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Abstract

A simple one-step solid-state reaction has been introduced to synthesize CdS nanoparticles. The as-prepared CdS product was
characterized by X-ray powder diffraction (XRD), BET surface area measurement, field emission scanning electron microscopy
(FESEM), transmission electron microscopy (TEM), particle size distribution (PSD) and UV-vis absorption spectrum. The experiment
results reveal that the CdS product was composed of nanoparticles about 60 nm in diameter, of which specific surface area is 78.02 m?*/g.
The photocatalysis results indicate that the CdS nanoparticles exhibit excellent photocatalytic activity for the degradation of rhodamine
B under UV irradiation. Nearly 95% of rhodamine B was degraded after 60 min of irradiation, higher than that of P25, which is due to

the large specific surface area and mesoporous structure.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Environmental problems associated with organic pollu-
tants promote the development of fundamental and
applied research in the area of environment [1,2]. Hence,
various methods have been developed to remove organic
pollutants, like biodegradation, adsorption, and photoca-
talytic oxidation [3-5]. Among them, using semiconductor
photocatalysis technology for degradation of organic
pollutants has drawn an increasing interest, attributing to
its great potentials, such as environmental friendly, low-
cost and sustainable treatment. Although significant pro-
gress has been made, there is still much research needed to
be undertaken, like the availability of highly efficient
photocatalysts for water purification [6-8].

Among the various semiconductor materials, cadmium
sulfide (CdS) has received considerable attention due to a
large number of technical applications like photocatalysis,
gas-sensing, photo-sensitive field emission switches and
so on [9-11]. Especially, proper band potentials of CdS
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thermodynamic conditions for photocatalytic redox reac-
tion, make it an efficient photocatalyst [12—14]. Recently,
Wu et al. reported that CdS showed the highly efficient
photocatalytic performance on reducing 4-nitroaniline
[15]. Also, Luo et al. studied the photocatalytic activity
of CdS hollow spheres and found they exhibited excellent
photocatalytic activity for the photodegradation of Rho-
damine B under UV irradiation [16].

In general, the photocatalytic activity of CdS is strongly
dependent on its nanostructure. Owing to the efforts
from many research groups, a variety of methods have
been used to obtain CdS nanostructures, such as thermal
evaporation method, solvothermal method, and thermal
decomposition of a single-source precursor method and
solid-state reaction [17-20]. Among these, the solid-state
reaction method is an effective technique, which has the
merits of environmentally friendly, simplicity, low-cost
and high output. In recent years, our research group has
adopted solid-state reaction to synthesize many semicon-
ductor nanomaterials [21,22].

In this paper, CdS nanoparticles have been prepared
by one-step solid-state reaction and characterized by
XRD, BET, PSD, FESEM, TEM and UV analyses.
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The photocatalytic performance of the CdS nanoparticles
has also been extensively evaluated by the degradation of
rhodamine B (RhB) under UV irradiation. The results
demonstrated that CdS can be used as an efficient photo-
catalyst to degrade organic pollutants in the future.

2. Experimental section
2.1. Synthesis

All the reagents were analytically pure, and were used
without further purification. In a typical synthesis, 10 mmol
cadmium acetate (Cd(CH;COO),-2H,0) was accurately
weighed and ground for about 5 min, then 3 m L polyethy-
lene glycol 400 (PEG 400) and 10 mmol sodium thiosulfate
(NayS,03-5H,0) fine powder were added. The mixture
was ground for 30 min to assure a complete reaction. The
reaction started readily during the mixing process, accom-
panied by the release of heat and evaporation of water vapor.
Then, the mixture was washed with distilled water and
ethanol several times to remove by-products. Finally, the
product was dried at 60 °C for 2 h.

