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This manuscript describes the accurate coating of CdS nanoparticles on the surface of colloidal carbon spheres by a
facile two-step, microwave-assisted method and the studies on the photocatalytic activity of the C@CdS core-shell
spheres. For the coating of CdS nanoparticles, cadmium ions were incorporated into the hydrophilic shell of colloidal
carbon spheres and reacted with an introduced sulfur source under a microwave field to obtain the C@CdS hybrid
spheres. Using this process, the as-prepared hybrid structures preserved the good dispersity and uniformity of initial
carbon spheres, and the thickness of the CdS nanoparticles shell could be varied or controlled by the irradiation time. A
photoluminescence spectrum showed that the C@CdS hybrid spheres feature a broad green emission at around 494 nm
(λex= 337 nm).Additionally, CdS nanospheres were successfully prepared in aqueous solution via amicrowave-assisted
route, and the effect of irradiation time on the products was also investigated. The studies of the photocatalytic property
demonstrate that these fabricated functional hybrid structures evinced a higher photocatalytic degradation activity
when exposed to visible light irradiation than that of CdS nanospheres under the same conditions.

1. Introduction

It is well-known that dyes are important organic pollutants,
and their release as wastewater in the ecosystem is a dramatic
source of esthetic pollution in aquatic life.1-3Most of the dyes are
resistant to biodegradation and direct photolysis, and many
N-containing dyes such as rhodamine B (RhB) undergo natural
reductive anaerobic degradation to yield potentially carcinogenic
aromatic amines. Because of the combination of different proper-
ties in one particle, which may be constructed of different chemical
components, core-shell or hybrid nanostructures have attracted
much interest in the area of application.4 Cadmium sulfide (CdS)
is an important II-VI semiconductor with a direct band gap
energy of 2.42 eV.5 It can absorb most of the visible light in the
solar spectrum and has potential applications in laser light-
emitting diodes, dye-sensitized solar cells, fluorescence probes,
displays, photoelectrocatalysts, sensors, and optoelectronic
device, etc.6,7 Because of their unique photochemical and photo-
physical properties, CdS nanoparticles as photocatalyst used in
the degradation of dyes in wastewater under visible light irradia-
tion have attracted intense interest in recent years.8,9 The mecha-
nism of CdS photodegradation behavior can be explained as
follows.10

First, CdS photocatalyst is evoked by relevant light to produce
electrons (eq 1). Second, the electrons are scavenged bymolecular
oxygen (O2) to yield the superoxide radical anion (O2

•-) (eq 2)
and hydrogen peroxide (H2O2) (eq 3) in oxygen-equilibrated
media.

CdSþ hv f CdSðhþÞþ e- ð1Þ

e- þO2 f O2
•- ð2Þ

e- þO2 þ 2Hþ f H2O2 ð3Þ
These new formed intermediates will interreact to produce
hydroxyl radical 3OH (eq 4).

H2O2 þO2
•- f 3OHþOH- þO2 ð4Þ

In the end, the 3OH radical is a powerful oxidizing agent, which
has enough capacity for degrading most pollutants.

However, CdS nanoparticles are apt to aggregate in aqueous
solution during synthesis processes, which results in rather lower
photodegradation efficiency. This obstacle can be overcome by
employing CdS nanoparticles loading on the surface of colloidal
carbon spheres and obtaining obviously enhanced photocatalytic
activity. More recently, a great deal of research efforts have been
devoted to explore novel strategies that can alter the physical
properties of colloidal carbon spheres by surface modification
with noble-metal nanoparticles, oxide nanoparticles, or semicon-
ductor quantum dots.11-14 These functional carbon-based com-
posite spheres demonstrate eminent prospects and opportunities
for new applications in a wide variety of areas.
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The surface of the carbon spheres is hydrophilic and has a
distribution of -OH and CdO groups.11 Upon dispersal of the
carbonaceous microspheres in metal salt solutions, the functional
groups in the surface layer can bind metal cations through coor-
dination or electrostatic interactions. In addition, there are some
nanosized pores distributed uniformly on the surface of carbon
spheres, which may be caused by removal of residual organic com-
pounds, such as oligosaccharides from the surface by washing
with water and alcohol.11 These pores could not only increase the
surface area, but also aid penetration of reactive species. A series
ofmetal oxide hollow nanospheres using carbonaceous spheres as
templates have been synthesized via this surface-layer-adsorption
and calcination route.15,16 Up to now, the coating of colloidal
carbon spheres with CdS nanoparticles has not been reported.
Distributing the CdS nanoparticles is a very good candidate route
for improving degradation of organic compounds.

