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a b s t r a c t

Semiconductor nano-particles of CdS (about 2 nm) with a hexagonal phase have been prepared at a rel-
atively low temperature (60 �C) and short time in micro-emulsion (O/W) under ultrasound. This study
presents the effects of ultrasonic irradiation on the formation of CdS nano-particles in micro-emulsion
and compares the results with samples prepared without sonication. The nano-particles have been char-
acterized by high-resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD), energy
dispersed analysis of X-ray (EDAX), UV–visible spectroscopy, and surface area measurements (BET). The
effect of some important factors such as sonication time, intensity of ultrasound, temperature, and oil
fraction was studied on the prepared nano-particles. The particle size can be controlled by applying
the ultrasonic waves on the micro-emulsion under proper conditions. It has been postulated that bubble
collapse generates high temperature and many nucleation sites which lead to the uniform spherical par-
ticles with small size and fast transition phase. Further evidence was obtained by UV–visible absorption
and a photoluminescence spectrum. The study of optical properties reveals that the band-gap of the CdS
nano-particle decreases with increase of sonication time and reach an approximate constant value. It was
also observed that nano-particles grew faster at the beginning of sonication and then reached an almost
constant value. The growth of nano-particles at different intervals during sonication was followed by UV–
visible spectroscopy.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

Semiconductor nano-crystals have been widely studied in re-
cent years owing to their unusual physical properties and the wide
range of potential applications [1–3]. One of the important proper-
ties is the optoelectronic behavior of the semiconductors which is
often strongly dependent on their particle size, morphology and
crystal phases. In semiconductors with very small size, quantum
confinement modulates the band structure of nano-particles and
increases the band-gap [4]. The control of nano-particles’ proper-
ties is significant for many technological applications such as
light-emitting diodes [5], photocatalysts [6], biological labels [7],
electrochemical cells [8], lasers [9], and microcavities [10]. Among
the II–VI semiconductors, CdS is of special interest because it
exhibits high photosensitivity and its band-gap energy (2.4 eV) ap-
pears in the visible spectrum [11]. Cadmium sulfide as a semicon-
ductor is useful in applications such as optoelectronics [12],
photocatalysis [7], and photo-degradation of water pollutants
[13,14]. Various techniques have been successfully developed for
the synthesis of CdS nano-crystals. The important methods used
are electrochemical methods [15], gamma-irradiation [16],

solvo-hydrothermal [17], thermal evaporation [18,11], microwave
[19], micro-emulsion [20–22] and ultrasonic method [23].

Micro-emulsion processing has been proven to be an effective
way for the controlled growth of inorganic nano-particles [24,25]
with narrow size distribution and good mono-dispersity. This is
due to its ability to stabilize the clusters and thus inhibit their
indefinite growth. In addition, it is a gentle technique and does
not require special instruments or extreme conditions [26]. The
products of micro-emulsion process are particles with poor crystal-
linity. Therefore, to improve the crystal phase of the products it is
necessary to use relatively high temperatures and long reaction
times (above 300–400 �C) [17]. Hence, it seems that the combina-
tion of ultrasound and micro-emulsion is very suitable for synthe-
sis of CdS nano-particles. This combination could be useful for
controlling of crystal phase, morphology, and the size of the
nano-particles.

In the present work, we have used a combined method of ultra-
sound and micro-emulsion which is called sono-micro-emulsion
method for the synthesis of CdS nano-particles. Sonochemical pro-
cessing has an important role in this kind of research which is due
to the fact that this approach can in principle generate novel
materials with unusual properties [23] such as metals [27], metal
carbides [28], metal oxides [29], and metal chalcogenides [30,31].
Acoustic cavitation produced by ultrasonic waves can strongly
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increase the surface area and mass transfer between two phases,
both of which enhance the diffusion coefficient on the interface
mixing better than conventional agitation [32,33].

There are relatively few reports on the formation of nano-parti-
cles using the combination of ultrasound and micro-emulsion [34].
The sonochemical formation of CdS nano-particles have been re-
ported with a hexagonal structure in the range of 80–120 nm in
CS2–water–ethylenediamine micro-emulsion [35]. Wang et al.
have prepared CdS nano-particles with a cubic structure by a sono-
chemical method in an O/W micro-emulsion [36]. De et al. have
synthesized semiconductor nano-particles (CdS and ZnS) in W/O
media and reported that the photo-absorption threshold of semi-
conductors increases as the H2O content of reverse micelles in-
creases [37].

