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Abstract The core—shell CdS-carbon (CdS/C) nanopar-
ticles were synthesized for the first time via a facile
pyrolysis approach of bis(f-mercaptoethanol)-cadmium(II)
as a single-source precursor. After using acid treatment
method, well-dispersed and homogeneous core—shell CdS/
C nanoparticles were obtained. The morphology, structure,
and properties of CdS/C nanoparticles were investigated by
X-ray diffraction (XRD), Raman spectra, transmission
electron microscopy, X-ray photoelectron spectroscopy
(XPS), and fluorescence spectroscopy. Most of the pre-
pared nanoparticles presented core—shell structures with
core diameter of ~10 nm and shell thickness of ~4 nm.
The CdS core belonged to hexagonal crystal system. The
carbon shell was employed as a good dispersion medium to
form well-dispersed small sized CdS particles. XRD and
XPS results revealed that there is an interaction between
CdS core and carbon shell. Fluorescence measurement
showed that the monodispersed CdS-carbon nanoparticles
exhibit remarkable fluorescence enhancement effect com-
pared with that of the pristine CdS nanoparticles, which
indicates the prepared nanoparticles are a promising
photoresponsive material.

Introduction
Surface functionalization has been recognized as an

advanced and convincing method to tailor the properties of
nanomaterials [1-11]. Surface coatings on nanostructure
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semiconductors can alter the charge, functionality, as well
as the reactivity of materials, and consequently enhance the
functional properties [1, 3, 12]. Designing core—shell
structure is regarded as an effective surface coating
method. Core—shell nanostructure semiconductors are
comprised of at least one semiconductor nanoparticle
which may serve as core or shell, such as Pt/CdS, Si/CdSe,
CdS/ZnS, CdS/ZnO, Cr,05/C, and so on. The chemical and
physical properties of these materials depend on the choice
of the two components. For example, a narrow band gap
semiconductor nanoparticle can be capped with a wide gap
material to prevent the formation of surface traps, leading
to enhanced band edge luminescence in the core—shell
system [12]. In addition, a protective shell material can be
chosen to improve the chemical stability of the core and to
maintain its performance for a long time, which is impor-
tant for solar cells [1] and electrode materials of the Li-ion
batteries [3].

In general, the conventional method to fabricate core—
shell semiconductor nanoparticles, by encapsulating the
core surfaces with a shell of desired material, requires
multi-step processes. For examples, Pt/CdS [13], CdSe/
CdS [14], CdS/ZnO [15], and CdS/S [16] were prepared by
a two-step method while Fe;0,4/C [17], SnO,/C [18], CdS/
ZnS [19], CdTe/CdS [20], and CdS/ZnS [21] were syn-
thesized by a three-step method. All of the mentioned
methods were carried out in liquid phase. Up to now, few
researches have adopted the conventional solid pyrolysis
technique to prepare core—shell materials. The main reason
is that the products obtained by the method are usually
sintered together making the uncontrollable particle-sizes.
Although some improved pyrolysis methods such as met-
allorganic chemical vapor deposition [22], aerosol-assisted
chemical vapor deposition [23], and atmospheric pressure
chemical vapor deposition [24] have been applied to
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fabricate core—shell nanomaterials, it is still a key research
challenge work to improve the conventional pyrolysis
method.

As an important narrow bandgap semiconductor, CdS
has many commercial applications such as optical detec-
tors, light-emitting diodes, optoelectronic devices, and
electrochemiluminescence [19, 25-27]. Previous results
have demonstrated that the CdS nanoparticles play an
important role in presenting their attractive physical
properties, so that they have been widely used in the
preparation of various nanostructural composites [27-29].
Carbon is a versatile coating material due to its chemical
stability, biocompatibility, and possibility of surface mod-
ification. Although many efforts have been made to syn-
thesize carbon-based CdS composites, such as carbon
nanotube/CdS, CdS/graphene, spherical C/CdS, and CdS/
carbon nanotube in liquid solvents using two or more
materials [5, 26, 30-32], there are few studies on the
preparation of core—shell CdS/carbon (CdS/C) nanoparti-
cles by conventional pyrolysis of a single precursor in solid
phase.

In this study, the bis(f-mercaptoethanol)-cadmium(II)
(Cd(SCH,CH,0H),) was employed as the single-source
precursor for the synthesis of sintered CdS/C nanomaterial
by one-step conventional pyrolysis process. After acid
treatment process, well-dispersed and homogeneous core—
shell CdS/C nanoparticles were obained. The product
presents remarkable fluorescence enhancement effects
compared with pristine CdS nanoparticles.

Experimental section
Preparation of CdS/C nanoparticles

All the chemicals and reagents were of analytical purity
and used as received without further purification.
Cd(SCH,CH,0H), (Cd(MCE),) was prepared by the
method described previously [33]. In a typical process,
Cd(MCE), was heated directly in a horizontal muffle fur-
nace from room temperature to 400 °C and kept at this
temperature in N, for 2 h. Consequently, the mixture of
CdS/C nanoparticles and uncoated CdS particles was
obtained, which was named as “sintered sample.” The
sintered sample consisted of orange and black particles was
immersed in hydrochloride acid aqueous solution (HCI,
volume fraction: 12%) for 30 min. After filtration, the
black colloid precipitates (namely acid-treated sample)
were collected while the orange particles disappeared. For
comparison, the pristine CdS nanoparticles with a diameter
of ~10 nm were prepared by conventional chemical
deposition method.

