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Abstract Herein, we report, preparation of cadmium
sulphide (CdS) nanoflakes at room temperature by simple
arrested precipitation method. The synthesized CdS nano-
flakes were characterized by various techniques such as
X-ray diffraction, scanning electron microscopy, energy
dispersive spectroscopy, Fourier transform-infrared spec-
troscopy, and UV-Visible spectrophotometer. Nanoflakes
of CdS were found to be a mixed-phases composed of
cubic and hexagonal with average crystallite size of 20 nm.
Surface morphology of CdS seems to be nanoflakes. The
absorption spectrum was slightly shifted to blue region as
compared to the bulk, this indicates that synthesized
material is smaller in size. The band gap energy was found
to be 2.48 eV. The photocatalytic results reveals that CdS
nanoflakes exhibits excellent photocatalytic performance
for methyl orange (20 ppm) degradation, under sunlight
and UV within 120 min (83 and 95 % respectively).

1 Introduction

The semiconductor nanoparticles has attracted much
interest during the past decade, owing to their unique size
dependent optoelectronic and catalytic properties [1].
Among II-VI, chalcogenides, cadmium sulphide (CdS) is
an important semiconductor with direct band gap of
2.42 eV [2]. CdS is the best visible light active semicon-
ductor photocatalyst [3], it is probably one of the most
significant electronic and optoelectronic materials with
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several prominent applications, such as, photocatalysis [4],
solar cells [5], light emitting diodes [6], laser logic gates
[7], transistors and photodetectors [8]. Among all these
applications, photocatalysis is one of the key technologies
to solve both energy as well as environmental problems.
CdS is one of the most promising photocatalyst with better
properties like band gap, fine optical transmittance, and
appropriate band potentials under different thermodynamic
conditions for photocatalytic redox reactions. The utiliza-
tion of sunlight can be used as a light source for photo-
catalytic reactions, this make it an efficient photocatalyst
[9, 10]. In the last few decades many studies have been
reported for the synthesis of CdS, such as solid state
method [11], chemical bath deposition [12], mechanical
alloying process [13] and pyrolysis of single source pre-
cursor. Generally, these methods required high temperature
(=500 °C) with the use of toxic and highly sensitive
compounds [14]. Therefore, it is of great significance to
introduce effective synthesis pathways at low temperature,
low cost, fast with well controlled size and shape for
desired applications. Recently, many attempts have been
made to develop material with various morphologies such
as, cauliflower [15], leaf [16], nanobelt [17] etc. These
shapes have special properties as compared normal shapes;
although, the significant achievement in the fabrication of
the desired nanoparticles is still great challenge to develop
a facile strategy for the development of good photocatalyst.
The different morphologies shows unique photocatalytic
properties, which cannot be realized in spherical shape
photocatalytic systems [18].

In the present investigation, it is demonstrated simple
and inexpensive method for the synthesis of CdS nano-
flakes, by simple arrested precipitation technique at room
temperature. Moreover, to check the applicability of CdS
nanoflakes the photocatalytic degradation of methyl orange
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(MO) was studied. The effect of CdS loading on degra-
dation of methyl orange under UV irradiation has been
investigated to find out the optimum loading of catalyst.
The kinetic studies of MO degradation were investigated
under sunlight and UV light in the presence and absence of
CdS nanoflakes.

2 Experimental
2.1 Materials

All the chemicals were used of analytical grade and used as it
is without further purification. Cadmium acetate dehydrate
(s d fine Chem Ltd. Mumbai, India), thiourea (Merck Pvt.
Ltd., Mumbai, India), cetyl trimethyl ammonium bromide
(CTAB, 99 %) (Spectrochem Pvt. Ltd., Mumbai, India).
25 % ammonia (Loba Chemie Pvt. Mumbai, India), and
sodium dodecyl sulfate (SDS) (Thomas Baker Pvt. Ltd.,
Mumbai, India). All the solutions were prepared in millipore
water obtained from millipore water system.

