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Multi-walled carbon nanotube/cadmium sulfide hybrid heterostructures were easily synthesized by

employing a thermal decomposition of thioacetamide as a sulfide-ion source in an aqueous regime. The

resulting cadmium-sulfide phase is comprised of a zinc-blende structure of spherical polycrystalline

nanoparticles (cadmium-sulfide nanoclusters) with the subunits of ca. 15 nm, deposited on the

nanotube surface. The formation of the cadmium-sulfide nanoparticles with zinc-blende structure

(cubic crystal) suggests that the local concentrations of reacting ion species in the vicinity of the

nanotube surface are different from those in the reaction solution. The cadmium-sulfide nanoparticles

are comprised of a stoichiometrically ideal chemical-composition ratio (cadmium: sulfur ¼ 1:1.02) of

cadmium and sulfur with the valence states of +2 and �2, respectively. The optical responses of the

cadmium-sulfide phase for ultraviolet-visible light and photoluminescence spectroscopes show the

proper size-effect and inherent optical properties of the cadmium-sulfide nanoparticles.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

Multi-walled carbon nanotubes (MWCNTs) have been widely
applied as a promising raw material in many areas of science and
technology due to their outstanding physical and electrical
properties such as high tensile strength and elastic modulus and
excellent thermal and electrical conductivity [1–4]. So far,
MWCNTs have been used to synthesize not only various
composite materials mainly including polymer/MWCNT [5] and
metal/MWCNT [6,7] composites but also various MWCNT/metal-
nanoparticle hybrid catalysts, where the MWCNTs can function as
supporting materials [8].

The decoration of carbon nanotubes (CNTs) with organic or
inorganic compounds through covalent and non-covalent bonds
can give them new properties and potentials for various new
applications. Among these, the CNTs modified with nanocrystal-
line semiconductor particles are more active due to their size-
dependant nonlinear optical, physical and electronic properties,
which make them to be promising materials and provide
potentials of their application in several fields [9–17]. Thus far,
several semiconductor nanoparticles such as CdSe/ZnS [11], CdTe
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[12], CdSe [13], ZnS [14], PbSe [15] and CdS [16–19] have been
bound to the surface of CNTs.

The difference in the preparation methods of the hybrid
materials provides the different morphology and structure of
semiconductors on/into CNTs [16–21]. As for CdS, thiol groups
pre-introduced into CNTs have cadmium ions (Cd2+) attached onto
the nanotube surface, so that the simple mixing with sulfide ions
(S2�) has provided the coating of CdS nanoparticles [16]. Instead
of the covalently introduced binding sites of Cd2+, the use of an
organic linker molecule has successfully deposited well-isolated
CdS nanoparticles with cubic phase onto the nanotube surface by
the simple addition of S2� [17]. On the other hand, in-situ
formation of S2� by the chemical reduction of S has deposited a
beplastered and uniform layer of CdS with hexagonal phase [21].
Other methods for preparing CNT/CdS hybrid materials include
thermally induced processes. The difference of reaction regimes
(e.g., solvent, reaction duration, and reactant concentration) in
thermal processes has also provided different morphology and
structure of CdS on the surface of CNTs [18,19]. These reports
demonstrate well that the combination between CNTs and other
different preparation methods of CdS has a possibility to form
different types of CNT/CdS hybrid materials.

Libert et al. previously reported the synthesis of the uniform
colloidal cadmium sulfide (CdS) spheres, which are formed by
precipitation in an acidic aqueous solution during the thermally
controlled reaction between cadmium nitrate and thioacetamide
(TAA) [22,23]. We report here an easy synthesis route of CNT/CdS
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hybrid heterostructures, which is achieved by employing a
thermal decomposition method of TAA as a sulfide-ion source.
Furthermore, we discuss the structure, shape and optical proper-
ties of the CNT/CdS hybrid materials, as well as the deposition
state of CdS phase on the CNT surface.
Fig. 1. TEM image of the pristine MWCNTs and SEM image of the acid-treated

MWCNTs.
2. Experimental

2.1. Materials

All solvents and chemicals (analytical reagent quality) were
obtained commercially and used without purification. The
MWCNTs used in the present study were synthesized by a
catalyst-assisted chemical vapor deposition (CVD) method [24].
Then, the products were thermally treated at 2800 1C under an
argon flow for 30 min for graphitization.