2.2. Characterization

The X-ray diffraction (XRD) was conducted on a MAC
Science MXPISAHF X-ray diffractometer with graphite-
monochromatized Cu K, radiation (1=1.54056 A). The
product morphology was examined using transmission
electron microscopy (Philips, TecnaiG220) and field emis-
sion scanning electron microscopy (JEOL, JSM-5600LV).
The particle size distribution (PSD) was measured by Laser
Particle Size Analyze (Malvern Zetasizer Nano S90). The
BET surface area was determined by nitrogen adsorption
and desorption measurements (Micromeritics ASAP 2050).
The UV-vis absorption spectrum was measured on a
UV-vis spectrophotometer (Hitachi U-3010). The photo-
catalytic experiments were conducted in an XPA-1
photochemical reactor (Xujiang Electromechanical Plant,
Nanjing, China).

2.3. Photocatalytic test

Photocatalytic activity of the as-synthesized CdS
nanoparticles was measured by the degradation of rhoda-
min B (RhB) under UV irridiation using a 500 W mercury
lamp. Ten milligrams of photocatalysts were added
to 20 mL RhB solution (Which initial concentration is
10 mg L~ "). Then the suspension was stirred for 30 min in
the dark to ensure the adsorption equilibrium between the
photocatalyst and the RhB. At a given illumination time,
5mL of the suspension was collected and centrifuged to
remove the photocatalyst particles, and then was analyzed by
recording the UV-vis spectrum of RhB at the maximum
absorption wavelength (553 nm). All the experiments were
conducted at room temperature. For the sake of comparison,
the photocatalytic performance of the CdS nanoparticles

to methyl orange (MO) and 2, 4-Dinitrophenol were also
investigated.

3. Results and discussion
3.1. Structure of CdS nanoparticles

The structure of the CdS product was evaluated by
FESEM. As is shown in Fig. 1la, CdS nanoparticles were
uniform. Fig. 1b is a magnified FESEM image, which
reveals that the CdS product was composed of nanopar-
ticles about 100 nm in diameter. The histogram of the
particle size distribution (Fig. 1d) demonstrates that the
CdS nanoparticles have relatively narrow size distribution
with an average of 100 nm, which is consistent with the
above FESEM analysis (Fig. 1a and b).

The crystal structure and phase of the CdS product was
characterized by X-ray diffraction (XRD), as shown in
Fig. 1c. The reflection peaks of the CdS product can be
well indexed to the standard pattern of Hawleyite CdS
(JCPDS 10-0454), confirming that pure phase of Hawleyite
CdS was obtained. The broad peaks indicated the existence
of small nanoparticles within the CdS product, which was
in agreement with the FESEM analysis. No diffraction
peaks of other impurities were detected, suggesting the
CdS product with a high purity.

The nanostructure of as-synthesized CdS nanoparticles
was further examined by TEM technology. Fig. 2 showed a
set of TEM images for the CdS nanoparticles under
different magnifications. It can be found that the CdS
nanoparticles were uniform (Fig. 2a and b) with mean size
of 60 nm. The magnified TEM image (Fig. 2c) also reveals
that the CdS nanoparticles are loose. The inserted selected
area electron diffraction (SAED) pattern in Fig. 2¢ further
proves the polycrystalline nature of the CdS nanoparticles.
Moreover, the HRTEM image (Fig. 2d) shows that the
fringe spacing is 0.32 nm, corresponding well to (111)
plane of CdS nanoparticles, which is in agreement with
the previous results [23].

Nitrogen adsorption/desorption isotherms of the CdS
nanoparticles are presented in Fig. 3. The specific surface
area of the CdS nanoparticles is 78.02 m?/g. According to
IUPAC classification, it can be seen that, the hysteresis
loop of the CdS nanoparticles is classified as type (the
characteristic of mesoporous material), which were con-
sistent with the TEM results (Fig. 2). The result proves
that there are mesoporous structures existing in the CdS
nanoparticles, which can provide more accessible active
sites and special passages for charge transport, and then
enhancing photocatalytic activity.

