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ABSTRACT

In this work, chemical bath deposition technique has been used to prepare nanocrystalline
CdS thin films on glass substrate at different molarities. The structural and morphological
characterizations of nanocrystalline thin films were performed by X-ray diffraction and scan-
ning electron microscopy techniques. The crystallite size found was in the range of 15-45nm.
The optical characterizations of thin films were performed using UV-visible spectroscopy.
The optical band gap of chemical bath deposited thin films found to be in the ranged from
of 2.30 to 2.45eV. All thin films have high transparency, that is, greater than 60% in visible
spectrum. Thin film prepared at different preparation condition was employed in
photocatalytic oxidation of water soluble hazardous cationic methylene blue (MB) dye. Dif-
ferent parameters like the initial dye concentration, pH, and contact time have been studied
and optimized. The results showed that MB was successfully removed from aqueous solu-
tion in photocatalytic system using thin films obtained at different molarities. The optimum
conditions for degradation of dye were pH=8.5, Initial concentration 30mg/L and contact
time 30min. It was observed that increase in molarity decreases the grain sizes, which in
turn increases the band gap and hence increase in photocatalytic efficiency of nanocrystalline
CdS thin film.

Keywords: CdS; Chemical bath deposition (CBD); Thin film; Band gap; SEM; XRD;
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1. Introduction

Ever increasing growth of industrialization and
urbanization causes gigantic problem of environmen-
tal pollution. An industry consumes large quantity of
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water for their processes. The effluent coming out
from textile and printing, pulp, and paper, sugar dis-
tillery etc are highly colored and contain highly toxic
organic and inorganic contaminants and thereby
causes environmental pollution which is the area of
concern and there is need to pay attention on it. Due
to industrial growth, the environmental pollution has
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been increased and it has attained a level high in
developing countries. Cationic dyes are the largest
group of the dyes used for dyeing cotton fabrics in
the industry [1]. Methylene blue (MB), a cationic dye
is the most commonly used substance for coloring
among all the dyes of its category. MB can cause eye
burns and if swallowed it causes irritation to the gas-
tro intestinal tract with symptoms of nausea, vomiting
and diarrhea. It may cause metheloglobinemia and
dyspnea if inhaled [2]. Therefore, it is necessary to
devise an effective method of waste water treatment
in order to remove MB from textile effluent. The con-
ventional biological treatment methods are ineffective
for the complete color removal and degradation of
organics and dyes [3,4]. In recent years, an alternative
to conventional methods semiconductor photocatalysis
is used to degrade organic pollutants in water to less
harmful materials [5]. During the past two decades,
photo-assisted catalytic degradation of organic pollu-
tants in water and waste-water employing semicon-
ductor as photocatalyst has been a promising
technique [6-13]. Numerous studies have been carried
out across the globe focusing on removal of dyes from
textile water [6-10].

Recent studies have focused on the important pho-
tocatalytic applications of semiconducting material.
The advance oxidation processes based on the chemi-
cal, photochemical and photocatalytic production of
hydroxyl radical (OH’), which is acting as a strong
oxidizing agent that has emerged as a promising tech-
nology for degradation of dyes. The conventional
methods for waste water treatment includes coagula-
tion filtration which are ineffective for the complete
removal of contaminants as these methods can only
transfer pollutants from one phase to another phase.

In heterogeneous photocatalysis, the solution of
dye was exposed to light in presence of semiconduc-
tor, the MB molecule is excited to their first singlet
state. These excited molecules are converted to their
triplet excited state through inter system crossing. The
CdS uses the light energy to excite its electron from
valence band to conduction band thus leaving behind
hole (h*). Then h* subtract an electron from OH™ ion
and generate *OH radical which are strong oxidizing
agent and can have ability to oxidize pollutant to dif-
ferent fragments which are less harmful, after succes-
sive free radical attack and fragmentation, most of
organics mineralize to CO, and mineral acid [19].

The photocatalytic oxidation process is of huge
importance for the effective removal of wide variety
of organics [13]. Generally, two forms of CdS in pho-
tocatalysis have been used including a highly disperse
fine particles or suspended particles in liquid medium
and thin film on solid support [14]. When suspension
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of CdS particles applied in photocatalysis system, the
suspended CdS particle needs to be separated upon
completion of each reaction cycle. However, this prob-
lem could be avoided by using CdS thin films.