2.2 Preparation of CdS nanoflakes

For the preparation of CdS nanoflakes, 50 mL (0.1 M)
cadmium acetate was taken in the 250 mL beaker, then the
sufficient amount of mixed surfactant solution
(CTAB + SDS 1 % each) was added with vigorous stir-
ring at room temperature. In order to arrest the precipita-
tion of CdS aqueous ammonia was used as the complexing
agent. Furthermore dropwise controlled addition of 50 mL
(0.1 M) thiourea was added as a sulphur source. Then
obtained precipitate was washed several times with dis-
tilled water and ethanol to remove all the impurities.
Finally, the material was dried at 60 °C for 2 h.

2.3 Characterization of the materials

The XRD of synthesized CdS was recorded on a Panalyt-
ical diffractometer with Cu Ko radiation (A = 1.5406 A)
as a X ray source, operated at 40 kV in the range of
20, 20°-80°. The average crystallite size of CdS was cal-
culated by using Scherrer’s formula. Fourier transform
infrared spectrum (FT-IR) of CdS was recorded on spec-
trum-one (Perkin Elmer) in the range of 4,000-400 cm ™!
using KBr pellet. The UV-Vis absorption spectrum of CdS
was recorded with UV-Vis—NIR spectrophotometer (Shi-
madzu, Model UV-3600). The surface morphology of CdS
nanoflakes was scanned by scanning electron microscope
(SEM) (JEOL, JSM-6360) at various magnifications. To
know the elemental composition of the CdS powder, the
EDS was recorded by using SEM model JEOL 6360 con-
nected with EDS.
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2.4 Photocatalytic activity of CdS for methyl orange
degradation

Photocatalytic performance of the synthesized CdS nano-
flakes was tested for the degradation of methyl orange for
both UV (A high-pressure Hg lamp 250 W) and natural
sunlight. The series of experiments were performed by
varying the catalyst amount from 0.25 to 1.5 g/dm? in
20 ppm MO solution. Prior to the irradiation, dye solution
was stirred for 30 min in dark to ensure adsorption—
desorption equilibrium between CdS and MO, then solu-
tion was exposed to light with constant stirring at room
temperature. At particular time interval, a 3 mL of aliquot
was collected and then centrifuged to separate photocata-
lyst. The clear solution was used to monitor the concen-
tration of MO by recording the absorbance from 200 to
700 nm using UV-Vis—NIR spectrophotometer. To check
the possibility of adsorption process, the photocatalytic
activities of CdS nanoflakes without light were also
performed.

3 Results and discussion
3.1 XRD pattern of CdS

The XRD pattern for CdS is shown in the Fig. 1. The
pattern consist of twelve peaks within the region between
20, 20°-80°. The determined characteristics 20 values and
[hkI] planes are 25.29° [100], 26.54° [111], 29.01° [101],
31.46° [200], 37.57° [102], 44.3° [220], 51.63° [311],
53.78° [201], 54.86° [004], 61.31° [104], 65.90° [203],
70.76° [311], attributed to reflections of mixed phases of
CdS (cubic and hexagonal) which is compared with JCPDS
Card No. 10-454 and 01-077-2306 respectively. The
comparison of X-ray diffraction (XRD) pattern of the CdS
with JCPDS cards reveals the formation of mixed phases.
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Fig. 1 The XRD pattern of CdS nanoflakes



J Mater Sci: Mater Electron (2014) 25:1887-1892

1889

1.00

0.95 |-

0.90 |-

0.85 -

% Transmittance

0.80 |-

0.75
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)

Fig. 2 FT-IR spectrum of CdS nanoflakes

The relatively broad peak width of the XRD pattern implies
that the crystals are small in size [19]. The average crys-
tallite size of CdS was calculated by using Scherrer’s
relation [20]

d=0.9L/B cosH (1)

where d is the average crystallite size, A is wavelength of
X-ray in A, B is full width at half maximum [FWHM] in
radian and O is scattering angle in degree. The average
crystallite size was found to be 20 nm.

3.2 FTIR spectrum of CdS

Figure 2 shows FT-IR spectrum of CdS, the band at
3,471-3,200 cm_l, which is attributed to OH stretching
and band at 1,644 cm™! is due to the OH bending mode of
H,O adsorbed on the surface of the CdS which may have
crucial role in photocatalytic activity. The band at
643 cm ™' which is attributed to the Cd-S [21] stretching
mode of vibrations, this confirmed the formation of CdS.
The bands between 2,100 and 2,200 cm™! owing to the
C =N stretching vibrations of thiocyanate is produced from
the thiourea [22].

