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thod for the synthesis, control and
optimization of CdS/TiO2 core–shell
nanocomposites

Sajad Alizadeh, Narges Fallah * and Manochehr Nikazar

In this study, an ultrasonic method was utilized in combination with microemulsion to synthesize CdS/TiO2

core–shell nanoparticles and control their particle size and ultimately optimize the influential parameters.

Moreover, response surface methodology (RSM) was used to optimize the thickness of the shell. Herein,

four parameters, i.e. temperature (67–79 �C), synthesis retention time (45–105 min), TiO2 : CdS ratio

(1.5–7.5) and the power of ultrasound waves (37–53 watt), were optimized to synthesize nanoparticles

with an average size of up to 10 nm. A correlation equation was introduced for the size range of 10–

90 nm, which was then proven to have excellent predictions. To verify the proposed model, two

different sets of combinations were selected to synthesize 10 nm composites, and consequently,

nanocomposites with the sizes of 10.4 and 10.9 nm were successfully synthesized. The power of

ultrasound waves and retention time had the most influence on the size of the particles. Further

experiments proved that the optical absorption spectrum of the composite particles was extended to the

visible region. Furthermore, the formation of CdS/TiO2 core–shell nanocomposites was confirmed by

different characterization techniques including XRD, TEM, EDAX, UV-vis, FTIR and DLS.
1. Introduction

The importance of composite nanoparticles, especially core–shell
materials, is undeniable not only in the eld of chemistry but
also in various other elds such as electronics, biomedical optics
and catalysis. These materials are highly functional due to their
ability to be produced with modied properties. Coating a core
with a layer (shell) of different materials can be carried out for
numerous purposes such as surface modication, stability, dis-
persibility, core release control, drug delivery and core
consumption.1 Moreover, one of the most interesting features of
core–shell composites, which has attracted the attention of
scholars from different elds, is that they provide the possibility
of combining the advantages of different materials.2,3 In the half
past century, the advent and advancements in the synthesis of
nanoparticles4 have led to a signicant increase in their popu-
larity; this is mainly due to their physical, chemical and optical
features.5 Core–shell materials can also help compensate for the
disadvantages of individual particles;2 one such material, which
is widely used and synthesized in many different forms by
researchers, is TiO2. TiO2 is a semiconductor that is mostly
known in light science. This naturally safe material has fantastic
photocatalytic activity in UV light, but has very low photocatalytic
activity in visible light. Combining TiO2 with other semi-
conductors to extend the absorption of TiO2 to the visible region
bir University of Technology, P. O. Box:

001@aut.ac.ir
is an efficient way to tackle this problem. Several studies have
been reported on the synthesis of core–shell and other forms of
TiO2-based composites to enhance the photocatalytic and pho-
tocorrosion resistance during photodegradation and photo-
catalytic hydrogen production.6–10 The major problem in the
synthesis of core–shell materials is the difficulty of coating the
materials, especially inorganic components, on a small core. This
is mainly due to the lack of proper coating methods as well as
weak surface forces existing under normal conditions. The
results achieved under normal conditions using conventional
methods for the synthesis of core–shell particles, especially in the
process of coupling semiconductors, may not be efficient since
a quite long retention time (about one day or more) and high
temperature (200–400 �C) are required for sufficient interfacial
adhesion and crystallinity of both components.11–15 In this regard,
one of the promising approaches that can overcome the afore-
mentioned problems is the sonochemical method, in which
ultrasound waves are utilized for the synthesis of different types
of nanoparticles with a narrow size distribution under mild
conditions.16–18 During irradiation of liquids with ultrasound,
a phenomenon called cavitation takes place. The produced cavity
serves as amean to concentrate the diffused sound energy. In any
acoustic eld, once a microbubble experiences rapid growth, it
can no longer efficiently absorb energy, and thus, the liquid will
rush in, and the cavity will eventually implode.19,20 Once these
grown bubbles collapse and implode, they act as a hotspot and
generate energy, which can increase the local pressure and
temperature to 500 atm and 5000 �C, respectively. Then, the
This journal is © The Royal Society of Chemistry 2019
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liquid will cool down at the rate of 109 K s�1.20 These collapsing
bubbles create a turbulence synthesis environment, an unusual
mechanism for chemical reactions which need high level of
energy to occur. The turbulent media and the consequent high
velocity eld can help with easier deposition of organic or inor-
ganic materials on a small core as compared to the case of
conventional methods. Due to these features, the use of ultra-
sonic waves has become a promising method for the synthesis of
a wide range ofmaterials ranging from inorganic/polymeric core–
shell materials as a system modier21 to inorganic/inorganic
core–shell catalysts;2 although studies on the formation of CdS/
TiO2 core–shell composites using ultrasound waves are quite
rare, some studies on the formation of TiO2/CdS core–shell
materials with a hexagonal phase and size in the range of 25–
30 nm under a multi-bubble sonoluminescence (MBSL) condi-
tion are available.22 Note that not only the size of the particles
obtained in this process is larger but also the complexity of the
sonoluminescence reactor is a major drawback. In addition,
synthesis of 0- and 1-dimensional mesoporous core–shell CdS/
TiO2 with an average size of 20 nm through a sol–gel method was
investigated.23 However, the sol–gel method and solvothermal-
assisted synthesis, which have been used to prepare these CdS/
TiO2 core–shells, are time-consuming;23 one of the most
successful approaches to synthesize these particles is the sono-
chemical method, in which the complexity of the sonolumi-
nescence reactor and the long duration of solvothermal synthesis
are completely eliminated.2 Thus, it seems that the ultrasound
approach would be a more promising way for the synthesis or at
least for coating the nanoparticles. Use of ultrasonic waves with
an experimental design approach, such as response surface
methodology, can efficiently increase the performance of the
synthesis; this is due to the possibility for the optimization of
response, extrapolation of the results to unexamined data points
and an accurate estimation of the extrapolated points. Among the
RSMmethods, the central composite design (CCD), which is a 2k