@ Springer

Characterization of the nanoparticles

X-ray diffraction (XRD), Raman spectra (RS), transmis-
sion electron microscopy (TEM), X-ray photoelectron
spectroscopy (XPS), and room temperature photolumines-
cence (PL) spectroscopy were used to characterize the
as-prepared nanocomposites. XRD was recorded on a
Bruker D8 Advanced X-ray diffractometer using Cu Ko
radiation (A = 1.54056 10%) at 40 kV/40 mA. FT-RS were
obtained with a Renishaw inVia Raman microscope with
514.5 nm provided by an Ar" laser. TEM and HRTEM
were performed with a JEM-2100 microscope (JEOL)
operating at 200 kV accelerating voltage. Samples were
prepared as follows: disperse the products in ethanol by
ultrasonication and place a drop of the suspension on a
copper grid coated with an amorphous carbon film, and the
ethanol was evaporated naturally. Images were acquired
digitally on a scanning CCD camera. The composition
analysis and the electronic binding energy were examined
on an X-ray photoelectron spectroscope (Thermo ESCA-
LAB 250), with AlKa (1486.7 eV) radiation for excitation
(15 kV and 10 mA). The X-ray source was operated at
150 W. The Cls peak at a binding energy 284.7 eV was
taken as an internal standard. PL spectra were obtained on
a Cary Eclipse fluorescence spectrophotometer with a Xe
lamp as the excitation light source.

Results and discussion

X-ray diffraction patterns are shown in Fig. 1. The dif-
fraction peaks (in Fig. 1a) could be readily indexed to
hexagonal CdS (space group: P63mc, a = 4.136 A,
c=6713 A, o= =90° y=120° and JCPDS No.
06-0314). As seen from Fig. 1, the broader Bragg peaks’
positions of the acid-treated sample (b) are similar to the
ones of the sintered sample (a), indicating coated CdS also
pertained to hexagonal crystalloid. The peaks’ intensity of
the acid-treated sample is weaker than that of the sintered
sample, implying some uncoated CdS crystals with high
crystallinity were removed by the acid-treated approach.
Another possible reason is that the surface of CdS core was
coated by the protective carbon shell, which hindered the
detection of coated CdS crystals. The positions of the
diffraction peaks of the acid-treated sample also illumi-
nated that coated CdS crystals with smaller sizes still sur-
vived after the acid-treated process, and the broadly
diffused peak at 20°-30° is ascribed to carbon shell [34].
The inset is the part of the full figure (from 24° to 30°).
Comparing with that of the sintered sample (a), the posi-
tions of diffraction peaks (shown with the vertical lines) of
the acid-treated sample (b) make a slight shift to smaller
coordinate numbers along the horizontal axis, which
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Fig. 1 XRD patterns of the sintered sample (a) and the acid-treated
sample (b); the inset is the part of the full figure (from 24° to 30°)

implies the interplanar distance of coated CdS is larger than
that of the sintered sample. The possible reason is that C
shell afforded electrons to Cd atom, which weakened the
binding energy and reduced the electrostatic attraction
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between Cd atom and S atom, resulting in the interplanar
space becoming larger than that of pristine CdS. The rati-
ocination is consistent with XPS result. This phenomenon
offered an evidence of the presence of CdS/C nanomaterial.
Figure 2 depicts the room temperature RS of the sin-
tered product and the acid-treated sample. The Raman
spectrum of the sintered product (a) displays two peaks at
~295 and ~591 cm™ ', which individually corresponds to
the first- and second-order longitudinal optical (LO) pho-
non modes of CdS nanoparticles [35]. In addition, there are
two Raman peaks at ~1344 and ~1581 cm™', corre-
sponding to the D and G peaks of carbon [36], respectively.
Compared with the sintered product, the acid-treated
sample (b) only shows the D and G peaks of carbon, and no
peaks of CdS, which implies that uncoated CdS particles
are removed by HCI; and the CdS nanoparticles in the acid-
treated sample are completely coated. This provides addi-
tional evidence of the existence of CdS/C nanomaterial.
Figure 3a, b display TEM images of core—shell CdS/
carbon nanoparticles, which are highly monodispersed and
homogeneous, scale bar, 100 and 20 nm, respectively.
Figure 3c is the HRTEM image of a CdS/C nanoparticle
with a core diameter of ~ 10 nm and a shell thickness of
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Fig. 2 Raman spectra of the sintered sample (a) and acid-treated sample (b)
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Fig. 3 TEM images: the acid-treated sample (a, b; scale bar 100 and 20 nm); HRTEM image of a core—shell CdS/C nanoparticle (c), scale bar
5 nm; the dashed lines are guides for eyes, distinguishing the core and shell boundaries, respectively
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Fig. 4 Full XPS spectrum obtained from the surface of the acid-treated sample (a); narrow-scan XPS spectra of Cd 3d (b), S 2p (¢), and Cls

(d) from the sample (a)

~4 nm. Scale bar is 5 nm. The dashed lines are guides for
eyes to distinguish the CdS core and carbon shell bound-
aries, respectively. According to the Bragg equation, the
growth direction of CdS crystal is along the [002] direction.
These CdS/C nanoparticles could retain a stable structure
even after being heated at 400 °C for 10 h.