3.3 UV-Vis absorption spectrum of CdS

The UV-Vis absorption spectrum of CdS nanoflakes is
shown in Fig. 3. According to the spectrum, the absorption
edge is found to be in the visible region indicating the
promising photocatalytic activity for both UV and sunlight.
Moreover to know the material is either photocatalytic
active in the UV or visible region, the band gap energy is
important. The energy of light irradiation must be the
greater than or equal to band gap energy of the semicon-
ductor [23]. This criteria is useful for the formation of
electron and hole pairs. The band gap is calculated by using
the following relation:
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Fig. 3 Absorbance spectrum of CdS nanoflakes
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Fig. 4 A plot of (ahv)? versus photon energy (hv)

ohv = A(hv — Eg)" (2)

where hv is the photon energy, o is the absorption coeffi-
cient, A is a constant for the material, and n is 0.5 for direct
type of transition. The plot of (ahv)? against the photon
energy (hv) is shown in Fig. 4. The band gap was obtained
by extrapolating the straight line to the hv axis [24], which
is found to be 2.48 eV.

3.4 SEM and compositional analysis
The surface morphology of the CdS was found to be CdS
nanoflakes. The scanning electron microscopy images with

different magnifications are shown in Fig. 5a, b. EDS was
recorded in the binding energy region between O and
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Fig. 6 EDS spectrum of CdS nanoflakes

10 keV which is shown in Fig. 6. The peaks of the spec-
trum reveals that presence of Cd and S at 3.13 and
2.30 keV respectively, which confirms the formation of
CdS. The atomic % of cadmium and sulphur were found to
be 60 and 40 % respectively, this indicated that synthesized
CdS is cationic rich. The cationic rich CdS shows (n-type)
very good photocatalytic performance in the form of het-
erojunction [25].

3.5 Factors affecting the photocatalytic degradation
of methyl orange (MO)

The effects of natural sunlight and UV light (365 nm) on
photocatalytic degradation of methyl orange are shown in
Figs. 7 and 8 respectively. It is observed that there is no
shift in the wavelength of MO during the course of pho-
todegradation indicated that the photodegradation occurs
without formation of toxic intermediate products i.e.,
mineralization of dye. For the sake of comparison, the
photocatalytic activities of CdS nanoflakes were demon-
strated under the following conditions. (1) Irradiation of the
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Fig. 7 Spectral changes of methyl orange over the CdS nanoflakes as
a function of irradiation time under the sunlight

dye solution under sunlight and UV light in the absence of
CdS, (2) the dye solution with CdS in dark and (3) irra-
diation of the MO solution under sunlight and UV light in
the presence of CdS. The results of these studies are given
in Fig. 9 which shows that direct photolysis did not cause
any significant degradation for both under sunlight as well
as UV irradiation. In the presence of CdS without irradia-
tion, slight decrease in concentration of MO was observed
this may be due to the adsorption of the dye on the surface
of CdS. The irradiation under UV light in presence of
catalyst caused 95 % degradation within 120 min where as
83 % was found under sunlight. This indicates that time
required is more under the sunlight for degradation of MO.
Wang et al. [26] reported on MO degradation at optimal
conditions of 1.6 g/dm? catalyst, 10 ppm MO solution has
obtained 83 % degradation efficiency under 300 W Xe-arc
lamp within 80 min while in our case, 1.0 g/dm? catalyst
even though double concentration of dye found to be more
efficient (95 % within 120 min under UV light). While in
case of natural sunlight a 83 % degradation efficiency was
found within 120 min. This comparison shows that CdS
nanoflakes synthesized at room temperature by arrested
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Fig. 8 Spectral changes of methyl orange over the CdS nanoflakes as
a function of irradiation time under the UV light
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Fig. 9 The degradation efficiency of methyl orange under different
conditions, (a) sunlight, (b) UV light, (c¢) adsorption in dark,
(d) sunlight 4+ CdS, (e) UV light 4+ CdS

precipitation technique is seems to be more superior pho-
tocatalyst than the reported.