Moreover, microwave irradiation is an attractive method for
the synthesis of nanocrystals and has the advantages of short
reaction time, small particle size, narrow particle size distribution,
andhighpurity.17-21Herein,we report a simplemicrowave-assisted
method for the accurate coating of colloidal carbon spheres with
CdS nanoparticles. The principle of this method is described in
Scheme 1. In the first step, the adsorption of cadmium ion incor-
porated into the hydrophilic shell of colloidal carbon spheres is
conducted at 60 �C for 12 h. Then, the above samples are dispersed
in 20 mL of distilled water and 0.01 mol of Na2S2O3 3 5H2O and
were placed in a microwave refluxing system at 280W for different
times, resulting in C@CdS core-shell spheres. This microwave
irradiation route demonstrates a low-temperature, environmen-
tally sustainable, loading of metal-sulfide on colloidal carbon
sphere methodology. In addition, the greatest advantage of this
route is that CdS agglomeration can be naturally avoided,
because the cations are first absorbed into the surface layer to
form a composite shell and then form sulfide via microwave irra-
diation, rather than forming a heterogeneous coating. The C@CdS
hybrid spheres feature a broad green emission at around 494 nm
(λex = 337 nm) and exhibit the excellent photocatalytic activity
toward the decomposition of RhB. In addition, CdS nanospheres
are successfully prepared in aqueous solution via the microwave-
assisted route, and the effect of irradiation time on the products is
also investigated. These fabricated functional hybrid structures
evince a higher photocatalytic degradation activity exposure to
visible light irradiation than that of pure CdS nanospheres under
the same conditions.

2. Materials and Methods

All reagents were of analytical grade, purchased from the
Shanghai Chemical Reagent Factory, and used as received with-
out further purification.

2.1. Synthesis of Colloidal Carbon Spheres. In a typical
procedure, 3.96 g of glucose was dissolved in 40 mL of distilled
water forming a clear solution. The solutionwas transferred into a
50 mL autoclave with a Teflon seal, maintained at 180 �C for 8 h,
and finally black products were obtained. The products were
collected through centrifugation at 5000 rpm for 20min, and then
by three cycles of centrifugation-washing-redispersion with
distilled water or ethanol. The final samples were dried in an oven
at 80 �C for more than 6 h.11

2.2. Synthesis of C@CdS Core-shell Hybrid Spheres
via Microwave Irradiation. In a typical procedure, 0.01 mol of
CdCl2 3 2.5H2O was added into a round-bottom flask and dis-
solved in a solvent containing 10 mL of ethanol and 10 mL of
distilled water, which formed a clear solution. A 25mg portion of
the as-prepared carbon spheres was added into the above solution
and was well dispersed with the assistance of sonication for 10 min.
This Cd-absorbed carbon spheres solution was maintained at
60 �C for 12 h to arrive at the saturated extent of adsorption and
then was collected by centrifugation. To remove possible super-
fluous cations and anions, the obtained products were washed with
ethanol and distilled water three times, and then dried at 80 �C for
4 h. The above-obtained samples and 0.01mol ofNa2S2O3 3 5H2O
were placed in a microwave refluxing system irradiated at 280 W
for different times, which resulted in carbon@CdS core-shell
composite spheres. After collection by centrifugation, the final
products werewashedwith ethanol and distilled water three times
before drying at 80 �C for 4 h.

2.3. Synthesis of CdSNanospheres. In a typical procedure,
0.0025 mol of CdCl2 3 2.5H2O, 0.005 mol of Na2S2O3 3 5H2O and
0.2 g of poly(vinylpyrrolidone) (PVP) were mixed with 30 mL of
distilled water in a round-bottom flask. The amount of the
Na2S2O3 3 5H2O was higher to ensure the cadmium salt reaction
completely. After being vigorously stirred for 5 min at room tem-
perature, the solution was transferred into a microwave refluxing
system and irradiated at 280 W for different time intervals. After
the reactions were finished, the final yellow precipitates were col-
lectedby centrifugation andwashedwith ethanol anddistilledwater
several times until high purity final products were obtained. These
were dried at 60 �C under vacuum.

