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a b s t r a c t

In this paper, we report a novel solution route to prepare In2S3 nanoparticles through directly dispers-
ing melted indium in a sulfur-dissolved solvent. X-ray powder diffraction (XRD), transmission electron
microscopy (TEM) and electron diffraction (ED) show the formation of In2S3 nanoparticles possessing
tetragonal structure with an average particle diameter of 30 nm. The as-prepared In2S3 nanoparticles
vailable online 27 May 2008
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display strong blue–UV emission, promising for applications in optical devices.
© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Over the past decades, there has been increasing interest in
II–VI materials due to their unique physical and chemical proper-
ies and potential applications in diverse areas [1]. Tetragonal In2S3,
n III–VI chalcogenide, is an n-type semiconductor with a band
ap of 2.00–2.20 eV, which has already inspired applications in
ptoelectronic, photovoltaic industries and solar cell devices [2,3].
everal physical and chemical methods have been developed to fab-
icate In2S3 with different morphologies [4,5]. For instance, a direct
eaction of the elements in a quartz container at a high tempera-
ure [6], chemical deposition [7], heat treatment of In2O3 in H2S at
levated temperatures [8], the metathesis reaction of InCl3 and Li2S
9], and wet chemical methods [10–12]. In2S3 nanoparticles repre-
ent an important class of materials that are potentially useful for
wide range of applications such as delivery vehicle systems, pho-

onic crystals, fillers, and catalysts [13]. However, compared with
n2S3 films and powder, much less work has been performed on
n2S3 nanoparticles [14].

In previous papers, we have successfully produced metal
anoparticles by solution dispersion route in which the melting

etal can be dispersed into nanosized droplets and converted into
etal nanoparticles when the temperature is reduced to room

emperature [15,16]. In this paper, we report a modified solution
ispersion route to prepare In2S3 nanoparticles through one-step
lemental reactions in paraffin oil.

∗ Corresponding author.
E-mail address: zhaoyb902@henu.edu.cn (Y. Zhao).
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. Experimental

.1. Chemicals and preparation

All materials were used without further purification. Indium granules (99.95%),
ulfur powder (99.9%) and paraffin oil were analytical pure reagents from Shanghai
hemical Co., Shaoyang Chemical Co., and Luoyang Chemical Co., respectively. In a
ypical synthesis, 0.7 g commercial indium granules and 0.3 g sulfur powder were
dded to 40 mL of paraffin oil in a flask, and the system was sealed and stirred above
80 ◦C for at least 10 h. Then, the supernatant was cooled, centrifuged, washed with
hloroform, and dried to get gray–black product.

.2. Characterization

X-ray powder diffraction (XRD) was performed on an X’Pert Philips diffrac-
ometer equipped with Ni-filtered Cu K� radiation (� = 1.5418 Å) and operating at
0 kV and 40 mA. Transmission electron microscopy (TEM) was carried out on a
EOL JEM-2010Ex transmission electron microscope, with a tungsten filament at an
cceleration voltage of 200 kV. Differential thermal analysis and thermogravimetry
DTA and TG) were conducted on the powders in the 30–500 ◦C temperature range,
ith an Exstar 6000 thermal system, a heating rate of 10 ◦C/min and in airflow.
-ray photoelectron spectra (XPS) were collected on an axis of ultra X-ray photo-
lectron spectrometer, and the XPS analyses were corrected with reference to C 1s
284.6 eV). The room-temperature photoluminescence (PL) spectrum was measured
n a Spex F-212 fluorescence spectrophotometer with a Xe lamp upon excitation at
00 nm.

. Results and discussion
.1. XRD studies

Fig. 1 shows an XRD pattern of the In2S3 samples prepared
y solution dispersion. The XRD pattern exhibits multiple intense
eaks that are clearly distinguishable. All the reflection peaks can be

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zhaoyb902@henu.edu.cn
dx.doi.org/10.1016/j.jallcom.2008.04.047
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Fig. 1. XRD pattern of In2S3 nanoparticles prepared.

ndexed to the tetragonal In2S3, and the peak positions are in good
greement with the known data (JCPDS: 33–1375). The refraction
eaks represent different crystal planes, which are assigned to the
rystal planes of [2 0 0], [2 1 3], [2 0 6], [2 2 0], [3 1 8], and [4 0 0] of
rystalline In2S3, respectively, implying the formation of tetragonal
n2S3.

.2. TEM and ED studies

The morphology of the products was further examined by TEM.
ig. 2 displays a typical TEM image of as-prepared indium sulfide. It
an be seen that the particles present broad size distribution with
he average particle diameter of 30 nm. The large size distribution is
aturally caused by the broad size distribution of the liquid indium

roplets formed by stirring effect. Most particles appear to be nearly
pherical shape. The corresponding electron diffraction (ED) pat-
ern (inset) taken from a single In2S3 particle consists of regular
iffraction spots, which reveals the single crystalline nature of the

Fig. 2. TEM image and ED pattern (inset) of the as-obtained In2S3.
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Fig. 3. TG/DTA curves of as-prepared In2S3 sample.

ample. The ED result is consistent with the XRD results presented
bove.