The preparation of thin film of CdS is one of the
major researches in photocatalytic field. In order to
identify the optimum conditions for deposition, it is
necessary to study various conditions during deposi-
tion of thin film. Extensive research has been carried
out in the field of semiconducting material thin film
for their immense use in thin film photocatalysis for
pollution control. These films have gain enormous
importance in research for their potential environmen-
tal application due to low cost and energy efficient.
There are many techniques reported to fabricate CdS
chalcogenide thin films such as spray pyrolysis [15],
close space sublimation [16], physical vapor deposi-
tion [17], electrodeposition, magnetron sputtering [18].
All these methods have sophisticated requirement in
terms of high vacuum, precise temperature control
and high cost of equipment. However, the chemical
bath deposition (CBD) technique [19] is the best suited
technique for the thin film deposition because of its
simplicity, convenience, least expense to produce uni-
form adherent and reproducible large area thin films.
Also this method allows achieving good CIGS. CdS
diodes in solar cells [20,21]. In the present communi-
cation, results on synthesis and systematic optical
characterization [22] and photocatalytic application of
nanocrystalline CdS thin film at different molar con-
centration of cadmium have been reported.

2. Experimental
2.1. Materials and method

Analytical grade reagents were used without fur-
ther purification for the preparation of CdS thin films.
CdBr; and thiourea was used as precursor solutions.
The water-soluble MB dye M.F. C;4H;5N3SCl1 (Fig. 1),
and nanocrystalline CdS thin films were used for
active oxidation process. The stock solution of 50 mg/
L of MB was prepared in 100 mL deionized water. In
20mL of dye solution three film catalysts (1 x 2.5 cm?)
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Fig. 1. Structure of MB.
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were immerged. Then, solutions were irradiated in
close box with an UV lamp which emits light having
2=254nm and intensity of 37.4mW/cm? The reaction
rate was followed by taking out sample after regular
interval and analyzed then by an UV-visible double-
beam spectrophotometer at Amna.x =664 nm.

2.2. Thin film preparation

In present work, the nanocrystalline CdS thin films
have been synthesized by CBD technique. The deposi-
tion was carried out by using aqueous solution of cad-
mium bromide (Aldrich 98%) and thiourea which
were chosen as a main precursor of Cd and S, respec-
tively. For the preparation of CdS, thin films at three
different concentration of cadmium bromide (0.04,
0.08, 0.12M) have been used. After complete dissolu-
tion of cadmium bromide, the pH of the solution was
maintained at >9 by adding slowly ammonia solution
then equimolar solution (Cadmium bromide solution)
of thiourea was added to the cadmium bromide solu-
tion and the temperature of the solution was main-
tained at 85°C. The commercial soda lime glasses
were used as a substrate which were cleaned several
times by detergent and then boiled in chromic acid
(2M) for 30 and thoroughly washed in deionized
water, then very clean glass substrate was mounted
vertically in solution for 90min. After the complete
formation of film, the substrate were removed from
the bath and rinse with warm deionized and then film
again ultrasonically cleaned in deionized water using
ultrasonic water bath (6.5L 200, Systronics, India Ltd,
Mumbai) and dried in air. The X-ray difractogram
were recorded by using Philips PW-3710 X-ray defrac-
tometer with Cu Ko at room temperature. The mor-
phological studies of the thin films were done by
using scanning electron microscopy (SEM). Optical
absorbance and transmittance spectra of all thin films
were recorded using UV-visible double-beam spectro-
photometer (Systronics 2203) in the spectral range
350-850nm. The obtained nanocrystalline thin films
then employed for photocatalytic experiments.

2.3. Photocatalytic experiment
2.3.1. Instrumentation

The photocatalytic degradation of MB dye was car-
ried out in a photocatalytic reactor, which consists of
a cylindrical Pyrex glass rector, a double-walled
quartz cooling water jacket and 400W medium
pressure Hg lamp with nominal wavelength range
220-1,400nm. The cooling water jacket was set up
inside the reactor to maintain the temperature to be
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within range of 25-31°C, hence preventing excessive
heating of the reaction mixture. The reaction solution
was stirred with magnetic stirrer at a constant speed
to maintain well mixed during the experiment. The
pH measurements were made on equiptronics a digi-
tal pH meter (Model-E610) fitted with glass electrode
which was previously standardized with buffer of
known pH. The change of dye concentration was mea-
sured by spectrophotometrically.

3. Result and discussion
3.1. XRD studies

In general, CdS exists in two crystal structures
cubic and hexagonal. It has been reported that chemi-
cal bath deposited or chemically deposited CdS films
depending upon preparative conditions, show cubic,
hexagonal or mixed (cubic+hexagonal) crystal struc-
tures. CBD-CdS crystals show three diffraction peaks
at 270, 430, and 52.50 which are associated with the
(002), (110) and (112) reflections of the hexagonal
modification or (111), (220) and (331) reflections of the
cubic CdS structure [14]. It is mentionable that the
identification and assignments of the observed diffrac-
tion patterns were made using the JCPDS data and by
comparison with published results [23].