2.4. Characterization. Powder X-ray diffraction (XRD)
measurements of the samples were performed with a Philips
PW3040/60 X-ray diffractometer using Cu KR radiation at a scan-
ning rate of 0.06 deg s-1. Scanning electron microscopy (SEM)
was performed with a Hitachi S-4800 scanning electron micro-
analyzer with an accelerating voltage of 15 kV. Transmission
electron microscopy (TEM) was carried out on a Hitachi H-800
transmission electron microscope. High-resolution transmission
electronmicroscopy (HRTEM) and selected area electrondiffrac-
tion (SAED) were conducted at 200 kV with a JEM-2100F field
emission machine. Energy dispersive X-ray spectrometry (EDS)
was performed with a spectroscope attached to HRTEM, which
was used for elemental analysis. Samples for TEMmeasurements
were prepared for TEMby dispersing the products in ethanol and
placing several drops of the suspension on holey carbon films
supported by copper grids. Further evidence for the composition
of the product was inferred from X-ray photoelectron spectros-
copy (XPS), using an ESCALab MKII X-ray photoelectron
spectrometer with Mg Ka X-ray as the excitation source. The
photoluminescence spectra were recorded on an Edinburgh
FLSP920 fluorescence spectrometer, and the absorption spectra
were measured using a PerkinElmer Lambda 900 UV-vis spectro-
photometer at room temperature. In addition, for XRD, EDS,
XPS, PL, and photocatalystic activity tests, we took samples
that were all obtained via microwave irradiation at 280 W for
30 min.

Scheme 1. Schematic Illustration of the Coating of CdS Nanoparti-
cles on Colloidal Carbon Spheres
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2.5. Photocatalytic Activity of C@CdS Hybrid Spheres
and CdS Nanospheres. Photocatalytic activities of C@CdS
hybrid spheres and CdS nanospheres were evaluated by the
degradation of RhB under visible light irradiation of a 500 W Xe
lamp with a 420 nm cutoff filter. The reaction cell was placed in a
sealed black box with the top opened, and the cutoff filter was
placed to provide visible-light irradiation. In a typical process,
0.08 g of as-prepared C@CdS hybrid spheres and CdS nano-
spheres as photocatalysts were added into 100 mL of RhB solution
(concentration: 3 mg/L), respectively. After being dispersed in an
ultrasonic bath for 5 min, the solution was stirred for 2 h in the
dark to reach adsorption equilibriumbetween the catalyst and the
solution and then was exposed to visible light irradiation. The
samples were collected by centrifugation at given time intervals to
measure the RhB degradation concentration by UV-vis spec-
troscopy.

3. Results and Discussion

The XRD patterns of as-prepared C@CdS hybrid spheres and
CdS nanospheres are shown inFigure 1. FromXRDpatterns, the
position of diffraction peaks of as-prepared C@CdS hybrid
spheres (Figure 1A) and CdS nanospheres (Figure 1B) are in
good agreement, and the peaks at 2θ values of 26.4�, 43.9�, and
51.9� correspond to the crystal planes of the (111), (220), and
(311) of face-centered cubic (fcc) CdS (JCPDS standard card no.
89-0440) with a cell constant of a = 5.811 Å, respectively. No
other impurity phases were detected in any of these products. The
XRD patterns of as-prepared C@CdS hybrid spheres and CdS
nanospheres are both obtained after microwave irradiation for
30 min. The average size of CdS nanoparticles calculated using
the Debye-Scherrer equation based on the full width at half-
maximum of the diffraction peak were 6.0 and 3.5 nm, respec-
tively. We think the existence of surfactant (PVP) in the prepara-
tion of CdS nanospheres is the key factor to obtain less crystalline
CdS, which could prevent CdS crystallites reuniting together and
forming clusters at random. Even though the irradiation time is
the same, the C@CdS hybrid spheres should give sharper and
higher intensity peaks thanCdS nanospheres in theXRDpattern.
In addition, the XRD patterns of as-prepared C@CdS hybrid
spheres with different irradiation time are shown in Supporting
Information, Figure S1. The average size of CdS nanoparticles
with irradiation time (5, 10, 30min), calculated using theDebye-
Scherrer equation based on the full width at half-maximumof the
diffraction peak, was 1.6, 3.8, and 6.0 nm, respectively. Thus, the
size of CdS nanoparticles is gradually increased as the irradiation
time goes on.

The typical SEM image of nearlymonodisperse carbon spheres
and the as-prepared C@CdS hybrid spheres obtained by

Figure 1. XRDpatternsof (A) theC@CdShybrid spheres and (B)
CdS nanospheres.

