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The ternary semiconductor CdIn2S4 nanorods were synthesized by a method based on CdS nanorods via the
hydrothermal route, in which CdS nanorods were converted by reaction with InCl3 and thiourea in aqueous solution.
Transmission electron microscopy (TEM) images revealed that the typical sizes of the CdIn2S4 nanorods were
10-30 nm in diameter and 200-1000 nm in length. X-ray photoelectron spectra (XPS) analysis of the surface
stoichiometry (CdIn2.03S4.15) and room-temperature Raman spectrum (RS) were recorded. The influences of reaction
temperature, time, and sulfur sources on the formation for CdIn2S4 nanorods were investigated. A possible formation
mechanism of the CdIn2S4 nanorods was also proposed.

Introduction

CdIn2S4 is the most studied member of the family of ternary
compounds AB2X4 (where A) Cd, Zn, or Hg; B) Ga, or In;
X ) S, Se, or Te).1-4 As it is an important cubic spinel ternary
semiconductor, much interest has been aroused in the photo-
electric properties of CdIn2S4.5-9

The first preparation of CdIn2S4 was reported by Hahn et
al.10 through eq 1 under 800°C and vacuum conditions:

Kerimova et al.11 prepared CdIn2S4 powders by high-
temperature sinter reaction of CdS and In2S3:

The CdIn2S4 single crystals were also grown from the stoichio-
metric elements by iodine-vapor transport6,7 or the horizontal
Bridgaman method.11

The preparation of one-dimensional (1D) structures with a
nanometer diameter, such as nanowires (or nanorods) and
nanotubes, is already a focus of the material world.12-19

Compared with micrometer-diameter whiskers, 1D structures

are expected to have remarkable properties, including mechan-
ical, electrical, optical, and magnetic properties.20,21 Existing
technologies have been developed for the synthesis of some
fascinating 1D inorganic materials.19,22-25 Until now, there have
been no reports on the preparation of ternary semiconductor
CdIn2S4 nanorods. Here, we describe the synthesis of CdIn2S4

nanorods based on CdS nanorods via a hydrothermal route, in
which the CdS nanorods are converted by reaction with InCl3

and thiourea in aqueous solution.

Experimental Section

Preparation of CdS Nanorods. Appropriate amounts of analytical
grade Cd(NO3)2‚4H2O or CdSO4‚8H2O or CdCl2‚2.5H2O and thiourea
(Tu) were added to a Teflon-lined stainless steel autoclave of 50 mL
capacity, which was filled with ethylenediamine up to 90% of the
capacity. The autoclave was maintained at 100-180 °C for 12 h and
then air-cooled to room temperature. The precipitate was filtered off
and washed with distilled water and absolute ethanol to remove residual
impurities. After being dried in a vacuum at 70°C for 3 h, the collected
products were characterized to be CdS nanorods.

Preparation of CdIn2S4 Nanorods. The prepared CdS nanorods
and InCl3‚4H2O in a molar ratio of 1:2 and excess Tu were also put
into an autoclave, which was filled with distilled water up to 90% of
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CdS+ 2In + 3Sf CdIn2S4 (1)

CdS+ In2S3 f CdIn2S4 (2)
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the total volume. The autoclave was sealed and heated under autoge-
nerated pressure at 180°C for 10 h, and the other procedures similar
to those used for the preparation of CdS nanorods were applied. A
final orange-yellow powder was obtained for characterization.

X-ray powder diffraction (XRD) was carried out on a Rigaku Dmax-
γA X-ray diffractometer with graphite-monochromatized Cu KR
radiation (λ ) 1.54178 Å). Transmission electron microscopy (TEM)
images were taken on a Hitachi H-800 transmission electron micro-
scope, using an accelerating voltage of 200 kV. X-ray photoelectron
spectra (XPS) were obtained on a VGESCALABII X-ray photoelectron
spectrometer, using nonmonochromatized Mg KR X-ray as the excita-
tion source. A Raman spectrum (RS) was produced at room temperature
with a Spex 1403 Raman spectrometer, using an Ar-ion laser excitation
with a wavelength of 514.5 nm and backscattering configuration.

