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surfaces with different interface structures: from amorphous to graphite-like
carbont
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A rapid microwave-assisted method was used for the accurate coating of CdS nanoparticles on the
surface of colloidal carbon microspheres to form C/CdS hybrid microspheres, which demonstrated
enhanced visible-light-photocatalytic activity for the degradation of rhodamine B (RhB). To
investigate the optimal photocatalytic synergistic effect, the above as-prepared of C/CdS hybrid
microspheres were treated in a tube furnace by annealing at different temperatures (from 300 to
800 °C) in a N, flow, which resulted in CdS nanoparticles assembled on different carbon layers (from
amorphous to graphite-like carbon). The changes in FT-IR and Raman spectra that were caused by
different interfaces were studied. Further, the synergic effect between CdS nanoparticles and different
carbon layers, which influence the photocatalytic activity, was then investigated systematically. The
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results show that the photocatalytic activity of these samples was gradually enhanced as the
calcination temperature increased. But compared to the sample without calcination, the
photocatalytic activity decreases first and then increases. The combination of CdS and graphite-like
carbon may be an ideal system to cause a rapid photoinduced charge separation and decreased
possibility of recombination of electron-hole pairs by taking advantage of graphite-like carbon’s
unique electron transport properties, which increase the number of holes participating in the

photooxidation process and enhance the photocatalytic activity.

Introduction

During the past decades, the photocatalytic degradation of
organic compounds has been extensively studied for its potential
for environmental remediation. Meanwhile, a great deal of metal
oxide and sulfide semiconductors are found to be used as
photocatalysts in purifying wastewater.'> As a 1I-VI semicon-
ductor compound, cadmium sulfide (CdS) has attracted con-
siderable interest in optoelectronic applications because of its
band gap energy (2.42 eV) in the visible-light region.* CdS is
also generally considered to be one of the best photocatalysts for
its unique photochemical and photophysical properties such as
high-efficiency, photochemical stability, and low-cost in waste-
water treatment.®” Unfortunately, the photocatalytic activity of
pure CdS is limited due to its poor adsorption abilities and the
fast recombination rates of photoinduced charge carriers. For
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improving the photocatalytic activity of CdS, the processes in
the photocatalytic reaction, including the generation, separation,
recombination and migration of the photogenerated electrons and
holes, should be comprehensively investigated.>” Several methods
have been employed for improving the photocatalytic activity of
CdS such as metal cation doping, surface modification with metals,
and addition of semiconducting metal oxides.'® 12 However,
enhancing the photocatalytic efficiency of CdS to meet the practical
application requirements is still a challenge because of the need for
the enhancement of solar energy conversion and the suppression of
the recombination of photogenerated electron—hole pairs.

It is widely accepted that a high mobility for photoexcited
electron—hole separation is very important and has significant
benefits for the improvement of the catalytic performance of
photocatalysts.!*!* Conjugated materials have been proven to be
a category of materials with unique properties in electron or hole
transport, which can cause a rapid photoinduced charge
separation and a relatively slow charge recombination in
electron-transfer processes.'> !’ Graphite-like carbon has a
conjugated structure and the combination of semiconductors
and graphite-like carbon may be an ideal system to accelerate the
charge transfer from photocatalyst to the liquid-solid interface
contacting with organic pollutants by taking advantage of
carbon’s unique electron transport properties. Several recent
publications have reported that graphite-like carbon loading on
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photocatalysts could be used as an electron transfer channel for
reducing the recombination of the photogenerated electron—
holes, and leading to improved photoconversion efficiency of the
photocatalytic materials. Zhu’s group have developed conjuga-
tive m structure materials hybridized with semiconductor as
efficient photocatalysts, they coated TiO, and ZnO particles via
hybridization with graphite-like carbon, which obviously
enhanced the photocatalytic activity of pure TiO, and
Zn0."%Y Li er al reported that carbon-modified Bi,WOq
showed excellent photoactivity activity towards rhodamine B
(RhB) by enhancing the photogenerated electron-hole separa-
tion associated with the carbon layer.?® Although preparation of
graphitic-like carbon modified semiconductors and enhanced
photocatalytic activity have been reported, little attention was
paid to the synergic effect between graphitic-like carbon and
CdS.

