
CrystEngComm, 2014, 16, 8064–8072 | 8069
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Fig. 9 Schematic of the formation of In2S3 microspheres from
different precursors using the hydrothermal synthesis process.
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irradiated by visible light for different durations. Prior to irra-
diation, the catalyst dispersed dye solution was kept in the
dark for 30 min for the complete adsorption–desorption of
dyes on the catalyst surface. Fig. 10(b) shows the degradation
of MB in the absence and presence of In2S3 microspheres
obtained from different precursors as a function of visible
light irradiation time. For comparison, degradation was also
performed with standard P-25 TiO2 nanoparticles. In the
absence of In2S3, there was no change in the concentration of
the dye for 6 h irradiation, indicating that light alone is not
adequate for the degradation of the dye. With In2S3, the con-
centration of MB was found to decrease as a function of irra-
diation time. MB degradation efficiency [(C0 − C)/C0 × 100]
was found to be higher with microspheres obtained from
indium sulfate (97.21%) than those obtained from indium
chloride (83.07%) and indium nitrate (71.28%) in 6 h
8070 | CrystEngComm, 2014, 16, 8064–8072

Fig. 10 (a) UV-vis absorption spectra of MB solution irradiated for differ
sulfate precursor. (b, d) The photodegradation performance and (c, e) the l
In2S3 microspheres synthesized using different indium precursors. (f) The p
CV for 5 cycles.
irradiation. Here C0 and C are the dye concentrations before
and after irradiation, respectively. In the same irradiation
time of 6 h, the degradation efficiency of standard P-25 TiO2

nanoparticles was measured to be 81.94%, which is lower
than that obtained with hollow In2S3 microspheres composed
of nanoflakes. This could be due to the higher band gap of
TiO2 nanoparticles leading to less absorption of visible light.
The present MB degradation efficiency obtained with In2S3
microspheres using an incandescent lamp is much higher
than the degradation efficiency (61.2%) obtained with In2S3
nanobelts UV irradiated for 8 h.10 The MB degradation rate
constant was calculated from the linear plot of ln(C0/C) vs.
irradiation time as shown in Fig. 10(c). The rate constant was
found to be in the order of 0.0085 min−1 (hollow In2S3 micro-
spheres composed of nanoflakes), >0.0046 min−1 (solid In2S3
microspheres composed of nanoflakes), >0.0041 min−1 (P-25
TiO2) and >0.0032 min−1 (solid In2S3 microspheres com-
posed of brick-like structures). Fig. 10(d) shows the CV degra-
dation efficiency of In2S3 microspheres obtained with
different indium precursors, without In2S3 microspheres and
with P-25 TiO2 for comparison. The corresponding linear
plots of ln(C0/C) vs. irradiation time of CV degradation are
shown in Fig. 10(e). The rate constant (and efficiency) for the
degradation of CV was measured to be 0.079 min−1 (90.33%),
0.097 min−1 (95.43%), and 0.067 min−1 (85.32%) for the In2S3
microspheres obtained from indium chloride, indium sulfate
and indium nitrate precursors, respectively, and 0.009 min−1

(26.93%) for P-25 TiO2. It clearly shows that both MB and CV
degradation performance of In2S3 microspheres obtained
from indium sulfate precursor are the highest, which is due
This journal is © The Royal Society of Chemistry 2014
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erformance of hollow In2S3 microspheres for the photodegradation of



Fig. 11 (a) FESEM images and (b) an EDX pattern of hollow In2S3 microspheres after five cycles of CV degradation.

Fig. 12 Photoluminescence spectra of terephthalic acid solution
mixed with In2S3 hollow microspheres by varying light irradiation
duration.
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to their hollow nature and hence larger interfacial surface
area. The lowest performance was obtained from solid In2S3
microspheres composed of nanobricks because of their low
BET surface area. In addition, we have tested the photocata-
lytic properties of agglomerated nanoflakes obtained using
indium sulfate without oxalic acid, and the CV degradation
efficiency of 83.03% was found to be lower than that of hol-
low microspheres (95.43%) obtained with oxalic acid. This is
due to the lower effective BET surface area of agglomerated
nanoflakes.

We further studied the durability and the efficiency of
hollow In2S3 microspheres obtained with indium sulfate
upon degradation of CV for five cycles. Fig. 10(f) shows degra-
dation efficiency as a function of cycles, with each cycle run-
ning for 30 min. Degradation performance was measured to
be 95.69%, 95.65%, 95.61%, 95.53% and 95.5% after the first,
second, third, fourth and fifth cycles, respectively, indicating
a negligible change in degradation performance and high
stability of the catalyst. After the five cycles of the degrada-
tion experiment, we collected the catalyst powder by centrifu-
gation and dried it at 60 °C for 4 h. Fig. 11(a) confirms that
the morphology of hollow microspheres remains the same
after being used in the photocatalytic experiments for 2.5 h.
The stoichiometric ratio of S to In remains approximately
the same, i.e. 1.6 as shown in Fig. 11(b). The phase of
used catalyst powder remains unchanged (XRD pattern
not shown).

The photocatalytic degradation of organic chemicals usu-
ally follows the formation of hydroxyl radicals upon light irra-
diation. In order to confirm the formation of hydroxyl
radicals, we have used a simple terephthalic acid (TA) test
using photoluminescence spectroscopy. TA reacts immedi-
ately with hydroxyl radical forming 2-hydroxylterephthalic
acid (HTA), which shows an intense luminescence peak at
426 nm. Fig. 12 shows the photoluminescence spectra of TA
solution mixed with In2S3 hollow microspheres at different
light irradiation durations. Initially (without light irradia-
tion), no luminescence feature was observed, indicating the
absence of HTA in the solution. With an increase in the dura-
tion of light irradiation, luminescence intensity was found to
increase linearly (inset Fig. 12). This suggests the linear
increase of HTA concentration, which is proportional to the
formation of the hydroxyl radical.
This journal is © The Royal Society of Chemistry 2014
4. Conclusions

In summary, we successfully synthesized tetragonal In2S3
microspheres composed of nanoflakes and nanobricks using
a template-free and surfactant-less hydrothermal method.
The indium precursors were found to play an important role
in controlling the morphology of the In2S3 product. The use
of the biomolecule L-cystine as a sulfur source makes the
present synthesis process greener and attractive. The highest
photocatalytic performance was obtained from hollow micro-
spheres due to their larger effective surface area. The
recycling ability of the catalyst powder was tested and found
to be stable without a change in morphology and phase after
five cycles. A simple TA test using photoluminescence spec-
troscopy confirmed that the hydroxyl radical acts as an active
species for the degradation of organic chemicals.
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