Figure 2. TEM image of the as-prepared C@CdS hybrid spheres prepared by microwave irradiation at 280 W for (A) 5 min and HRTEM
image (inset), (B) 10minandHRTEMimage (inset), (C) 30minandSAEDpattern (inset), and (D)EDSpatternof the shell ofC@CdShybrid
spheres.
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microwave irradiation for different times are shown in the Support-
ing Information (Figure S2). To further investigate the growth
process for the coating of colloidal carbon spheres with CdS nano-
particles, we monitored the samples by TEM with different
microwave irradiation times. Typical TEM and HRTEM (inset)
images of as-prepared C@CdS hybrid spheres were shown in
Figure 2.As seen inFigure 2A-C,with themicrowave irradiation
power kept at 280 W and the irradiation time enhanced to 5, 10,

and 30min, the thicknesses of CdS nanoparticle shell layers of the
final products were 10, 20, and 50 nm, respectively. From these
images, it can be seen that the as-prepared hybrid structures pre-
served the good dispersity and uniformity of initial carbon
spheres. Because the precursor was the saturated Cd-absorbed
carbon spheres and the only sulfur source was provided in the
process of microwave irradiation, no obvious change of the thick-
ness of shell was observed after 30 min. The SAED pattern (inset
in Figure 2C) demonstrated the details of the local polycrystalline
structure, and the concentric rings could be assigned as diffrac-
tions from the (111), (220), and (311) planes of fcc CdS,whichwas
consistent with the XRD result. The EDS pattern of surface layer
of as-prepared C@CdS hybrid spheres is shown in Figure 2D,
which confirms the existence of CdS nanoparticles on the carbon
spheres. It is obvious that the copper peak is caused by the copper
grid used to clamp the samples. The composition of the products
is further analyzed byXPS, and the typical survey spectrumof the
C@CdS hybrid spheres is shown in the Supporting Information
(Figure S3).

Figure 3 and Figure 4 show typical SEM and TEM images of
the as-prepared CdS nanospheres obtained via the microwave
irradiation route at 280W for different times. From the figures, it
is clear that CdS nanospheres are randomly and homogeneously
distributed in all areas. By changing microwave irradiation time,
we try to get better experimental conditions for the control of

Figure 3. Typical SEMimages of as-preparedCdSnanospheres obtained viamicrowave irradiation for different times: (A) 10, (B) 20, (C) 30,
and (D) 50 min.

Figure 4. Typical TEM images of as-prepared CdS nanospheres
obtainedviamicrowave irradiation fordifferent times: (A) 10, (B) 20,
(C) 30, and (D) 50 min.

Figure 5. PL spectra of (A) C@CdS hybrid spheres and (B) CdS
nanospheres (λex = 337 nm).
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uniform-sized andmonodisperseCdS nanospheres. Figure 3 panels
A-D show experimental results carried out with different micro-
wave radiation times. The irradiation time was controlled for 10,
20, 30, and 50min and the corresponding average diameter of the
nanospheres was 80, 100, 120, and 150 nm, respectively. The longer
the irradiation time was, the larger was the size of CdS nano-
spheres formed. It is clearly shown that the uniformity of the
nanospheres is better when the radiation time is 30min. The TEM
results are in good agreement with that of the SEM.Compared to
the reaction in the absence of PVP, the microwave reaction in the
presence of PVP can be well controlled and produces a more
uniform formation of CdS nanospheres. It is thought that the
functionof PVPhere is to preventCdS crystallites reuniting together
and forming clusters at random.22

To investigate the optical properties of the as-prepared C@CdS
hybrid structures and their potential application as photonic
materials, a study of their PL spectrumwas recorded at room tem-
perature. For a comparison, the optical properties of CdS nano-
spheres were also studied at the same conditions. Figure 5 shows
the PL spectra of the as-prepared C@CdS hybrid spheres and
CdSnanospheres. TheC@CdShybrid structures (Figure 5A) and
CdS nanospheres (Figure 5B) all feature a broad green emission
at around 494 nm under an excitation wavelength of 337 nm.
There is no variation in the analysis of PL spectra of the band gap
energy of CdSwhen theCdSwere coated on the surface of colloidal
carbon spheres. The PL peak intensity for the C@CdS hybrid
spheres is much stronger than that for the CdS nanospheres. This
maybe attributed to theweakPL in thewidewavelength regionof
carbonaceous spheres. The PL in amorphous carbon is thought to
occur due to the radiative recombination of electrons and holes in
the band-tail states created by sp2 rich clusters.23,24 Thus, the PL

of as-prepared C@CdS hybrid spheres shows a higher baseline
than that of pure CdS nanospheres.