Recently, we reported a rapid microwave-assisted method for
the accurate coating of CdS nanoparticles on the surface of
colloidal carbon microspheres to form C/CdS hybrid spheres,?!
which demonstrate enhanced visible-light-photocatalytic activity
for the degradation of RhB. However, the photocatalytic
mechanism caused by the interface of the CdS nanoparticles
and carbon layer needs further investigation. In this paper, based
on the previous research, we treated the as-prepared C/CdS
hybrid microspheres in a tube furnace by annealing at different
temperatures in a N, atmosphere, and we removed samples with
different calcination temperatures of 300, 400, 500, 600, 700, and
800 °C for testing. The changes in FT-IR and Raman spectra
that were caused by different interfaces were studied. Moreover,
the synergic effect between CdS nanoparticles and different
carbon layers and the resulting impact on the photocatalytic
activity were then investigated systematically.

Materials and methods

All reagents in this work were analytical grade, purchased from
the Shanghai Chemical Reagent Factory, and used as received
without further purification.

Synthesis of C/CdS core—shell hybrid microspheres via microwave
irradiation and graphitization treatment

The C/CdS core-shell hybrid microspheres were synthesized in a
similar way to that which we presented previously.>' Briefly,
0.01 mol of CdCl,-2.5H,0 was added into a round-bottom flask
and dissolved in a solvent containing 10 mL of ethanol and
10 mL of distilled water, which formed a clear solution. A 25 mg
portion of the as-prepared carbon microspheres obtained by the
reported method?? was added into the above solution and well
dispersed with the assistance of ultrasonication for 10 min. The
Cd-absorbed carbon microspheres 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
superfluous cations and anions, the obtained products were
washed with ethanol and distilled water three times, and then
dried at 80 °C for 4 h. 20 mL of the above-mentioned ion-
absorbed template suspension, and 0.01 mol of thioacetamide
(TAA) were placed in a microwave refluxing system and
irradiated at 280 W for 30 min. The C/CdS core-shell
hybrid microspheres were thereby obtained. After collection by

centrifugation, the final products were washed with ethanol and
distilled water three times before drying at 80 °C for 4 h.

Then, the graphitization process was achieved in a tube
furnace by annealing the above samples at different temperatures
(300, 400, 500, 600, 700, and 800 °C) for 3 h in a N, flow
(60 mL min~'). The products obtained at temperatures of 300,
400, 500, 600, 700, and 800 °C were named as S-300, S-400,
S-500, S-600, S-700, and S-800, respectively, and the original
sample without calcination was named S-0.

Characterization

Powder X-ray diffraction (XRD) measurements of the samples
were performed with a Philips PW3040/60 X-ray diffractometer
using Cu-Ko radiation at a scanning rate of 0.06 deg s .
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 conducted at 200 kV with a JEM-2100F field
emission TEM. Fourier transform infrared (FT-IR) spectro-
scopy was carried out using Nicolet NEXUS670 spectrometer in
the frequency range of 4000-400 cm™'. The photoluminescence
(PL) 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. Raman spectra were collected
by a Renishaw RM1000 confocal microprobe under ambient
conditions, and the excitation wavelength was 514 nm.

Photochemical experiments

The photocatalytic activities of the as-prepared samples 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, 0.04 g of as-prepared samples as
photocatalysts were added into 100 mL of RhB solution
(concentration: 5 mg L™ "). After being dispersed in an ultrasonic
bath for 5 min, the solution was stirred for 2 h in the dark to
reach adsorption equilibrium between 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
spectroscopy.