3.6 Kinetic studies

The kinetic studies of an aqueous MO dye degradation
process plays an important role in assessing the efficiency
and feasibility of treating dye from contaminated water.
Therefore, the kinetic studies of MO degradation under
sunlight and UV light has been discussed in the presence
and absence of CdS. According to Langmuir—Hinshelwood
(L-H) model [27], the rate expression at low initial con-
centration is given by

In(Co/C,) = kt (3)
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Fig. 10 The kinetic studies of MO degradation under, (a) sunlight,
(b) UV light, (c) sunlight + CdS, (d) UV light + CdS

Table 1 Kinetic studies of degradation of methyl orange

Experimental Regression Rate constant
conditions coefficient (R?) (k) [min~']

UV light 0.9383 743 x 1074
Sunlight 0.990 3.55 x 107°
UV light + CdS nano-flakes 0.9719 1.984 x 1072
Sunlight + CdS nano-flakes 0.960 1.35 x 1072

where Cj and C, are the initial and concentration of the dye
at time t respectively. The plot of InCy/C; versus time for
photodegradation is shown in Fig. 10. The linear fit
between InCy/C, and irradiation time supports the conclu-
sion that the degradation follow first-order kinetics [28].
The values of regression coefficient (R?) of the experi-
mental runs were more than 0.93 indicating that the deg-
radation of MO by the CdS satisfactorily followed an
apparent-first-order kinetics [29]. The degradation effi-
ciency of CdS in the presence of UV light was better than
the sunlight. This may be due to the high energy of UV
light in which rate of formation of electron hole pair is
more. The values of rate constant and the regression
coefficients are shown in the Table 1.

3.7 Effect of catalyst loading

The effect of CdS loading on the percentage degradation of
the MO (20 ppm) dye under UV irradiation has been
examined by varying the catalyst amount from 0.25to 1.5 g/
dm® by keeping other parameters identical. The results
showninFig. 11 indicate that the increase in catalyst loading
from 0.25 to 1 g/dm’ increases the degradation efficiency
from 35 to 95 % within 120 min. It can be seen that the
degradation efficiency increases with the amount of catalyst
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Fig. 11 Effect of catalyst loading on the degradation efficiency of
methyl orange under UV irradiation within 120 min

loading, which is attributed to the increase in the number of
active sites and more active sites will provide more chances
to receive both light and guest molecules. Further increase in
the catalyst loading does not affect the degradation efficiency
significantly. This observation can be explained in terms of
number of active sites available for photocatalytic reactions.
It was found that large amount of catalyst may resulted in the
agglomeration of catalyst, due to agglomeration active sites
on the surface of catalyst becomes unavailable for photon
absorption [30]. Another reason for the decreased degrada-
tion efficiency is turbidity of suspension which increases as
the amount of photocatalyst increases this leads to decrease
in penetration of UV light and hence activity of photocatalyst
decreases [31, 32].

4 Conclusions

In the present investigation, CdS nanoflakes were suc-
cessfully prepared at room temperature by arrested pre-
cipitation method. This method utilizes simple and
inexpensive experimental set up. The mixed surfactants
(CTAB + SDS 1 % each) were used as surface directing
agent. The CdS was obtained in mixed phases containing
cubic as well as hexagonal with average crystallite size of
20 nm. The EDS reveals that synthesized CdS is cationic
rich which was resulted in improved photodegradation
efficiency. The band gap is found to be 2.48 eV. The effect
of photocatalyst loading, irradiation sources on the degra-
dation of methyl orange was also examined. The photo-
catalytic results under UV and sunlight in the presence and
absence of CdS showed the degradation of MO satisfac-
torily followed an apparent-first-order kinetics. The pho-
tocatalytic results reveals that CdS nanoflakes exhibits
excellent photocatalytic performance for methyl orange
(20 ppm), at 1 g/dm’. The degradation efficiency was
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found to be 83 and 95 % within 120 min under sunlight
and UV light respectively.
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