3.2. UV-vis absorption spectrum of CdS nanoparticles

The optical absorption properties of semiconductors has
a much relationship with the energy band structure, which
are estimated by the UV-vis absorption spectrum [24,25].
The UV-vis absorption spectrum of the CdS nanoparticles
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Fig. 1. FESEM images of the CdS nanoparticles (a and b), XRD pattern (c) and PSD image (d).

is shown in Fig. 4. According to the spectrum, the CdS
nanoparticles present strong photoabsorption property in
the UV light region, indicating promising photocatalytic
activity. As for a semiconductor, the optical absorption
near the band edge obeys the following equation [26]:

(ahv)"? = A (hv—Ey). )

where «, h, v, A and E, are the optical absorption
coefficient, Plank constant, light frequency, a constant
and band gap energy, respectively. Because the optical
absorption coefficient (o) is linearly proportional to the
absorbance (A4) of a sample, the intersection of the
extrapolated linear portion in the plot of (4hv)* versus
the photon energy (hv) gives the band gap energy (E,).
Then the energy band gap (E,) of the CdS nanoparticles
was calculated to be about 2.24 eV from the onset of the
absorption edge (inset of Fig. 4). It suggests that the as-
synthesized CdS nanoparticles have suitable energy band
gap for photocatalytic degradation of organic pollutants
under UV irradiation.

3.3. Photocatalytic activity of CdS nanoparticles

RhB, MO and 2, 4-Dinitrophenol were selected as model
organic pollutants to evaluate the photocatalytic perfor-
mance of the CdS nanoparticles. Fig. 5 displayed the
concentration changes of RhB, MO and 2, 4-Dinitrophenol

(C/Cy) as a function of irridiation time. With regard to
RhB, the color of the dispersion solution completely
disappeared after 60 min of irradiation, and 95% of RhB
was degraded. For MO, only 80% could be reached within
the same period, and less than 82% of 2, 4-Dinitrophenol
was degraded during this interval. The above results can be
attributed to that different dye molecules have different
adsorption characteristics on CdS nanoparticles [27]. Hence,
the CdS nanoparticles exhibit higher photocatalytic activity
on RhB than that of MO and 2, 4-Dinitrophenol. The RhB
was chosen for a detailed study of the photocatalytic
activity over CdS nanoparticles.

In order to investigate the photocatalytic activity of the
CdS nanoparticles, a series of photocatalytic experiments
were performed. Fig. 6a shows the temporal evolution of
RhB absorbance spectra on the CdS nanoparticles at
different irradiation intervals. It can be noted that, the
intensity of absorption peak at 553 nm decreased rapidly
when prolonging the irradiation time. The absorption peak
completely disappearred after irradiating for 60 min, indi-
cating the complete degradation of RhB. The result shows
that the CdS nanoparticles have excellent photocatalytic
performance. No new absorption peaks appears in the
spectrum, suggesting that the photocatalytic degradation
of RhB has occurred.

In order to thoroughly measure the photocatalytic activity
of the CdS nanoparticles, the concentration changes of RhB
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Fig. 2. TEM images of the CdS nanoparticles (a—c), SAED pattern (inset of ¢) and HRTEM image (d).
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Fig. 3. The nitrogen adsorption—desorption isotherms of the CdS
nanoparticles.

(CJ/Cy) at 553 nm as a function of irridiation time are shown
in Fig. 6b. Here, Cy and C are the dye concentration before
and after irridiation, respectively. Without photocatalyst, no
obvious degradation of RhB was observed as the time
prolonged. It proved that the pure photolysis of RhB can
be neglected, which is very important in view of the practical
application. As a comparison, P25 (which had been regarded

(ahv)’ (e'VY)
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Fig. 4. The UV-vis absorption spectrum of the CdS nanoparticles.

