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a b s t r a c t

Well-dispersed carbon-coated CdS (CdS@C) quantum dots were successfully prepared via the improved

pyrolysis of bis(1-dodecanethiol)-cadmium(II) under nitrogen atmosphere. This simple method effec-

tively solved the sintered problem resulted from conventional pyrolysis process. The experimental results

indicated that most of the as-prepared nanoparticles displayed well-defined core-shell structures. The

CdS cores with diameter of �5 nm exhibited hexagonal crystal phase, the carbon shells with thickness of

�2 nm acted as a good dispersion medium to prevent CdS particles from aggregation, and together with

CdS effectively formed a monodisperse CdS@Carbon nanocomposite. This composite presented a

remarkable fluorescence enhancement effect, which indicated that the prepared nanoparticles might

be a promising photoresponsive material or biosensor. This improved pyrolysis method might also offer a

facile way to prepare other carbon-coated semiconductor nanostructures.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Due to the quantum size effect, semiconductor quantum dots
(QDs), especially the II–VI semiconductor QDs, exhibit size-
dependent optical properties [1], which are of great importance
in various applications such as biological labels, optoelectronic
devices, and solar cells [2–5]. As an important direct-band
semiconductor with a bandgap of 2.4 eV, CdS QDs have been
widely applied in optoelectronic devices [6]. The size-dependent
optical properties of CdS QDs imply that CdS QDs with different
fluorescence characteristics can be prepared just by tailoring their
size. Therefore, it is a remarkable topic for materials scientists
using simple and efficient routes to prepare the size-controlled
CdS QDs. Generally, CdS QDs is most often synthesized through
the combination of cadmium and sulfur precursors in the pre-
sence of a QDs-binding ligand that stabilizes the growing quan-
tum dots and prevents their aggregation into bulk CdS in liquid
solution [7–10]. However, the colloidal CdS QDs in aqueous
solution usually had a wide size distribution [11], and a defect-
related photoluminescence (PL) band was dominant [12].

Pyroloysis method, including flame aerosol synthesis and flame
spray synthesis, was industrially the most successful and low-cost
synthesis method to prepare all kinds of nanomaterials [13]. As a
convenient and inexpensive method, pyrolysis technique can also
be used to synthesize inorganic nanomaterials with multifarious
morphologies from complexes [14–19]. For example, transition–
metal complexes (usually organometallic compounds and clusters)
ll rights reserved.
acting as single-source precursors can be used to prepare chalco-
genide nanomaterials [16,18]. However, the conventional pyrolysis
method usually leads to sintered products with uncontrollable
particle sizes, which will have a great effect on the unique
properties of quantum dots. Some improved pyrolysis methods
such as metallorganic chemical vapor deposition [3], aerosol-
assisted chemical vapor deposition [20], reducing flame spray
synthesis [21] and atmospheric pressure chemical vapor deposi-
tion [22] have been applied to fabricate semiconductor nanopar-
ticles, but it still remains a key research challenge to develop the
convenient, economical and efficient pyrolysis methods.

On the basis of our knowledge, few works have been reported
on the preparation of carbon-coated CdS (CdS@C) QDs by a
conventional pyrolysis of a single precursor in the solid phase.
Several benefits motivated us to prepare CdS@C nanocomposite
by an improved organometallic pyrolysis reaction route. Firstly,
an appropriate organometallic complex (bis(1-Dodecanethiol)-
cadmium (II) Cd(C12H25S)2) was selected as a single precursor,
which included Cd, S and C elements. The complex not only
promoted the formation of CdS QDs, but also avoided other
impurities into CdS@C QDs. Secondly, monodisperse CdS@C QDs
could be directly obtained by an improved pyrolysis method,
which included conventional pyrolysis process and acid treat-
ment process. Thirdly, the acid-treatment technique effectively
solved the sintered problem of the conventional pyrolysis method
[23]. Fourthly, compared with wet chemical or chemical vapor
deposition method, the improved pyrolysis method was a simple
and economical technique.