2. Experimental section

2.1. Materials

Ethylenediamine, sulfur, p-xylen, CTAB and 1-butanol from
Merck and CdCl2, 2H2O from Fluka have been used without further
purification. De-ionized water was used for the sample preparation.

2.2. Synthesis of nano-particles

First, 1000 mg of sulfur was dissolved in 50 ml of p-xylen at
about 313 K. Then, a quaternary oil-in-water micro-emulsion
formed by CTAB/1-butanol/p-xylen/water with a proper ratio and
used as a reaction medium for CdS nano-particles preparation.
The composite of micro-emulsion was set with weight ratio be-
tween oil and CTAB, water and oil, co-surfactant and surfactant at
0.6, 44, and 2, respectively. The micro-emulsion was prepared in
two separate parts (A = 80% and B = 20% w/w). The A portion con-
tained sulfur (37.8 mg) in oil phase and the B portion contained cad-
mium chloride (0.025 M) and ethylenediamine (0.41 M) in the
aqueous phase of the micro-emulsion. The clear micro-emulsion
of B was added slowly into the clear micro-emulsion of A. The mixed
micro-emulsion was stirred by stirring and Heidolph homogenizer
DIAX 900 separately and it was heated to about 60 �C for 30 min
without sonication. In another experiment, the above-mentioned
mixture of micro-emulsion was irradiated with ultrasound
(20 kHz Sonifier W-450, output acoustic power 45.5 W (amplitude
75%), horn with 1.9 cm diameter) for 30 min (Fig. 1). During sonica-

tion, the temperature was increased from 30 to 60 �C by stopping
the circulating bath. Nucleation processes began immediately and
after 5 min a large amount of nuclei was formed. The precipitate
was separated by centrifugation, washed with distilled water and
then 2–3 times with absolute ethanol for removing the excess sur-
factant, and then dried in dessicator at room temperature.

2.3. Characterization of CdS nano-particles

The structure and morphology of the final products has been
studied by transmission electron microscopy (HRTEM), Hi-TEM is
Hitachi 300 kV H-9500 TEM with accelerate voltage 300–100 kV
and resolution 0.1 nm for the crystal lattice and 0.18 for point to
point, X-ray diffraction (XRD) patterns were recorded in a wide an-
gle range (2h = 10–70�) by Bruker-axs, D8 Advance in scanning step
of 0.02�/s, with monochromatized Cu Ka radiation (k = 1.5406 Å).
The energy dispersed analysis of X-ray (EDAX) was carried out using
a Philips, XL30 model, and the surface area measurement (BET) was
done by MONOSORB and the out-gassing of the samples were car-
ried out at 100 �C for 3 h. The optical properties of the nano-particles
were studied by UV–visible spectroscopy (Unico 2800).

3. Results and discussion

In the present study, it is confirmed that ultrasonic irradiation
would favor the formation of the hexagonal phase of CdS and
facilitates the phase transition at relatively low temperature. The ef-
fect of important factors such as sonication time, intensity of ultra-
sound, oil fraction, and temperature was studied on the CdS nano-
particles.

The nature and morphology of the metal sulfides depend on
the preparation conditions [17,38]. In the present work, sulfur

Fig. 1. Showing the experimental set up: (A) 0 min and (B) 30 min.

Scheme 1. Suggested reaction steps.
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powder was dissolved in p-xylen as the oil phase, ethylenedia-
mine (en) and cadmium chloride were dissolved in the aqueous
phase. The formation of cadmium sulfide nano-particles is based
on the reaction between sulfur and ethylenediamine which were
present in two different phases. Ultrasound facilitates the ap-
proach of these two species by increasing the diffusion and pro-
motes the reaction to produce H2S. Then hydrogen sulfide
quickly reacts with cadmium ion and leads to CdS (Scheme 1
[30]). In contrast to the classical method, the nucleation process
in the sonication method was begun immediately and after
5 min a large number of nuclei were formed. As the size of the
particles is small, it should be assumed that the nuclei were
wrapped by the surfactants to prevent their aggregation. The
wrapped CdS nuclei were automatically dispersed in the whole
aqueous phase by the ultrasound.