The XRD (Philips PW-3710 X-ray defractometer)
studies of CdS thin film prepared at different molar
concentration are shown in Fig. 2. It is observed that
XRD pattern shows preferred orientation along (002)
plane. The grain size calculated by using Scherer for-
mula [23] is shown in Table 1.

D =kA/fcosO

where D is grain size, k is a constant taken to be 0.94,
B is the full width at half maximum and /. is wave-
length of X-ray. Due to size effect, the peaks in the
diffraction pattern broaden and their widths become
larger as the particles become smaller. It was observed
that crystallite size decreases with increase in
molarity.

3.2. SEM analysis

SEM is a convenient technique to study of mor-
phology of thin film. The SEM micrographs shown in
Fig. 3 shows the surface morphology of the CdS thin
film prepared for three different molarities. The
micrographs shows that the films are not uniform
throughout the entire region, but the films are without
any void, pinhole or cracks. It is clearly observed from
SEM micrograph that there is formation of nano-sized
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Fig. 2. XRD pattern of CdS nanocrystalline films at
different molarities (a=0.04M, b=0.12M).

Table 1
The crystalline sizes and band gaps for nanocrystalline
CdS thin films

FIm No.  Molarity =~ Grain size(nm)  Band gap (eV)
from XRD from UV
1 0.04M 45 2.30
0.12M 15 2.42

grains which gives evidence for the nanocrystalline
nature of thin film. SEM micrographs also shows that
grain sizes of thin film is not uniform, therefore aver-
age grain size were estimated and found in the range
103-264 nm.

3.3. Optical studies

The optical transmittance spectra of thin films are
shown in Fig. 4. All the films shows high transmit-
tance of more than 60% at wavelength longer than
500nm and it keeps on increasing with wavelength.

The optical absorbance spectra of CdS thin
films are shown in Fig. 5, from the spectrograph the
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absorption edge of sample found to occur in the range
of 350-450nm. The optical band gap E, can be esti-
mated from the tauc plot [24].

oh, = A(h, — Eg)"

where Eg is the band gap corresponding to particular
transition occurring in film, A is a constant, v is the
transition frequency and the exponent n characterizes
the nature of band transition. The plot between h, vs.
(¢h,)? is shown in Fig. 6. The extrapolation of straight
line to («h,)*=0 axis gives the value of energy band
gap of CdS thin film. The band gap of thin films
observed in the range of 2.30-2.45eV. It is observed
that band gap increases with decrease in grain size.

3.4. Photocatalytic behavior

The photocatalytic removal of MB was studied at
Amax 664nm. The optimum conditions for the removal
of dye are 30mg/L, pH 8.5 and contact time 30 min.
The results obtained during this study are being pre-
sented in Figs. 7-9.

3.4.1. Effect of Initial dye concentration

The rate of photocatalytic degradation of MB by
CdS thin films was studied by varying the dye
concentration from 60 to 10mg/L (Fig. 7) at fixed
catalyst concentration active sites remain the same,
the number of substrate ions accommodating the
interlayer space increases so that the degradation
decreases. Increase in the number of substrate ions
accommodating in inter layer spacing inhibits the
action of catalyst which thereby decreases the reactive
(-OH) and free radicals attacking the dye molecule
[25]. Also as the concentration of dye increases the
color of solution becomes more intense and it alters
the light to reach the dye molecule and thereby
decreases the degradation efficiency of catalyst.

It was clearly observed in Fig. 7 that removal
percent of thin film prepared at 0.12M is higher at
optimum concentration 30mg/L than other two thin
films.

3.4.2. Effect of pH

The pH of the aqueous solution is an important
operational parameter in the process. The effect of pH
on photocatalytic degradation was also investigated.
The results are reported in Fig. 8. It is evident from
the data that the rate of photocatalytic bleaching of
dye increases with increase in pH. The increase in the
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Fig. 3. SEM micrograph of CdS nanocrystalline films for different molarities (=0.04 M, b=0.08 M, c=0.12M).

rate of photocatalytic bleaching may be due to the
availability of dye in its anionic form, which is
attracted towards positively charged surface of the
semiconductor. The effect of pH may be explained on
the basis of efficient generation of hydroxyl radical by
CdS, with increase in concentration of hydroxide ions.
It is apparent that the rate of degradation of MB with
increase in pH value up to 8, this may be due to the
fact that as the pH increases onwards 8, the repulsion
of the dye anion by negatively charged CdS surface
would results in the reduction in efficiency of degra-
dation of MB. The removal percent of MB at different

pH by three different thin films shows variation in
percent removal. Thin film deposited at 0.12M
showed effective removal than other two thin films.