2.2. Synthesis

MWCNTs (100 mg) were stirred in 40 mL of 0.1 M hydrochloric
acid (HCl) aqueous solution for 5 h at room temperature to remove
residual catalyst nanoparticles. The purified MWCNTs were treated
by nitric-sulfuric acid (HNO3–H2SO4, volumetric ratio: v/v ¼ 1/3)
solution for 24 h at room temperature, according to the literature
[25]. Then, the reaction mixture was filtrated, and washed well with
deionized water to remove the remaining acid. The acid-treated
MWCNTs can be easily suspended in water due to the relatively large
amount of surface-bounded carboxyl-acid groups.

MWCNT/CdS heterostructure materials were prepared through
the reaction of cadmium sulfate (CdSO4) with S2� resulting from the
thermal decomposition of TAA in the presence of MWCNTs in
aqueous solution. A typical synthesis is as follows: MWCNTs
(100 mg) were dispersed by sonication in 25 mL of H2O. On the
other hand, 3CdSO4.8H2O (25.6 mg, 0.0726 mmol) was dissolved in
10 mL of H2O, and TAA (82.5 mg, 1.098 mmol) was dissolved in 10 mL
of H2O. Then the suspension of the MWCNTs and the two solutions
were mixed, and stirred at 80 1C for 6 h. The obtained black
precipitate was filtered, washed with distilled water, and dried in a
vacuum at 80 1C for 10 h (dry weight of the product: 115.6 mg). In
this experiment, the excess molar amount of TAA was employed for
Cd2+. The ideal loading of CdS calculated from the expected weight
increase and the initial weight of MWCNTs is 31.4%. However, the
actual loading of CdS was 15.6%. The difference between the ideal
and actual loadings might be caused by the loss of CdS nanoparticles
non-immobilized on the nanotube surface during filtration.

2.3. Characterization

Powder X-ray diffraction (XRD) patterns were obtained on a
MAC Science MX Labo2 X-ray diffractometer equipped with
graphite monochromatized Cu Ka radiation (l ¼ 1.541874 Å).
The acceleration voltage was set at 35 kV with a 25 mA flux. The
scanning rate was 0.041/s in the 2y range of 10–901. The Fourier-
transform infrared (FT-IR) spectra were recorded on a MAGNA-IR
750 FT-IR spectrometer using a KBr-disc method. X-ray photo-
electron spectroscopy (XPS) measurements were conducted using
a Thermo Electron ESCALAB250 photoelectron spectrometer. The
transmission electron microscopy (TEM) studies were carried out
on a Hitachi Model H-800 apparatus with an acceleration voltage
of 200 kV. The high-resolution transmission electron microscopy
(HR-TEM) images were obtained on a JEOL-2010 transmission
electron microscope. The morphological features of the hybrid
materials were observed using S-4700 field-emission scanning
electron microscope. The ultraviolet and visible light (UV–vis)
spectra were recorded on a Shimadzu UV-3150 UV–vis-near infrared
(NIR) spectrophotometer. The photoluminescence (PL) spectra were
obtained on a CARY Eclipse fluorescence spectrophotometer.
3. Results and discussion

3.1. Pretreatment of CNTs

The SEM images of Fig. 1a show that the as-prepared MWCNTs
have a diameter of 100–200 nm and a length of several microns to
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several tens of microns. As can be seen from Fig. 1b, after purified
by HCl solution and acid-oxidized by HNO3–H2SO4 mixed
solution, residual catalyst nanoparticles have been removed
absolutely, while the surface of the acid-pretreated MWCNTs
remains smooth.
3.2. Formation of MWCNT/CdS heterostructures