Fig. 2 displays the XRD patterns of CdS nano-particles prepared
in the presence and absence of ultrasound. This pattern provides
information on the crystalline phase of the nano-particles, as well
as on the particle size. The broad peaks indicate that the crystal-
lites are nano-size. According to the full width at half-maximum
(FWHM) of the longest diffraction peak which is due to 0 0 2 plane,
the average size of nano-crystals are 2.1, 2.6 and 2.4 nm in the
presence and absence of ultrasound (stirring and homogenizer),
respectively. The size of the particles (Table 1) is calculated based
on the Scherrer equation. The diffraction peaks for the hexagonal
phase are due to (1 0 0), (0 0 2), (1 0 1), (1 1 0), (1 0 3), (1 1 2)
planes (JCPDS code 41-1049), and for the cubic phase are related
to (1 1 1), (2 2 0), (3 1 1) planes (JCPDS code 10-0454). The XRD
patterns indicate that the nano-particles are mostly in the hexago-
nal phase in the presence of ultrasound and in the cubic phase in
the absence of ultrasound.

According to the literature, the transition from cubic to the hex-
agonal phase occurred in the range of 160–240 �C by the hydro-

thermal method [17]. In the present work, ultrasound facilitates
the phase transition at relatively low temperature. On the other
hand, Fig. 2 shows that the sharpness of the XRD peaks is higher
for sonication than the two other methods. Enhancing the crystal
phase of the CdS in the presence of ultrasound would be explained
as a result of the cavitation process. The chemical and physical ef-
fects of ultrasound arise from acoustic cavitation. When a bubble is
formed in a micro-emulsion system, there is a possibility for small
droplets of oil to accumulate at the interface of the bubble pro-
duced by ultrasound. This behavior arises from the higher ten-
dency of the oil droplets to the bubble interface than water
phase. The implosion of a bubble generates many local hot spots
in the solution and promotes the reactions. The formation, growth
and crystallization of CdS nuclei are accelerated under these condi-
tions (Fig. 3). The high temperature produced during the cavitation
can facilitate the crystallization of the product. It means that the
hot spots produced during sonication play a role the same as a cal-
cination process.

The HRTEM of nano-particles is presented in Fig. 4a and b. It
shows that nano-particles have uniform spherical morphology
and their sizes are very small. The crystallinity of the product has
also proven by HRTEM. The results of optical and XRD measure-
ments confirm that the sizes are under 5 nm which means the
formation of quantum dots (Table 1). Table 1 shows that the
size of the particles is almost similar but the surface area measured
by BET (Fig. 4c) is different which might be due to the surface
of the particles. This is similar to the observations made by
Grinstaff et al. [39] who prepared Fe powder by sonication of
Fe(CO)5 [40].

It is interesting that the hexagonal phase was obtained at very
low temperatures (60 �C) and short times (5 min) in our combined
method (Fig. 2). Ultrasound has decreased the size of the particles
relative to the particles prepared by the two other methods. This

Fig. 2. X-ray diffraction patterns of the prepared CdS in: (a) sonication, 45 min; (b) stirring, 30 min. Insert: X-ray diffraction patterns of the prepared CdS in (a) stirring,
30 min; (b) homogenizer at 11,000 rpm, 30 min; (c) sonication, 5 min; (d) sonication, 15 min; (e) sonication, 30 min and (f) sonication, 45 min.
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has been explained that the ultrasound irradiation increases the
number of dispersed phase droplet by disrupting the droplets to
smaller one. Then it increases the sites of nucleation and results
to the smaller particles [34,41].

Ultrasound can also promotes the reaction of ethylenediamine
in water phase with sulfur in organic phase to produce H2S at
the oil–water interface. Thus the size of the CdS nano-particles is
almost related to the rate of formation of hydrogen sulfide. This
fact implies that the rate of reaction strongly affects the nucleation
process of the CdS nano-particles. The total number of nano-parti-
cles is correlated with the number of nuclei formed in the solution.
The number of nuclei also corresponds to the rate of hydrogen sul-
fide formation [42]. In addition, no excessive sintering or growth of
the particles is seen. This indicates that the nano-particles that are
formed remain stable during the sonication process.