3.4.3. Effect of contact time

The effect of contact time for removal of MB by
nanocrystalline CdS thin films deposited at different
molar concentration is shown in Fig. 9. There was
rapid removal of dye observed in the first 30 min. and
then removal rate decreased gradually and reach to
equilibrium in about 50 min.
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Fig. 5. UV-absorption spectra of CdS nanocrystalline films
at different molarities.
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Fig. 6. Energy band gap determination of CdS thin films at
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At the beginning, removal rate was fast as the dye
was adsorbed by the exterior surface of the CdS. Thin
film deposited at molar concentration 0.12M shows
greater photocatalytic behavior than deposited at 0.4
and 0.8 M concentration.
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dye at 30mg/L concentration and pH 8.5 by using thin
films prepared at different molarities.

3.5. Kinetic study

On the basis of thin film photoactivity studies fur-
ther investigations were conducted to understand
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Fig. 10. Photocatalytic activity of nanocrystalline CdS thin
film derived at different molarities.

Table 2
The reaction rate constant for MB photocatalytic removal
using thin films prepared at different molarities and at
pH=38.5, Initial concentration 30mg/L and contact time
30 min

Sample no. Molarity k (min™1)

1 0.04 0.0651
0.0.8 0.0891

3 0.12 0.097

effect of different thin film preparation conditions on
photocatalytic performance. Fig. 10 shows the effect of
concentration of precursor solutions on thin film depo-
sition and their effects on its photocatalytic activity.
The reaction rates statistically found to follow first-
order kinetic model of which reaction rate constants
were determined by statistically fitting with experi-
mental data and results to be 0.0651, 0.0891 and
0.097min " for thin films obtained at different concen-
tration of precursor solutions 0.4, 0.8 and 0.12, respec-
tively. These results indicate that the photocatalytic
activity of nanocrystalline thin film prepared at 0.12M
concentration was highest among all three thin films
tested. Fig. 10 shows the effect of concentration of
precursor solutions in nanocrystalline CdS thin film
preparation on the photocatalytic process. The reac-
tion rate constant of each thin film are also presented
in (Table 2). It was found that CdS thin film deposited
at 0.12M concentration exhibited higher photocatalytic
activity in MB removal with a value of reaction rate
0.097min"". This may be explain on the basis of char-
acterization results which shows that as molarity of
precursor solution increases the crystallite size of CdS
in thin film decreases. Also as size decreases the sur-
face area available increases subsequently % removal
of MB increase, also as concentration of precursor
solutions increases the band gap also increase, there-
fore as a result of increase in band gap electron hole
pair recombination rate decreses in CdS hence rate of
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photocatalytic degradation of MB increases. However,
application of thin films prepared at 0.4 and 0.8M
concentration shows less photocatalytic efficiency than
film prepared at 0.12M concentration this may be due
to increase in grain size and small band gap (for film
prepared at concentration 0.04 and 0.08 M).

These results substantiate that the photocatalytic pro-
cess is considerably affected by thin film preparation con-
ditions. Hence, photocatalytic property can be related to
crystallitesizeand band gap of CdSthin film.

4. Conclusion

It is possible to synthesize the nanocrystalline CdS
thin film through CBD technique. The XRD study
confirms the formation of nano-sized crystals in thin
film. The crystallite size was within range of 15-
45nm. The optical studies of thin films performed by
UV-visible spectroscopy clearly showed an increase in
band gap with molarity which supports the formation
of nano-sized grains in CdS thin film. Band gap calcu-
lated were in the range of 2.32, 2.37, and 2.45eV. It
was also revealed that band gap increases with a
decrease in grain size. The photocatalytic experiments
show that the properties of CdS thin films are consid-
erably influenced by their preparation conditions. The
photocatalytic activity of obtained thin films for the
degradation of MB was studied. It was found that dif-
ferences in photocatalytic oxidation of MB could be
correlated with the grain size and band gap of CdS in
thin film. Thin film obtained at 0.12M concentration
provides high efficiency in MB removal due to the
small grain size and large band gap of thin film mate-
rial. The overall deposition method and photocatalytic
experiment clearly showed that higher molarity facili-
tates the growth of nano-sized crystals and increase in
band gap in CdS thin film and this results in
increased photocatalytic property of CdS thin film
which is good environmental pollution control appli-
cations.
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