factorial design with two variables and nc central point, is very
famous. This method of design usually provides the best answers
due to the reasonable distribution of points across the desired
area.24 The aim of the present study was to synthesize CdS
nanoparticles and then coat them with a TiO2 layer using an
ultrasonic method. The targeted size of the nal nanocomposite
was 10 nm; thus, the inuential parameters (i.e. temperature,
time, TiO2 : CdS ratio and power of sound beam) controlling the
thickness of the shell were optimized accordingly using the RSM
method, and a model was obtained. The model could also be
used to synthesize CdS/TiO2 with different sizes. The other aspect
of this study was to investigate the importance and impact of
these parameters on the nal composite size.
2. Materials and methods
2.1. Materials

Ethylenediamine, titanium tetra-isopropoxide (TTIP), CS2 and
CdCl2$H2O were supplied by Merck Company and used without
any further purication. Distilled water was used for all the
syntheses and sample preparation steps.
This journal is © The Royal Society of Chemistry 2019
2.2. Methods

2.2.1. Synthesis of the CdS nanoparticles. Typically, 1 mL
of ethylenediamine was added to 50 mL water in a beaker at
room temperature, and then, 0.3 mL of CS2 was added to
complete the oil phase, which was irradiated for 20 min using
ultrasound waves (TOMY, UD 201, acoustic power 45 W with
digital water bath temperature controller) at 40 �C until the
solution became clear. Then, an aqueous solution of hydrated
cadmium chloride (0.3 g dissolved in 15 mL of distilled water)
was added to the beaker as an aqueous phase, and the entire
solution was sonicated for about 15 min without changing the
temperature. Aer the mixing process, the temperature was
increased to about 75 �C for 10 min for the nucleation of the
CdS nanoparticles, and then, it was kept constant for another 30
minutes.25 The CdS nanoparticles were obtained via centrifu-
gation, and then, the precipitate was separated, washed with
distilled water and ethanol, and dried at room temperature.
Finally, 0.05 g of dried CdS particles was added to 20 mL
distilled water followed by sonication for 5 minutes to achieve
uniform dispersion. Then, 5 mL of this solution was charac-
terized using dynamic light scattering to measure the particle
size and size distribution.

2.2.2. Synthesis of core–shell nanoparticles. To coat the
CdS nanoparticles with TiO2, titanium isopropoxide (TTIP) was
added drop-wise to the solution in an ultrasonic medium. The
nal product was separated by centrifugation (5000 rpm for 20
minutes), washed with absolute ethanol and distilled water, and
dried in an oven at 70 �C for 1 hour. Further, the parameters,
i.e., time, temperature, TiO2 : CdS ratio and power of the sonic
beams, that affect the thickness of the shell were optimized
according to the statistical experimental design. The goal of this
optimization was to achieve core–shell structures with desirable
size.26
2.3. Characterization of the nanocomposite