.3. Thermal analysis

The thermal behavior of as-obtained product was investigated
y DTA and TG in airflow. Fig. 3 gives the DTA/TG curves of as-
btained In2S3 product. It can be seen that the sample shows two
istinct weight-loss steps in the temperature range of 30–500 ◦C
n the TG curve. The first weight-loss process taking place below
00 ◦C can be attributed to the desorption of small molecules from
he sample powder. The second mass loss (above 250 ◦C) might be
ssigned to the further releasing of solvent molecules or organic
esiduals in the samples. On the DTA curve, the product does not
how the characteristic melting peak of metal In at 156 ◦C, which
ndicates that metal In is completely converted into indium sulfide.

.4. XPS analysis

Further evidence for the quality and composition of the sam-
les was obtained by the XPS of the products. The binding energies
btained in the XPS analysis were corrected for specimen charging
y referencing the C 1s to 284.6 eV. The In 3d core level spectrum
Fig. 4a) shows the observed value of the binding energies for In
d5/2 (444.8 eV) are in good agreement with those observed in
dIn2S4, which is indicative of indium as trivalent In3+ ions. The
2p spectrum (Fig. 4b) appears a broad peak, which indicates that
he particle surface sulfur might exist in form of S2− (161.8 eV) and
lement S (163.8 eV). The contents of In and S are quantified by In
d and S 2p peak areas, and a molar ratio of 1:1.52 for In:S is given.
hus, the XPS results further prove that the sample is composed of
n2S3.

.5. Proposed the mechanism for formation of In2S3 nanoparticles

According to the above analysis, the formation mechanism of
n2S3 nanoparticles might be involving the dispersion of melting
ndium droplets, surface sulfuration of indium droplets, the dif-
usion of sulfur from the droplet surface to the inner, as well as
olvent and sulfur adsorption at the droplet surface. A possible
athway for the formation of In2S3 nanoparticles might be as below.
irst, large indium droplets are dispersed into small droplets in sol-

ent by stirring force; then, the fresh surface of indium droplet
orms indium sulfide layer through reaction with sulfur dissolved
n solvent, which should prevent the smaller droplets from coagu-
ating, and the indium sulfide layer can adsorb efficiently solvent

olecules to stabilize the droplets in solvent. With the presence of
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Fig. 4. XPS spectra of the In2S3 samples:
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Fig. 5. PL spectrum of as-prepared In2S3 nanoparticles.

n indium sulfide layer, indium droplets should be further crushed
nto nanosized droplets. In addition, the indium sulfide layer should
dsorb sulfur from solvent, which can diffuse to the inner droplet
nd provide the sulfur source required for the sulfuration of inner
ndium, resulting in the formation of In2S3 nanoparticles.

.6. Optical properties

Fig. 5 shows the PL emission spectrum of the In2S3 nanoparti-
les dissolved in chloroform. The PL feature of In2S3 nanoparticles
hows two strong and broad emission bands centered at 470 nm
blue emission) and 435 nm (UV emission), with two shoulders at
15 and 390 nm, respectively, which obviously reveals their blue
hift compared with the reported data of 620.6 nm for In2S3 bulk
aterials. However, the Bohr radius of the excitation for In2S3 was

nown to be ∼34 nm [14], hence, the UV emission may also be
ttributed to quantum-confined effects of In2S3 nanoparticles. Gen-
rally, the blue luminescence emission is mainly attributed to the
xistence of sulfur vacancies. These sulfur vacancies generally act
s deep defect donors in semiconductors and would induce the for-
ation of new energy levels in the band gap. The blue emission thus
esults from the radioactive recombination of a photoexcited hole
ith an electron occupying the sulfur vacancies. Since the nanopar-

icle sample contains a distribution of different sized particles, the
arger particles that have smaller band gaps absorb and emit at
onger wavelengths relative to smaller particles in the distribution

[

[
[
[

(a) In 3d peak; and (b) S 2p peak.

17]. In addition, the possibility of In2O3 presence should also favor
he existence of surface defect sites. The very broad PL background
ignal seems to support this fact. The strong blue–UV emission also
uggests that the In2S3 nanoparticles have potential to be a blue
nd a UV light emitter.

. Conclusion

The In2S3 nanoparticles were prepared from metal indium and
lemental sulfur via the solution dispersion, which might be suit-
ble for many low melting point metals. The product through this
echnique is cheaper, and the surface properties of nanoparticles
an be greatly modified by changing the composition of the sol-
ent. The as-prepared In2S3 nanoparticles appear to be close to a
pherical shape and have a good crystalline. The obtained In2S3
anoparticles show strong blue–UV emission, promising for appli-
ations in optical devices.
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