Results and discussion

The XRD patterns of a series of C/CdS hybrid microspheres
obtained microwave-assisted method, and then calcination at
different temperatures, are shown in Fig. 1. The peaks at 20
values of 26.4, 43.9, and 51.9° correspond to the (111), (220), and
(311) crystal planes, respectively, of face-centered cubic (fcc) CdS
(JCPDS standard card no. 89-0440) with a cell constant of a =
5.811 A. In addition, the broad peak at around 26° (d = 0.34 nm)
also indicates the characteristic (002) peak of 2D graphitic
structures, that occurs in the same place as the sharp (111) peak
of CdS. Thus, we calculate the CdS particle size from the second
CdS peak. The average size of CdS nanoparticles is gradually
increased as the calcination temperature is increased, which is
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Table 1 The degree of graphitization of the as-prepared C/CdS hybrid
microspheres and CdS nanoparticles size after calcination at different
temperatures

Degree of
graphitization CdS nanoparticle
Sample Ip band/IG-vana [2-0.] size/nm*
S-0 0.815 9.70
S-300 0.867 10.1
S-400 0.880 10.6
S-500 0.889 11.8
S-600 0.926 12.7
S-700 0.976 133
S-800 0.979 14.9

“ CdS particle size was calculated from XRD diffraction data.

10 20 30 40 50 60 70 80
20 (degree)

Fig. 1 XRD patterns of as-prepared C/CdS hybrid microspheres and
samples after calcination at different temperatures in a N, flow.

calculated using the Debye-Scherrer equation based on the full
width at half-maximum of the diffraction peak and displayed in
Table 1. It is well known that cubic CdS is a metastable phase,
which could easily transform from cubic phase to hexagonal
phase at a higher temperature. The XRD patterns of the as-
prepared pure CdS obtained via the microwave-assisted
method?! before and after calcination at 300 °C are shown in
Fig. S1 (See ESIft). It can be seen that the pure CdS without
carbon core easily transforms from cubic to hexagonal phase
after annealing at 300 °C in a N, flow. However, the cubic phase
of CdS is sustained in these hybrid structures even at a higher
temperature in a N, flow in our experiment, which indicates
that carbon may be helpful to improve its stability. Similar
phenomena have been reported by Shanmugam et al, which
demonstrate that carbon could effectively suppress the phase
transformation of TiO, under high temperatures.>*

The SEM images of carbon microspheres, the C/CdS hybrid
spheres synthesized via a microwave-assisted method and after
calcination at different temperatures in a N, flow for 3 h are
shown in Fig. 2. Fig. 2a shows the pure carbon spheres of about
1 pm in diameter with smooth surfaces. From Fig. 2b-f, obvious
morphological changes can be observed. With increasing
calcination temperature, the surface of the colloidal carbon
spheres became rougher and more cementitious, which demon-
strates that the CdS nanoparticles grow gradually and this result
is consistent with that of XRD. Fig. 3a shows typical TEM
images of nearly monodisperse C/CdS hybrid microspheres
obtained via a rapid microwave-assisted route. From the higher
magnification image (inset in Fig. 3a), it is obvious that
monodisperse CdS nanoparticles are well distributed on the
surface of the carbon microspheres. The TEM images of as-
prepared samples after calcination at different temperatures in a
N, flow for 3 h (Fig. 3b—f) show that a large amount of CdS
nanoparticles aggregate together and become more cementitious
as the calcination temperature is increased, and the HRTEM
image (inset in Fig. 3f) also displays the CdS nanoparticles
congregated together. Thus, the large increase of the ‘grainy’
roughness from the SEM image is not due to an increase in the

CdS crystal size alone. It is due to the cementitious aggregate of
CdS nanoparticles under high temperatures.

The nature of the changes of the interface in the samples was
also investigated by Raman spectroscopy, as shown in Fig. 4. All
the spectra show two peaks around 1339 and 1590 cm ™!, The
G-bands at around 1590 cm™' could be attributed to the
characteristic ordered graphitic-like carbon, and the D-band at
around 1344 cm ™! could be attributed to the presence of defects
within the hexagonal graphitic structure. Compared with the
spectra of pure graphite crystals (1575 em Y, the G-band shifted
to higher wave numbers in all sample spectra, which suggests
some structural imperfections of the carbon cores.'®!” The
intensity ratio of D- and G-band (Ip.pand/IG-band) 18 indicative of
the degree of graphitization and its value for each sample is
displayed in Table 1. Since the intensities of the G-bands are
comparable to those of the D-bands, we conclude that the
samples have some degree of atomic-scale ordering. This

Fig. 2 Typical SEM images of as-prepared: (a) carbon spheres (b) C/
CdS hybrid microspheres obtained microwave-assisted method, and after
calcination at different temperatures in a N, flow, (c) 500, (d)600, (¢)700
and (f) 800 °C.
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Fig. 3 Typical TEM images of as-prepared: (a) C/CdS hybrid micro-
spheres obtained via microwave irradiation, and higher magnification
image (inset), and after calcination at different temperatures in a N, flow
(b) 300, (c) 400, (d)500, (e)700, (f) 800 °C and HRTEM image (inset).