The MWCNT/CdS heterostructure materials were prepared
through the reaction of CdSO4 with S2� resulting from the thermal
decomposition of TAA in the presence of MWCNTs in aqueous
solution. The TEM (Fig. 2a) and SEM (Fig. 2c and d) observations
have ensured the success of the attachment of CdS nanoparticles
onto CNTs. Clearly, CdS nanoparticles are deposited on the surface
of CNTs. The electron diffraction pattern (in Fig. 2b) shows the
reflection of zinc blende crystal structure corresponding to (111)
planes of cubic CdS phase, in addition to the reflection of the (002)
planes of CNT graphite. Furthermore, the CdS nanoparticles with
the size of several tens to hundreds nanometer proved to be
composed of the smaller nanoparticles (subunits) with the size of
Fig. 2. TEM and SEM images of the
about 10–20 nm (Fig. 2d), which is consistent with the values
calculated using Scherrer equation (see below).

In this work, TAA was employed as a weak sulfide source,
which was previously used for the control of nucleation and
growth directing the shape of zinc sulfide [26]. The formation of
uniform colloidal CdS spheres proceeds according to the following
equations [14]:

C2H5NS! S2� þ byproducts (1)

Cd2þ þ S2� ! CdS ðsoluteÞ (2)

nCdS! ðCdSÞn ðsolidÞ (3)

The step 1 is a rate-determining reaction for availability of CdS
solute species due to the relatively slow release of S2� by the
temperature-dependent decomposition of TAA [22,23]. At a given
concentration of TAA, the concentration of S2� depends on the
acidity of the solution and the reaction time. The sizes of
the crystalline subunits and the final CdS particles are affected
by the concentration ratio of [Cd2+]/[S2�]. The lower [Cd2+]/[S2�]
ratio corresponds to the faster release rate of S2�, which results in
MWCNT/CdS heterostructures.
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the formation of greater number of primary particles. The higher
concentration of the primary particles yields a greater number of
clustering centers, leading to the formation of smaller size of final
CdS particles. Furthermore, the lower concentration ratio prompts
the formation of hexagonal crystal lattice, while the higher
concentration ratio gives the partial cubic crystal lattice. The
release rate of S2� is dependent on the concentration of TAA in the
reaction solution. Thus, we employed the excess molar amount of
TAA (1.098 mmol) for CdSO4 (0.0726 mmol) in order to give a low
[Cd2+]/[S2�] ratio during the reaction. Furthermore, the heating
condition of 80 1C employed in this work is considered to afford
relatively fast decomposition rate of TAA, i.e., the fast release rate
of S2� [14]. Therefore, the smaller sizes of the crystalline subunits
and the final particles are expected at the reaction temperature of
80 1C. However, the adsorption and desorption of Cd2+ ions on the
CNT surface would be affected by the oxygen-containing func-
tional groups (such as –C(QO)OH groups) of the CNT surface [27]
and the surface charges of electric double layers formed in the
aqueous solution. This would lead to the possibility that
concentration gradient of the Cd2+ ions occurs between on the
CNT surface and in the reaction solution. The presence of the
[Cd2+] gradient on the CNT surface might change a local [Cd2+]/
[S2�] ratio in the vicinity of CNTs to make the formation manner of
CdS particles and the crystal lattice structure different from that
proceeding in the simple solution reaction. Although the local
concentration ratio is unknown, the results of this work imply
that the continuous surface reaction of Cd2+ ions with free S2�

would form the primary particles of CdS, which further grow to
the final CdS particles on the CNT surface. Moreover, the abundant
surface groups of CNTs would enrich locations for the deposition
of CdS particles by acting as effective anchor sites.
3.3. Structural characterization