The XPS survey spectrum of the acid-treated sample is
shown in Fig. 4. The identified peaks are labeled to the
various corresponding elements. Figure 4a shows the full
XPS spectrum taken from the surface of CdS/C nanopar-
ticles. The peaks in the XPS data (Fig. 4a) could be iden-
tified 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 cor-
rected in consideration of the specimen charging and by
referring to Ols at 530.7 eV. In the high resolution XPS
spectrum of the CdS/C nanoparticles, the binding energies
of Cd 3d doublet are located at 404.5 and 411.2 eV,
respectively with a peak separation of 6.7 eV (Fig. 4b).
Similarly, the peak position of S 2p is located at 160.9 and
162.1 eV (Fig. 4c); however, the separation is very small
(~1.1 eV). It can be noticed that there is a slight shift in
the Cd 3d peaks (from 405.5 to 404.5eV, 412.2 to
411.2 eV) and S 2p peaks (165-160.9 eV) to lower binding
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energy comparing with their standard values reported in the
literature for CdS [37-39]. A possible reason is that the Cd
atoms are afforded the electrons from the carbon shell,
which causes the electron density around Cd atoms to
increase and the strength of the CdS bond to decrease [38].
Therefore, the binding energies of Cd 3d and S 2p are
reduced. It is evident that there is an interaction between
carbon shell and CdS nanoparticles, which agrees with
XRD results. Figure 4d shows that the peak position of Cls
is located at 284.7 eV. As the shell, carbon weakens the
photosensitivity of coated CdS nanoparticles and passiv-
ated their surface [40], which might make CdS/C a novel
electrode material in solar cells or optical detectors.
Figure 5 illustrates schematically the formation process
conducted in N, atmosphere. In the first stage, CdA(MCE),
was thermally decomposed, forming CdS nanoparticles and
the ligand fragments. Parts of the CdS nanoparticles were
fully coated with the fragments. Further pyrolysis resulted
in the formation of carbon shells, which could restrain
coated CdS particles growth. The part coated or uncoated
CdS particles grew up to a larger size when the reaction
mixture was maintained at a higher temperature. Finally
the coated and uncoated particles were sintered, forming a
larger hardened sample. When the sample was treated by
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Fig. 6 Fluorescence spectra of the acid-treated sample (a) and the
pristine CdS (b)

hydrochloride acid aqueous solution, the uncoated CdS
particles were dissolved in the solution, resulting in the
disintegration of the sintered sample and the formation of
monodispersed CdS/C core—shell nanoparticles.

The room temperature solid-state PL fluorescence
(exited with 320 nm laser) measurement results are shown
in Fig. 6. The results of fluorescence spectra of the acid-
treated sample (a) and the pristine CdS (b) showed a strong
emission band at ~392 nm. The characteristic emission
band is ascribed to CdS excimer band-to-band emission
[41], which obviously blue-shifted in comparison to that of
the bulk CdS (512 nm) [42]. This blue-shifted phenomenon
was mainly caused by quantum confinement of CdS
nanoparticles [43]. The fluorescence intensity of the acid-
treated sample is enhanced ~3.5 times to that of the
pristine CdS nanoparticles. The possible reason is that C
shell effectively passivated the surface of CdS nanoparti-
cles, and reduced their surface defects and nonradiative
transition, which resulted in the fluorescence enhancement
of as-prepared sample [40]. In other words, compared with
ordinary loading, this coating action of carbon shell to CdS
nanoparticles increased the contact between carbon and
CdS, prevented the aggregation of coated CdS nanoparti-
cles and passivated the surface of coated CdS nanoparti-
cles, which were consistent with the results of XRD, TEM,
and XPS. All of the above may make Cd/C nanoparticles
demonstrate obvious fluorescence enhancement effect

particles were obtained. Individual CdS-carbon nanoparti-
cle had a core diameter of ~ 10 nm and a shell thickness of
~4 nm. Carbon shell was a good dispersion medium to
form well-dispersed and small CdS particles. XRD and
XPS results implied that there was an interaction between
core CdS and carbon shell. This might be the main reason
that Cd/C nanoparticles presented obvious fluorescence
enhancement effect compared with the pristine CdS
nanoparticles, which could be useful in the design of
luminescence and optoelectronic devices. Furthermore, this
simple approach is desirable for synthesis of other carbon-
based core—shell nanoparticles or other interesting nano-
structures, since our studies show that the method is also
feasible to prepare ZnS/C, CuS/C, and NiS/C nanocom-
posites, which is now being investigated.
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