In this work, we successfully fabricated well-defined
monodisperse CdS@C QDs from Cd(C12H25S)2 (Cd(DM)2) by the
improved pyrolysis method. As expected, sintered CdS was
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removed by acid-treatment process, which effectively solved the
sintered problem of the conventional pyrolysis. Interestingly, the
as-synthesized nanocomposite showed obvious quantum confine-
ment and fluorescence enhancement effects compared with the
bulk CdS. This method might also offer a facile way to prepare
other carbon-coated semiconductor nanostructures.
2. Experimental section

2.1. Preparation of CdS@C QDs

Cd(C12H25S)2 (Cd(DM)2) was prepared by the method
described in a previous paper [24]. Cd(DM)2 was heated directly
in a horizontal muffle furnace from room temperature to 500 1C
and was kept at this temperature for 2 h in N2. Then the sintered
product was obtained, which consisted of orange and black
particles. After immerging the sintered product in hydrochloride
acid aqueous solution (HCl, volume fraction: 12%) for 30 min,
with the orange particles disappearing, the black colloid precipi-
tates (namely the acid-treated sample) were collected by filtering
and washing with distilled water.

For comparison, the pure CdS nanoparticles with a diameter of
�5 nm were prepared by conventional chemical deposition method.

2.2. Characterization of the products

The phase and purity of as-obtained products were examined
by an X-ray diffraction (XRD, Bruker D8 advance) operating at
40 kV and 40 mA, using Cu Ka radiation (l¼1.54 Å). The mor-
phology characterization and structure analysis were carried out
by scanning electron microscopy (JSM-5610LV, FESEM) and
Fig. 2. Raman spectra of the samples: (a) the sinte

Fig. 1. XRD patterns of the samples: (a) the sinte
transmission electron microscopy (JEOL-2100, TEM), respectively.
The composition of the sintered product was analyzed by an
energy dispersive X-ray spectrometer (EDX) attached to FESEM.
Raman spectra (RS) were run on a Renishaw Raman microscope
with 514.5 nm provided by an Arþ laser. The composition
analysis of the acid-treated sample and the electronic binding
energy were examined on an X-ray photoelectron spectroscope
(XPS, Thermo ESCALAB 250), with Al Ka (1486.7 eV) radiation for
excitation (15 kV and 10 mA). The X-ray source was operated at
150 W. The C 1s peak at a binding energy 284.7 eV was taken as
an internal standard. Solid-state fluorescence measurements
(lex¼250 nm) were recorded from 270 to 480 nm on a FL3-TCSPC
fluorescence spectrophotometer using 3 nm slit width.
3. Results and discussion

X-ray diffraction measurement was performed to probe the
structure and phase purity of the samples. As shown in Fig. 1a, the
XRD peaks of the sintered product could be well indexed to
hexagonal CdS (JCPDS No. 06-0314). Because the strong peaks of
CdS covered the diffraction peaks of carbon, typical XRD peaks of
carbon could not be observed in Fig. 1a. For the acid-treated
sample, XRD pattern consisted of weak CdS peaks and wide
amorphous carbon XRD responsed at 20–301 are shown in
Fig. 1b. The intensities of the peaks of the acid-treated sample
were weaker than that of the sintered sample, which implied that
some uncoated CdS crystals with high crystallinity were removed
by the acid-treatment process.

Raman scattering spectroscopy was employed to further dis-
cuss the nanostructures of carbon-coated CdS QDs. Fig. 2 depicts
the room-temperature Raman spectra of the sintered product and
red product and (b) the acid-treated sample.

red product and (b) the acid-treated sample.
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the acid-treated sample. The Raman spectrum of the sintered
product (in Fig. 2a) displayed three peaks at �292, �587 and
�881 cm�1, which, respectively, corresponded to the first-,
second- and third-order LO phonon modes of CdS nanoparticles
[25–27]. Compared with pure CdS [28], the Raman peaks of the
sintered product exhibited obvious red shift, with the
1LO�14 cm�1, 2LO�27 cm�1 and 3LO�26 cm�1, respectively.
The red shift phenomena were possibly attributed to the confine-
ment of optical phonons in the nanometer-size samples, as
demonstrated by a spatial correlation model [29]. In an infinite
crystal, only phonons near the center of the Brillouin zone (qE0)
could contribute to the Raman mode because of momentum
conservation between phonons and incident light. On the other
hand, in a finite crystal such as a QD, the phonons could be
confined in space by crystal boundaries or defects (for QDs the
confinement was mainly due to the nanoscale dimensions in the
radial direction). This resulted in uncertainty in the phonon
momentum, and allowed phonons with qa0 to contribute to
Raman scattering, leading to a variation in the peak position and
width of the Raman signals [30]. In addition, a possible reason
might be attributed to the interaction between coated CdS QDs
and carbon shell [31]. All of the above factors influenced the
Raman activity of CdS nanoparticles. From the spectrum of the
acid-treated sample in Fig. 2b, it could be seen that there were
two Raman peaks at �1363 and �1581 cm�1, corresponding to
the D and G peaks of carbon [32], respectively. Compared with the
sintered product, the acid-treated sample only showed the D and
G peaks of carbon and no peaks of CdS, which implied that
uncoated CdS particles were removed by HCl, and the CdS
nanoparticles in the acid-treated sample were completely coated
by carbon. This was in good agreement with the above XRD
analysis results. The XRD and Raman results indicated that acid-
treatment effectively removed the sintered CdS particles.