Results and Discussion

Figure 1 shows an XRD pattern of the CdIn2S4 sample
produced by converting CdS nanorods via the hydrothermal
route. All the peaks in the pattern can be identified to the known
cubic spinel structure of CdIn2S4 with no evidence of either
CdS orâ-In2S3 peaks present. After refinement with a least-
squares fit, the measured lattice parameter wasa ) 10.860 Å,
consistent with the reported valuea ) 10.845 Å.26 The reason
for the broadness of the reflections is probably that the grain
sizes of the sample are on a nanometer scale.

The morphology and structure of the samples obtained are
shown in Figure 2. TEM images of CdIn2S4 samples (Figure
2b,c) reveal both straight and smoothly solid rodlike structures
with a diameter range of 10-30 nm and length range of 200-
1000 nm, which are similar to those of the precursor CdS
nanorods (Figure 2a) prepared by a solvothermal synthetic route.
In our experiment, CdS nanoparticles were also prepared to use
as the precursor. Keeping the other reaction conditions constant,
it is of considerable interest that the obtained CdIn2S4 particles
displayed particle-like morphology instead of rodlike morphol-
ogy (Figure 2d).

To study the surface nature of as-prepared CdIn2S4 nanorods,
the sample was also characterized by XPS (as shown in Figure
3). The single S 2p peak (Figure 3f) at 161.20 eV is indicative
of sulfur as the sulfur ion. Both of the Cd 3d and In 3d spectra
(Figure 3b,d) show two peaks (405.1 and 411.80 eV for the Cd
3d level, 444.40 and 452.50 eV for the In 3d level), corre-
sponding to the 3d5/2 and 3d3/2 spin-orbit spin components,
respectively. The Auger electron peaks of Cd and In are shown
in Figure 3c and Figure 3e, respectively. From the survey
spectrum (Figure 3a), the oxygen peak at a binding energy of

533.20 eV is due to the presence of H2O absorbed on the sample
surface, and no obvious impurities, e.g., In2O3 (O 1s for In2O3:
529.80, 530.30, and 530.50 eV), chlorine ion, can be detected.
Deducing from the intensities of the relevant XPS peaks, the
surface stoichiometry of Cd:In:S was 1.00:2.03:4.15.

Figure 4 shows the room-temperature RS of the CdIn2S4

nanorods sample. The spectrum shows that a strong sharp peak
is located at 130 cm-1 and a weak broadened peak is located at
300 cm-1. However, the features of this Raman spectrum are
strikingly different from that of the CdIn2S4 single crystal
reported in the literature (Raman shifts for CdIn2S4 single
crystal: A1g ) 365 cm-1, Eg ) 185 cm-1, F2g ) 92 cm-1, F2g

) 248 cm-1, F3g ) 311 cm-1).27-29 The reason for this
exception may originate from the small grain sizes and
amorphous phase in the sample.

The influences of reaction temperature, time, and sulfur
sources on the formation of CdIn2S4 nanorods were investigated.
It was found that a suitable reaction temperature range for
CdIn2S4 nanorods was 160-200 °C. CdIn2S4 nanorods cannot
be obtained at a temperature below 100°C, and then the
products mainly consisted of unreacted CdS nanorods. In the
above temperature range, the autogenerated pressure in the
autoclave was about 6.1-15.33 atm,30 which could be attributed
to the crystallization of CdIn2S4 nanorods. If the temperature
was higher than 210°C, the diameters of as-prepared CdIn2S4
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Figure 1. XRD patterns of CdIn2S4 nanorods prepared by converting
CdS nanorods via the hydrothermal route.

Figure 2. TEM images of (a) CdS nanorods, (b) CdIn2S4 nanorods
prepared at 210°C, (c) CdIn2S4 nanorods prepared at 180°C, and (d)
CdIn2S4 nanoparticles.
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nanorods increased (as shown in Figure 2b). For obtaining
CdIn2S4 nanorods with higher yield, a reaction time of longer
than 6 h was needed. However, varying treatment time between
6 and 30 h at 180°C did not significantly affect the crystallinity
of CdIn2S4 nanorods. In our experiments, Na2S and (NH4)2S
were used as sulfur sources. From the XRD patterns, no CdIn2S4

was produced, insteadâ-In2S3 formed. The formation ofâ-In2S3

was attributed to the reaction between a great quantity of free
In3+ and S2- in solution.