Figure 6A,B displays the photodegradation behaviors of RhB
catalyzed by C@CdS hybrid spheres (sample 1) and CdS nano-
spheres under visible light illumination, respectively. The absorp-
tion peaks at 553 nm corresponding to RhB diminished gradually
with an absorption band shift to shorter wavelengths as the expo-
sure time is added; similar result have also been reported by Wu
et al.25 To investigate the relationship of the sample’smorphology
and the photocatalytic efficiency, the dependence of the degrada-
tion rate of RhB on the irradiation time using different samples is
plotted in Figure 6C. The complete photodegradation of RhB in
the presence of pure CdS nanospheres requirs 90 min, but that of
C@CdS hybrid spheres only requires 40 min, indicating the
enhanced photocatalytic activity of the hybrid structure samples.
The stability of a photocatalyst is important to its application.
To further demonstrate the reproducibility of photocatalytic activ-
ity between different batches of C@CdS, the photodegradation
behaviors of RhB catalyzed by other samples (2, 3, 4, 5, and 6),
which were all obtained via microwave irradiation for 30 min are
carriedout.Figure 6Dshows thedecolorization rates usingdifferent
batches of C@CdS hybrid spheres as photocatalysts are 97.8%,
94.3%, 95.5%, 87.2%, 91.7% and 94.9%, after exposure to visible
light irradiation for 40 min. The results show that the photo-
catalytic activity of C@CdS hybrid spheres has good stability.

The superior photocatalytic performance of these hybrid struc-
tures may be ascribed to the following. First, the surface sensitizer
of carbonaceous species was considered to be the origin of its visible
light photocatalytic activity.26 Second, the hydroxyl groups of
carbon sphere surfacesmay accept photogenerated holes to prevent
electron-hole recombination.27The separation of photogenerated

Figure 6. The absorption spectra of the RhB solution at different exposure time in the presence of (A) C@CdS hybrid spheres and (B) CdS
nanospheres. (C) The relationship of degradation rate of RhB with the irradiation time and (D) the degradation rate of RhB using different
batches of C@CdS hybrid spheres as photocatalysts after exposure to visible light irradiation for 40 min.
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electron-holes can significantly be facilitated in the presence of
carbon. In addition, the pollutants RhB are adsorbed on adsor-
bent supports (carbonaceous spheres), resulting in a higher pollu-
tant environment around the loaded CdS nanoparticles. Thus, the
C@CdS evinced a higher photocatalytic activity. The photoca-
talytic properties of these fabricated functional hybrid structures is
very complicated. We will further do a series of experiments center-
ing on the influence of the different batches of C@CdS on pho-
tocatalytic activity and do extended research on the degradation
mechanism influenced by the interface of carbon and CdS. We
will report this work in the future.

4. Conclusions

We demonstrated a facile two-step, microwave-assisted meth-
od for the accurate coating of CdS nanoparticles on the surface of
colloidal carbon spheres. First, the adsorption of cadmium ion
was incorporated into the hydrophilic shell of colloidal carbon
spheres, conducted at 60 �C for 12 h, and then washed, centrifuged,
dried, and collected. Second, the above samples were dispersed into
20mLof the distilledwater and then 0.01mol of sulfur sourcewas
added.Themixturewas placed in amicrowave refluxing systemat
280 W for different times, resulting in C@CdS hybrid spheres.
With thismethod, the as-prepared hybrid structures preserved the
good dispersity and uniformity of the initial carbon spheres, and

the thickness of the CdS nanoparticles shell could be varied or
controlled by the irradiation time. In addition, CdS nanospheres
were successfully prepared in aqueous solution via a microwave-
assisted route, and the effect of irradiation time on the products
was also investigated. The fabricated functional C@CdS hybrid
structures evinced a higher photocatalytic activity in the degrada-
tion of RhB than that of pure CdS nanospheres under the same
conditions. It is expected that this kindof hybrid structures should
be ideal photocatalysts in the removal of dyes and other organic
pollutants, and further could be exploited for applications in pho-
tocatalytic cleaners, optoelectronic devices, water purification, envi-
ronmental cleaning, and solar energy conversion.
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