Fig. 3a shows the XRD patterns of the pristine MWCNTs. The
peaks centered at 261 and 441 correspond to the (002) and (100)
reflections of graphite from the CNTs, respectively [7]. The acid-
oxidized CNTs (Fig. 3b) also show the (002) and (100) reflections
similar to those of the pristine MWCNTs. The XRD patterns of
MWCNT/CdS heterostructures (Fig. 3c) and a bulk sample of pure
CdS nanoparticles (Fig. 3d) gave the peaks assigned to the (111),
(200), (220), (311), and (222) phase of the cubic CdS crystal
Fig. 3. XRD patterns of: (a) the pristine MWCNTs, (b) the acid-oxidized MWCNTs,

(c) the MWCNT/CdS heterostructures and (d) bulk CdS nanoparticles.
structure of zinc blende, which are in good agreement with the
reported data for CdS (JCPDS Card File,89-0440), though the (002)
peak of CNTs is overlapped with the (111) peak of the cubic CdS.
The results demonstrate that the cubic CdS crystal structure of
zinc blende is formed on the surfaces of CNTs, which agrees well
with the electron diffraction pattern discussed above. The average
size of CdS subunits was determined from the width of the
reflection according to Scherrer equation [25]. The mean subunit-
size calculated by the (220) reflection was ca. 15 nm. The size is
much smaller than the particle size (several tens to several
hundreds nm) estimated by the SEM and TEM observations. It is
therefore concluded that the CdS nanoparticles (CdS nanoclusters)
are composed of the smaller crystals (subunits) with the size of
15 nm. As mentioned above, the [Cd2+]/[S2�] ratio affects the
crystal-lattice structure of CdS nanoparticles [14]. In this work, the
excess molar amount of TAA for CdSO4 was employed in order to
lower the [Cd2+]/[S2�] ratio during the reaction. Therefore, we had
predicted the formation of CdS phase with hexagonal crystal
lattice. However, the obtained CdS nanoparticles are comprised of
not hexagonal but cubic crystal structure. This suggests that the
local concentrations of reacting ion species on the CNT surface are
different from those in the reaction solution, i.e., the local [Cd2+]/
[S2�] ratio in the vicinity of the CNT surface would be higher than
that of the surrounding solution.

The chemical state of the CNT surface was characterized by FT-
IR spectroscopy. As seen from the comparison between Fig. 4a and
b, the modification of the CNT surface by the HNO3–H2SO4 mixed
acid gives a newly developing absorption peak at 1730 cm�1,
which is assigned to carboxyl CQO groups [28]. The intensive
peak at 3450 cm�1 and the peak at 1630 cm�1, observed in every
spectrum, originate from the absorption of water by KBr matrix
(3450 and 1630 cm�1: stretching and deformation vibrations of
H2O, respectively). The existence of the water-induced absorption
peak makes the expectable peak of carboxyl –OH vibration
invisible. Note that the absorption peak at 1730 cm�1 clearly
becomes weakening for the MWCNT/CdS heterostructures
(Fig. 4c). This indicates that the CdS deposition is achieved on
the carboxyl groups of the CNT surface, which would act as
anchoring sites of the CdS nanoparticles.

Fig. 5 shows the C1s, Cd3d and S2p regional XPS spectra of the
MWCNT/CdS heterostructures, all of which were referenced to the
C1s peak (binding energy: BE ¼ 284.6 eV) [29] arising from sp2-
hybridized carbon of CNTs. The regional spectrum of C1s displays
Fig. 4. FT-IR spectra of: (a) the pristine MWCNTs, (b) the acid-oxidized MWCNTs