1D band G band

Intensity (a.u.)

1200 1300 1400 1500 1600 1700 1800
Raman shift / cm'1

Fig. 4 Raman spectra of as-prepared C/CdS hybrid microspheres and
samples after calcination at different temperatures in a N, flow for 3 h.

suggests that graphitization reaction below 600 °C is not high
enough to form a high ordered graphite structure. When the
temperature rises to 600 °C, the ratio is 0.926, the intensity of the
G-band, associated with ordered graphitic-like carbon, is almost
equivalent to that of the D-band. The ratio increases as the
temperature is increased, which indicates that samples at a higher
temperature form a more ordered carbon structure during the
graphitization process.

Fig. 5 shows the FT-IR spectral analysis of the as-prepared C/
CdS hybrid microspheres and samples obtained after calcination
at different temperatures. Compared with the standard spec-
trum, the following absorption bands can be observed. The
spectra of the samples show an absorption peak at 3441 cm ™',
which corresponds to the stretching vibration of ~OH groups.
The bands at 1700 cm ™ 'are attributed to C=O vibrations. The
bands reveal that there are large numbers of hydrated residues
such as -OH and COO~ groups on the surface before
calcining.?? However, after annealing treatment in a N, flow,
the peaks corresponding to the modes of COO™ are no longer
present, and the intensity of the absorption peak at 3441 cm ™'
relating to surface ~OH is significantly decreased, which may be
ascribed to the thermal decarboxylation and dehydration during
the higher temperature calcination process.>> The disappearance
of the C=0 vibration band indicates the formation of graphitic
structures, which increases the number of aromatic domains of
smaller average size in graphitic structures and leads to an
increase of the Ip/lg ratio.’®?’ The reduced surface oxygen-
containing functional groups (-OH and C=0) also indicates
more complete graphitization, which is in good agreement with
the results of the Raman spectroscopy.

To investigate the optical properties of the samples and their
potential application as photonic materials, their PL spectra
were recorded at room temperature. Fig. 6 shows the PL spectra
of the as-prepared samples with different annealing tempera-
tures. As expected, the as-prepared C/CdS hybrid structures all
feature a broad green emission at around 491 nm under an
excitation wavelength of 337 nm. There is no obvious variation
in the analysis of PL spectra of the band gap energy of CdS when
the composites were annealed at different temperatures. The
emission peak at around 491 nm may be assigned to the radiative
recombination of charge carriers immobilized in deep-trap states
of different energies.”® In addition, Sivasubramanian ez al. have
also reported that in the CdS cubic phase the position of the PL
peak remains nearly unchanged when annealed in argon atmo-
sphere.?’ The PL peak intensity of the C/CdS hybrid micro-
spheres gradually decreased with increasing annealing
temperatures, and the intensity for the S-800 is much weaker

S-800 e /"
Mﬁﬂvl‘ M\w’w_fw""!""‘M%M e W\L M" oM

4000 3000 2000 1000
Wavenumber (cm'1)

Fig. 5 FT-IR spectra of as-prepared C/CdS hybrid microspheres and
samples after calcination at different temperatures in a N, flow for 3 h.
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Fig. 6 PL spectra of the as-prepared C/CdS hybrid microspheres and
samples after calcination at different temperatures in a N, flow for 3 h
(Zex = 337 nm).

than that for the other samples. The differences in the PL
intensities may occur due to the interface between the CdS and
graphite-like carbon and the enhanced separation efficiency of
the electron-hole pairs,30 and this result is also in accord with
that of Raman.