The results of EDAX measurement (sonication, 10 min) reveal
that the CdS nano-crystals that were prepared have a high purity
and the average atomic ratio of Cd:S is 50.50:43.87, which points
out that the surface of the product is slightly richer in Cd. The
remaining (5.63) is related to the titanium from the horn of appa-
ratus (Fig. 5).

3.1. Intensity of ultrasound

On the basis of the results in Fig. 6, the surface area of the nano-
particles is dependent on the intensity of ultrasound. As it is
shown, by increasing the intensity of ultrasound the surface area
of nano-particles increased and then decreased. Therefore, there
is an optimum intensity for higher surface area. This behavior
could be explained by the cavitation process. As the main factor
for the preparation of CdS is the formation of hydrogen sulfide,
the intensity of ultrasound affects the rate of production of hydro-
gen sulfide through the cavitation process. It is also strongly influ-
ences the nucleation process and the following formation steps of
the CdS nano-particles. It is known that the acoustic intensity can
influence the number of cavitation bubbles produced during the
sonication. The number of cavities increases with increasing acous-
tic intensity until it reaches to the certain intensity which is related
to the properties of the medium. Further increasing the intensity
produces less effect which is due to the coalescence of the bubbles.
The produced enlarged bubbles float to the surface of the liquid
and can not affect more on the process. Therefore, the surface area
reduced in higher acoustic intensity.

Table 1
XRD characteristics of the prepared CdS with ultrasound at different interval times.

Sonication time (min) Max. int. (cps) FWHM 2h h k l d (obs. max.) (Å) Obs. max. 2h Size (nm)

10 45.8 3.899 0 0 2 3.2754 27.204 2.19
15 48.3 4.243 0 0 2 3.2829 27.141 2.05
30 54.3 4.046 0 0 2 3.2972 27.021 2.10
45 54.4 4.045 0 0 2 3.3031 26.972 2.11
30 (homogenizer (l1,000 rpm)) 36.8 3.570 1 1 1 3.3090 26.920 2.40
30 (classic) 19.0 3.297 1 1 1 3.2832 27.139 2.60

Fig. 3. Proposed reaction mechanism.
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3.2. Oil fraction

In micro-emulsion, the control of particle size and composite
depends on many parameters. One of the important factors is the
amount of oil fraction in the solution. This parameter was investi-
gated with changing the oil fraction from 0.022 to 0.048 by keeping
constant the amount of other constituents. The particle size

increased and the surface area of the particles decreased with
increasing the oil fraction in the solution (Table 2). This should
be explained that with increasing the oil fraction in constant
amount of sulfur, the concentration of sulfur reduced. Therefore,
the rate of product formation reduced and leaded to the larger par-
ticles. In addition, the size of oil droplets in micro-emulsion can in-
crease by increasing the oil fraction.

3.3. The effect of temperature

Another important factor is the effect of temperature on the
nano-particle’s growth in the micro-emulsion. The experiments
were conducted by sonication of micro-emulsion at two different
temperatures. The results (Table 3) show that both the final size
and the surface area of the nano-particles are affected by temper-
ature. An increase in temperature leads to a higher mass transfer
between two phases and enhances the reaction rate [21].

3.4. Optical properties

UV–visible absorption spectroscopy is a useful technique to
monitor the optical properties of the quantum-sized particles.
The UV–visible spectra of samples at different interval times are
shown in Fig. 7a. The maximum absorption for CdS as a bulk mate-
rial is around 515 nm (2.4 eV) [43]. Therefore, according to Fig. 7a

Fig. 4. HRTEM images of the prepared CdS: (a) stirring, 30 min; (b) sonication,
30 min and (c) surface area versus time.

Fig. 5. EDAX measurement of the prepared CdS nano-crystals.

Fig. 6. Effect of intensity of ultrasound on nano-particles in 10 min of sonication.