and (c) the MWCNT/CdS heterostructures.
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an asymmetrical intensive peak and a very broad peak in the
baseline, as shown in Fig. 5a. The deconvolution of the C1s peaks
indicates the presence of two peaks at 286.3 and 288.8 eV other
than the main peak of sp2-carbon at 284.6 eV. The peaks at 286.3
Fig. 5. XPS spectra of the MWCNT/CdS heterostructures.
and 288.8 eV can be attributed to hydroxyl carbon (C–OH) and
carboxyl carbon (OQC–O) on the CNT surface, respectively. The
results indicate that the carboxyl-acid groups are introduced into
the CNT surface by the oxidation with HNO3–H2SO4 mixed acid,
which is consistent with that of the FT-IR analysis. The regional
spectra of Cd3d and S2p (Fig. 5b and c) show pairs of symmetrical
peaks with the binding energies of 405.9 eV for Cd3d5/2, 412.6 eV
for Cd3/2, 161.7 eV for S2p3/2, and 163.8 eV for S2p1/2. The BE values
are very close to the reported ones [30], indicating that the
valence states of Cd and S are +2 and �2, respectively. Moreover,
the quantification of peaks gave a stoichiometrically ideal
chemical-composition ratio of Cd:S ¼ 1:1.02, indicating that the
CdS is quite pure. As described above, the results of the FT-IR
analysis imply that the CdS nanoparticles are attached on the
carboxyl-acid groups acting as anchoring sites. However, it will be
difficult to observe by XPS analysis the chemical states of CdS
anchored on the carboxyl-acid groups because of the large size of
the CdS nanoclusters, as is shown by the SEM and TEM analysis.
3.4. Optical proprieties of the MWCNT/CdS heterostructures

The UV–vis absorption spectra of the MWCNT/CdS hetero-
structures are shown in Fig. 6. The measurements were conducted
for dispersions in ethanol at room temperature. The pristine and
acid-oxidized MWCNTs gave no specific absorption spectra
(Fig. 6a and b). In contrast, the MWCNT/CdS heterostructures
show an absorption band of CdS at 520 nm, which shifts to a
shorter side of wavelength compared with the characteristic
absorption (550 nm) of bulk CdS [31]. The blue shift of the
absorption wavelength is probably due to the size effect of the CdS
nanoparticles, which is consistent with the previous results [32].
The formation of the CdS nanoparticles on the CNT surface
indicates that the growth of CdS is effectively confined in
nanometer scale on the CNTs in the synthesis regime. The solid-
state PL spectra of the pristine MWCNTs, the acid-oxidized
MWCNTs and the MWCNT/CdS heterostructures were shown in
Fig. 7, which were obtained by using a 390-nm excitation line. As
shown in Fig. 7a and b, the pristine and acid-oxidized MWCNTs
gave no specific PL response. In contrast, the MWCNT/CdS
heterostructures show an obvious PL peak at 546 nm originating
from the band-to-band emission of the CdS nanoparticles, in
agreement with the previous report [33].
Fig. 6. UV–vis absorption of: (a) the pristine MWCNTs, (b) the acid-oxidized

MWCNTs and (c) the MWCNT/CdS heterostructures.
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(c) the MWCNT/CdS heterostructures.
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4. Conclusion

The MWCNT/CdS heterostructure materials were easily pre-
pared by a thermal decomposition of TAA in the presence of CdSO4

and CNTs in an aqueous synthesis regime, where the surface
reaction between Cd2+ and the S2� released through the TAA
decomposition achieves the deposition of CdS nanoparticles on
the CNT surface. In the present method, the surface modification
of CNTs and the sulfide-ion source play an important role in the
deposition manner, morphology and structure of the CdS
nanoparticles. The XRD, TEM and SEM studies for the MWCNT/
CdS heterostructures have revealed that the present synthesis
achieves the uniform covering of the CNT surface with a zinc-
blende structure of CdS nanoparticles (CdS nanoclusters) com-
prised of about 15-nm-sized subunits. The formation of the CdS
nanoparticles with cubic crystal structure suggests that the local
[Cd2+]/[S2�] ratio in the vicinity of the CNT surface are higher than
those in the reaction solution. The FT-IR analysis implies that the
CdS nanoparticles are deposited on the surface groups of CNTs.
Furthermore, the XPS analysis indicates that the CdS nanoparticles
consist of a stoichiometrically ideal chemical-composition ratio
(Cd:S ¼ 1:1.02) of Cd and S with the valence states of +2 and �2,
respectively. The UV–vis and PL analyses evidence the proper size-
effect and optical properties of the CdS nanoparticles. The results of
this work demonstrate that the present method is a promising easy
route for synthesizing MWCNT/metal-sulfide heterostructures.
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