The FESEM image of the sintered product (Fig. 3a) shows that
the most CdS@C QDs are spherical nanoparticles. Coated and
uncoated CdS nanoparticles sintered together. In Fig. 3b, quanti-
tative energy-dispersive X-ray analysis (EDS) obtained from
several crystals revealed the surface elemental composition (Cd,
S and C) and a S/Cd ratio of 1:1, within the error of EDS.

Fig. 4a–c displays the TEM images of the acid-treated sample
with different magnification, while Fig. 4b is the magnification of
partial Fig. 4a. All of three figures show that there are lots of
highly monodisperse and homogeneous CdS QDs in the acid-
treated sample. Carbon shell served as a good dispersion medium
to form monodisperse CdS QDs. This coating action of carbon shell
prevented aggregation of CdS QDs and reduced their surface
defects, which was consistent with the following XPS and PL
results. Fig. 4(d) is the high resolution TEM image of an indivi-
dual CdS QD coated by carbon, which shows a well-defined core-
shell structure. The coated CdS QD was a crystalloid core with a
Fig. 3. (a) FESEM image and (b) EDS
diameter of �5 nm and the corrugated carbon was a thin shell
with a thickness of �2 nm. TEM results provided additional
evidence that the sintered CdS particles were effectively removed
by the acid-treatment procedure and the well-defined monodis-
perse CdS@C QDs were obtained.

The XPS survey spectra of the acid-treated sample are shown
in Fig. 5. The identified peaks were labeled to various correspond-
ing elements. Fig. 5a shows the full XPS spectrum taken from the
surface of CdS@C QDs nanoparticles. The peaks in the XPS data
could be identified to originate from Cd, S, C and O elements. The
O peaks stemmed from the atmospheric contamination. The
binding energies obtained in the XPS analysis were corrected in
consideration of the specimen charging and by referring to O1s at
530.7 eV. In the high-resolution XPS spectrum of CdS@C nano-
particles, the binding energy of Cd 3d doublet was located at
405.4 eV and 411.8 eV, with the peak separation of 6.4 eV
(Fig. 5b). Similarly, the peak position of S 2p was located at
161.5 eV and 162.6 eV (Fig. 5c), but the separation was very small
(�1.1 eV). It was obvious that there was a slight shift in the Cd 3d

peaks (from 405.5 to 405.4 eV, 412.2 to 411.8 eV) and S 2p peaks
(from 165 to 161.5 eV) to lower binding energy comparing with
their standard values reported in the literature for CdS [33–35].
The possible reason was that Cd atoms were afforded the
electrons from carbon shell, which caused the electron density
around Cd atoms to increase and the strength of the Cd–S bond to
decrease [34]. Therefore, the binding energies of Cd 3d and S 2p

were reduced. This implied that there was an interaction between
C shell and CdS nanoparticles, which might result in the forming
of CdS@C QDs composite. Therefore, XPS results provided addi-
tional evidence of the existence of CdS@C nanomaterial, which
agreed with the results of XRD, RS and TEM. Fig. 5d shows that the
peak position of C 1s is located at 284.7 eV. As the shell, the
carbon passivated the surface of coated CdS QDs and reduced
their surface defects [36], which might improve the fluorescent
property of CdS@C QDs. This could be confirmed by the following
PL results.

The possible formation mechanism of CdS@C QDs is proposed
based on the above analysis. A schematic illustration of their
formation process is as follows.