To further investigate the relationship of the sample’s surface
structures and the photocatalytic efficiency, the change in the
concentration of RhB (C/Cy) with different exposure times under
visible-light irradiation in the presence of the as-prepared
samples and blank are shown in Fig. 7a, where C is the
concentration of RhB at the irradiation time 7 and Cj is the
concentration in the absorption equilibrium of the photocata-
lysts before irradiation. The degradation rate of RhB by different
samples after exposure to visible-light irradiation for 30 min is
plotted in Fig. 7b. From these patterns, the photocatalytic
activity of the samples is increasing gradually as the calcination
temperature increases, which is in agreement with the result of
PL. But compared to sample S-0, samples S-300, S-400, S-500
show lower photocatalytic activity. We think the photocatalytic
efficiency of the C/CdS hybrid catalyst is mainly governed by
surface area, crystallinity, and adsorption ability. The interface
changes between the CdS nanoparticles and carbon layer will
result in different factors possessing predominance. The surface

1.0
~=——=blank
0.8
A A
448300
0.6 D A S
=) 3 v vS-400
O N <
O 04] <5-500

Vo
0.2) \ \\ - “S-O
e

0.0 e e *S-800

0 10 20 30 40 50 60 70
Time(min)

of the carbon microspheres is hydrophilic and has a distribution
of —OH and C=0 groups before calcination, which can act as a
good adsorbent for RhB, and the increasing concentration of
RhB around the sample S-0 leads to the superior photocatalytic
activity.'*' To further explain this issue, the adsorbability of
RhB using different carbon microspheres obtained at different
calcination temperatures as adsorbent was tested and is shown in
Fig. S2.1 It can be seen that about 36.1, 6.7, 7, 5.7, 2.6, 0.9 and
0.3% of RhB solution was adsorbed by carbon microspheres
calcined at 0, 300, 400, 500, 600, 700, 800 °C, respectively. We
now attribute this to the changing hydrophilicity of the carbon
surface: the surface of carbon spheres is hydrophilic and has a
distribution of —OH and C=O groups before calcination.
However, after heat treatment in a N, flow, these groups will
be significantly decreased, due to the thermal decarboxylation
and dehydration during the higher temperature calcination
process.’* Thus, the adsorption capacity of the carbon will
rapidly weaken after calcination.

Therefore, the superior photocatalytic performance of S-600,
S-700 and S-800 can be ascribed to the ordered carbon structure
during the graphitization process. The interface between graphite-
like carbon and CdS is considered to be an important factor
affecting the photocatalytic activity of hybrids at high-tempera-
ture calcination. Graphite-like carbon has a conjugated structure,
which could be used as an electron transfer channel for reducing
the recombination of the photogenerated electron-holes, and
leading to improved photoconversion efficiency of the photo-
catalytic materials.'® Fig. S37 illustrates the principle of charge
separation in C/CdS core-shell hybrid microspheres. Raman
spectroscopy also indicates that the samples at higher temperature
form a more ordered carbon structure during the graphitization
process. Thus, the better crystallinity and graphite-like carbon
layer will give priority to the enhanced photocatalytic activity in
the high temperature calcination process, which results in sample
S-800 possess the best photocatalytic efficiency.

Conclusions

In summary, a series of C/CdS core-shell hybrid microspheres
were obtained by calcining at different temperatures in a N,
atmosphere. The changes of interface to influence to photo-
chemical activities toward degradation of RhB were studied
thoroughly. The results show the absorption ability for the

100
b

Degradation (%)
8§ 8 8

n
o
L

o
|

blank S-0 S-300S-400 S-500 S-600 S-700 S-800
Samples

Fig. 7 (a) The relationship of the degradation efficiency of RhB in the presence of different samples and blank under visible-light irradiation, (b) the
degradation rate of RhB using different samples as photocatalyst after exposure to visible-light irradiation for 30 min.
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organic pollute is predominate factor in the low temperature
calcination process. But for the higher temperature calcination,
the better crystallinity and graphite-like carbon layer will give
priority to the enhanced photocatalytic activity. These results
demonstrate that in situ graphitization is significant in improving
the photocatalytic efficiency of C/CdS hybrid microspheres.
Thus, we think this new paradigm for designing more active
photocatalysts will have a wide range of applications.
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