Prior to this work, the thiourea complexes of indium(III) in
an aqueous solution were prepared and reported in the litera-
ture.31 The indium-thiourea complexes are believed to be
interlinked by sulfate ions, which interact with the thiourea
ligands through a hydrogen bond. In present route, our observa-
tion further confirmed thatâ-In2S3 cannot be obtained by the
hydrothermal reaction of InCl3‚4H2O and thiourea, indicating
the formation of indium-thiourea complexes, as expressed in
the following:

There are a number of literature studies reporting the formation
of cadmium-thiourea in several solvents such as water,
methanol, and ethanol.32-34 The spray pyrolysis process for
fabrication of CdS films or ultrafine powders involves the
formation of Cd(II)-thiourea complexes and their following
thermal decomposition.35,36 CdS powders cannot be dissolved
in water even at elevated temperature.30 However, our recent
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Figure 3. XPS spectra of as-prepared CdIn2S4 nanorods.

Figure 4. Room-temperature RS of CdIn2S4 nanorods.

InCl3 + nTu f [In(Tu)n]
3+ + 3Cl- (3)
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study confirmed that nanocrystalline CdS powders can be
partially dissolved in thiourea aqueous solution at 100°C. It is
believed that a reversible complexation reaction between CdS
and thiourea may occur under hydrothermal condition, as
represented in eq 4. At a given temperature, with the thermal

stability constants of complexes decreasing, indium-thiourea
complexes and cadmium-thiourea complexes undergo thermal
decomposition to lose thiourea molecules and form cubic-phase
CdIn2S4 under autogenerated pressure:

Meanwhile, it is well-known that the thiourea takes part in the
following reversible decomposition reaction in solution:37,38

The formed CH2N2 may react with H2O at high temperature to
produce NH3 and CO2:

So, the reaction of thiourea with H2O at high temperature can
be described as follows:

One question that puzzled us is how the obtained CdIn2S4

nanorods grow. In our experiment, CdS nanoparticles were
substituted for CdS nanorods and used as precursor and the other
reaction conditions were identical. However, the TEM image

showed that the obtained CdIn2S4 sample displayed irregular
shaped particles instead of nanorod morphology (Figure 2d).
CdIn2S4 was also prepared via a one-step hydrothermal reaction
of CdSO4‚8H2O, InCl3‚H2O, and thiourea at 140-180 °C in
the autoclave. The TEM images also showed spherical particles.
On the basis of this result, we proposed a mechanism for the
formation of CdIn2S4 nanorods. The formation of CdIn2S4

nanorods is believed to be related to the converting of CdS
nanorods. During these reaction processes, CdS nanorods were
not only used as a precursor but also as a template for confining
the reaction in a local space around nanorods. Reactions 4 and
5 above may proceed on the surface on the CdS nanorods, which
will be favorable to the formation of CdIn2S4 nanorods. In the
final product, CdS nanorods were converted to a constituent,
which is similar to the synthesis of carbide nanorods from
confining reactions by converting carbon nanotubes, except that
in this case the overall reactions occurred under hydrothermal
conditions.23,39

Conclusion
The ternary semiconductor CdIn2S4 nanorods were synthe-

sized by converting CdS nanorods via the hydrothermal route.
The typical sizes of as-prepared CdIn2S4 nanorods are 10-30
nm in diameter and 200-1000 nm in length. The surface
stoichiometry (CdIn2.03S4.15) and room-temperature RS of
CdIn2S4 nanorods were studied, and the influences of reaction
temperature, time, and sulfur sources on its formation were
investigated. In the formation of CdIn2S4 nanorods, CdS
nanorods were not only used as a precursor but also as a
template for confining the reactions. Although a deeper under-
standing of growth mechanism of the CdIn2S4 nanorods is
needed, our results suggest that our present route could in
principle be used to prepare other ternary semiconductor
chalcogenide nanorods.
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CdS+ 2Tu T [Cd(Tu)2]
2+ + S2- (4)

[Cd(Tu)2]
2+ + 4S2- + 2[In(Tu)n]

3+ f CdIn2S4 +
(2n + 2)Tu (5)

NH2CSNH2 T CH2N2 + H2S (6)

CH2N2 + 2H2O T 2NH3 + CO2 (7)

NH2CSNH2 + 2H2O f 2NH3 + H2S + CO2 (8)
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