as a wide and efficient photocatalyst under UV irridiation
[28]) was also used to evaluate the photocatalytic perfor-
mance of the CdS nanoparticles. While, it is noting that 95%
of RhB was degraded within 60 min of irradiation by the
CdS nanoparticles, whereas that of P25 was 90%. Hence, the
photocatalytic activity of the CdS nanoparticles was slightly
higher than that of P25, which is in consistent with the
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reported literature [29]. Comparing with the previously
reported degradation of the same dye (RhB) in the presence
of CdS, For example, Guo et.al obtained CdS quantum dots
by reflux routine, and 15% of RhB was degraded within
60 min of irradiation by the CdS quantum dots [30], which
was much lower than that of the as-synthesized CdS
nanoparticles. Therefore, the as-synthesized CdS nanoparti-
cles can act as an efficient photocatalyst.
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Fig. 5. The concentration changes of RhB, MO and 2, 4-Dinitrophenol
(C/Cy) as a function of irridiation time.
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The photocatalytic activity was affected by many fac-
tors, such as specific surface area and microstructure. As
shown in Fig. 3, the specific surface area of the CdS
nanoparticles (78.02 m?/g) is bigger than that of the P25
(45.01 m?/g). Hence, the CdS nanoparticles could exhibit
an enhanced photocatalytic activity. On the other hand,
the excellent photocatalytic activity is in close relation with
the microstructure of the as-synthesized CdS nanoparti-
cles. Comparing with P25, the better photocatalytic ability
of the CdS nanoparticles is possibly arising from its
nanostructure. It is observed (Fig. S1 in the Supporting
Information) that P25 was composed of nanoparticles
about 80 nm in diameter, and had a serious aggregation.
While, the CdS nanoparticles were uniform (Figs. 1 and 2)
with mean size of 60 nm, and have relatively narrow size
distribution. Hence, the uniform CdS nanostructures can
provide a facile path for efficient transport of electrons. As
a result, the photogenerated electron—hole pairs could
move effectively to the surface and then degrade RhB
molecules, enhancing the photocatalytic efficiency [31].

In order to quantitatively understand the reaction
kinetics of RhB degradation, we apply the pseudo-first-
order model [32] expressed as follows, In(Cy/C)=kt,
where, Cy and C are the dye concentration before and
after irradiation, respectively, k is the pseudo-first order
reaction rate constant. Fig. 6¢c depicts the photocatalytic
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Fig. 6. (a) The temporal evolution of RhB absorbance spectra in the presence of the CdS nanoparticles under UV irridiation at different intervals. (b)
Concentration changes of RhB (C/Cp) at 553 nm as a function of irridiation time. (c) In Cy/C versus irridiation time in RhB solution.



1516 F. Chen et al. | Ceramics International 39 (2013) 1511-1517

Table 1
Kinetic constants, regression coefficients and the kinetics equations for
the degradation of RhB over the samples under UV irridiation.

Samples k(mn~) R Kinetics equation

CdS nanoparticles  0.04299 0.95164  Y=0.723140.04299X

P25 0.03517 0.96541  Y=0.4875+40.03517X
Blank 0.00574 0.89226  Y=2.26194E-4+40.00574X

degradation kinetics of RhB based on the data plotted in
Fig. 6b. As is shown in Fig. 6¢, k values for the CdS
nanoparticles, P25 and the blank are 0.04299 min~ !,
0.03517 min " and 0.00574 min ', respectively. The above
results reveal that the & value for the CdS nanoparticles is
higher than that of P25, indicating that the CdS nanopar-
ticles holds higher photocatalytic activity than that of P25.
Their linearly dependent coefficients (R) and the kinetics
equations were presented in Table 1, suggesting a rather
good correlation to the pseudo-first-order reaction kinetic.

4. Conclusions

In summary, CdS nanoparticles (about 60 nm in dia-
meter and the specific surface area is 78.02 m?/g) have been
successfully obtained by a simple one-step solid-state
reaction. The as-synthesized CdS nanoparticles possessed
excellent photocatalytic activity, which has higher photo-
catalytic efficiency than that of P25 and reported CdS. This
study not only provided a low-cost, simple approach for a
large-scale production of CdS in industry, but also demon-
strated that the CdS nanoparticles prepared by this routine
exhibit excellent photocatalytic activity.
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