In order to solve the problem of the severe agglomeration of
CdS particles during the pyrolysis process, we treated the sintered
product using HCl, illustrated in Fig. 6. The method was composed
of two steps: (i) pyrolysis and (ii) acid treatment processes. The
pyrolysis step (at 500 1C) involved three sub-processes. In the first
step, all the C–S bands were broked, the CdS nanoparticles and the
ligand fragments were formed. As a result, some CdS nanoparti-
cles were fully coated with the fragments, and others were
uncoated. And then, further pyrolysis process resulted in the
carbonization of the ligand fragments to form carbon shell, which
is coated on the CdS particles. At the same time, uncoated CdS
image of the sintered product.



Fig. 4. TEM images of different magnifications of the acid-treated sample: HRTEM image of a core-shell CdS@C QDs nanoparticle.

Fig. 5. Full XPS spectrum obtained from the surface of the acid-treated sample (a), narrow-scan XPS spectra of Cd 3d (b), S 2p (c) and C 1s (d) from the sample (a).
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Fig. 6. Schematic illustration of the formation process of CdS@C QDs obtained from improved pyrolysis of Cd(DM)2.

Fig. 7. PL spectra of (a) the acid-treated sample and (b) the pure CdS nanoparticles

with an excitation wavelength of 250 nm.
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particles grew up to larger crystals. Finally the coated and
uncoated CdS particles sintered and formed to the larger har-
dened aggregates. In the second step, the uncoated CdS particles
were removed by the acid treatment process and the monodis-
perse carbon-coated CdS QDs were obtained. It was easily inferred
that the carbon shell prevented the coated CdS QDs from being
etched by HCl and enhanced their mono-dispersion.

Room temperature solid-state photoluminescence (PL) fluor-
escence (exited with 250 nm laser) measurement results are
shown in Fig. 7. The PL spectra of the acid-treated sample and
the as-prepared pure CdS nanoparticles showed a strong emission
band at �392 nm. The characteristic emission band was ascribed
to CdS excimer band-to-band emission [37], which was obviously
blue-shifted from that of the bulk CdS (512 nm) [38]. The
significant blue shift was attributed to the strong quantum
confinement effects of CdS QDs. Comparing with the acid-treated
sample, the peak intensity of the pure CdS QDs was obviously
decreased. In other words, the fluorescence intensity of the acid-
treated sample was �5 times that of the pure CdS nanoparticles.
However, previous research suggested that CdS loaded on gra-
phene presented fluorescence quenching compared with the pure
CdS [39]. The possible reasons were as follows. Firstly, carbon
displayed a plasmon resonance absorption and changed the
radiative decay rate of CdS QDs [40], which could make CdS
QDs fluorescence enhancement. Secondly, compared with the
pure CdS, carbon passivated the surface of CdS particles, reduced
their surface defects and non-radiative transitions, which might
result in the fluorescence enhancement of CdS QDs [36,41].
Thirdly, with the nanoshell system [42], carbon shells were
largely non-conducting, which helped to enhance the quantum
yield of CdS QDs [43]. In addition, CdS QDs were well mono-
disperse in carbon, bringing in the reduction of the CdS par-
ticles’ higher density of surface states, which might lead to the
fluorescence enhancement of CdS QDs. With the good property,
CdS@C QDs maybe act as selective ion probes for ion analysis in
volume-limited biological samples and single cells [44].
4. Conclusions

We developed a facile approach to synthesize well-dispersed
carbon-coated CdS quantum dots using Cd(DM)2 as the single
precursor via the improved pyrolysis technique. The sintered
problem resulted from the conventional pyrolysis method was
effectively solved by acid treatment process through removing
uncoated CdS particles. The individual well-defined CdS@C QDs
had core diameters of�5 nm and shell thicknesses of �2 nm. The
CdS@C QDs composite exhibited obviously strong quantum con-
finement and fluorescence enhancement effects, which implied
that the CdS@C QDs might be a promising candidate for novel
optoelectronic devices. Consequently, carbon shell was a good
dispersion medium to form monodisperse CdS QDs and carbon
coating was an effective method to improve optoelectronic
performance of CdS QDs. The proposed approach gives a new
avenue for producing carbon-based semiconductor quantum dots
materials.
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