M.H. Entezari, N. Ghows / Ultrasonics Sonochemistry 18 (2011) 127–134 131
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the CdS nano-materials have shown an obvious blue-shift which is
due to quantum confinement. In addition, the observed optical
absorption edges are almost equal but show a little red-shift at
longer times. The difference between the absorption onset and
the absorption maximum characterizes the width of the particle
size distribution [44]. Therefore, CdS nano-crystals obtained in this
work have a relatively narrow size distribution.

The band-gap of different samples has estimated using the
‘‘knee” method [45,46] and the particle size calculated using effec-
tive mass approximation (EMA) [47]. Fig. 7b shows that the band-
gap shifts to lower energies very fast at the beginning of sonication
and then changes with time slowly. The opposite behavior is seen
for the particle size. In initial times (5 min), the size of nano-parti-
cles increases to 4.33 nm while from 10 to 45 min of sonication,
the size increases by only 0.15 nm. This range of sizes might be
attributed to the over-estimation of the EMA approximation for
the particles smaller than 6 nm that yields optical sizes larger than
XRD sizes. In this regard, the XRD sizes are expected to be more
realistic than the optical sizes. The uncertainty in XRD sizes is
due to the non-ideal size averaging over a distribution of sizes,
as well as the instrumental broadening. The uncertainty in XRD
size has been reported to be less than 0.5 nm in several papers,
where the size from HRTEM is considered as the true size [48].
Fig. 7c shows the photoluminescence spectrum of CdS nano-parti-
cles with a large blue-shift due to quantum size effects. There is no
emission peak at about 600 nm associated with the defects and
impurities in CdS nano-crystals [43]. This confirms the high crys-
tallinity and purity of the nano-particles. A weak shoulder peak
at 400 nm (this peak is perhaps due to split of continuous energy
bands of the nano-particles into discrete levels [4] which lead to
allow energy transfer higher than the band-gap energies) and a rel-
ative sharp emission peak appeared at about 480–490 nm that is
located near the absorption band edge. The latter one can attribute
to electron–hole pair recombination at surface trap states [49]. The
latter emission is strong, suggesting that the synthesized CdS
nano-particles are likely rich with respect to Cd2+ than S2�, as
observation in EDAX measurements, can result in higher fluores-
cence quantum yields [50].

The exitonic shoulder and sharp absorption edge is indicative of
highly mono-disperse particles with narrow size distribution and
good crystallinity in the presence of ultrasound (Fig. 8). But in
the other methods the slope of the absorption band is not very
steep, and this is due to the relatively low mono-dispersity of the
nano-particles. The obtained results are summarized in Table 4.

4. Conclusions

In conclusion, in the present work we have developed a new
method to synthesize CdS nano-particles through combination of

ultrasonic waves and O/W micro-emulsion. Nano-particles with a
hexagonal structure were prepared at a relatively low temperature
(60 �C), short time, and fast transition phase. The advantages of this
combined method are due to its simplicity and efficient way for
preparation of very fine nano-particles (quantum dot) with uni-
form shape. During cavitation, bubble collapse produces strong
shock waves and intense local heating that leads to an increase
mass transfer and diffusion of species to each other and enhances
the crystallinity of the produced nano-particles. The surface area of
nano-particles was increased with increasing the sonication time.

Table 2
Effect of oil fraction on the surface and size of nano-particles in 10 min sonication.

Weight
ratio O/W

Weight
ratio O/Sur.

Size crystal
(XRD) (nm)

Optical
size (nm)

Band-gap
(eV)

Surface
(m2/g)

0.022 0.59 2.19 4.60 2.73 84.1 ± 0.3
0.048 0.60 2.23 4.78 2.70 75.0 ± 0.7

Table 3
Effect of temperature on the surface and size of nano-particles in 30 min sonication.

Temperature
(�C)

Size crystal
(XRD) (nm)

Optical
size (nm)

Band-gap
(eV)

Surface
(m2/g)

60 2.10 4.66 2.72 152 ± 1
80 4.00 5.64 2.60 124 ± 2

Fig. 7. (a) UV–visible spectra of samples at different interval times, (b) time of
sonication on the optical size and band-gap of nano-particles, (c) photolumines-
cence spectrum of CdS nano-particle.
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In the case of intensity effect, there was an optimum intensity for
higher surface area of nano-particles. The study of optical proper-
ties also confirmed that there is a specific relationship between
particle size and energy band-gap.
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