The structure andmorphology of the products were investigated
using X-ray diffraction (Bruker D8 Advanced), energy dispersive
X-ray spectroscopy (Philips XL 30S FEG), transmission electron
microscopy (Philips, CM120 Bio-TWIN), dynamic light scat-
tering (HORIBA – LB550), and FTIR spectroscopy (Perkin Elmer
– Spectrum RX I); moreover, ultraviolet-visible spectroscopy
(Perkin Elmer, Lambda 850) was employed to study the prod-
ucts from a photocatalytic point of view.
2.4. Experiment design

Analysis of experimental data and the suggested experiments
were carried out by Design-expert® version 7.0. An RSM based
on the central composite design (CCD) was applied to deter-
mine the number and conditions of the experiments needed to
develop a model. Each numerical factor varied at ve levels.
Moreover, thirty experiments were suggested by the CCD
method for the optimization of the inuential parameters. In
the suggested sets of experiments, four independent variables
(time, temperature, molar ratio of TiO2 to CdS and power of
sonic beams) were used in the RSM. Each variable was found to
RSC Adv., 2019, 9, 4314–4324 | 4315
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Fig. 1 DLS pattern of the CdS nanoparticles.
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be within the range suggested in previous studies.2,11,13 In
addition, to improve the synthesis model, a level higher and
lower than the suggested levels were selected and investigated.
Table 1 shows the parameters used in the RSM design using the
CCD method. The units and the range of change for each
parameter are presented. (The range of change appears in terms
of � alpha.)
3. Results and discussion
3.1. Core size analysis

Fig. 1 shows the DLS pattern of the synthesized CdS core. The
pattern indicates a narrow size distribution of the synthesized
CdS nanoparticles with an average size of 8.7 nm. As shown in
the pattern, the particle size varied between 3.5 and 10.5 nm,
and the most intense peak (about 26%) occurred at 9 nm.
3.2. Statistical analysis

The response used in the model was the size of the synthesized
nanocomposite in each experiment. The size of each composite
was measured using the DLS method. Table 2 represents the
inuential parameters, the suggested combinations and the
output results. (*Indicates center point experiments.)

To assess the statistical and mathematical adequacy of the
proposed model, a plot comparing the predicted response
values of the model with the experimental data was generated
(Fig. 2), which showed a good agreement between the values
predicted by the model and the observed values. Based on the
Table 1 Core–shell and CCD parametersa

Name Unit
�1
Level

+1
Level

�
Alpha

+
Alpha

A Temperature �C 70 76 67 79
B Time min 60 90 45 105
C TiO2/CdS Molar ratio 3 6 1.5 7.5
D Wave power Watt 41 49 37 53

a Alpha: 2, replicates of factorial points: 1, replicates of axial points: 1,
center point: 6.

4316 | RSC Adv., 2019, 9, 4314–4324
experimental data listed in Table 2, an empirical equation was
derived as follows:

S�0.14 ¼ �0.72235 � 0.015873 � Te � 3.24399 � 10�3 � Ti �
0.035904 � T : C + 0.090528 � WP + 3.66045 � 10�4

� Te � WP + 4.01792 � 10�4 � Ti � Tc �
1.21566 � 10�3 � WP2 (1)

where S, Te, Ti, T : C and WP represent the core–shell size,
temperature, time, TiO2 : CdS ratio and the power of waves,
respectively.

S�0.14 ¼ 0.66 + 1.793 � 10�3 � A � 0.022 � B � 8.654 � 10�3

� C + 0.031 � D + 4.393 � 10�3 � A � D + 9.040

� 10�3 � B � C � 0.019 � D2 (2)

where S, A, B, C and D represent the core–shell size, tempera-
ture, time, TiO2 : CdS ratio and the power of waves, respectively.
Eqn (2) is the coded form of eqn (1). In this equation, the
positive values indicate a favourable effect of the parameter on
the response, whereas the negative values represent an antag-
onistic effect on the response (an inverse relationship); more-
over, the magnitude of these numbers shows the extent of the
impact of each factor.27,28 As eqn (2) indicates, the positive sign
for A and D allow the particles to have a smaller size. In addi-
tion, the magnitude of coefficient indicates that the impact of D
is far more than that of A. On the other hand, the negative signs
for B and C indicate an antagonistic effect i.e. the higher these
parameters, the greater the particle growth. In this case, the
retention time has more impact on the particle size than the
precursor ratio. Statistical analysis (ANOVA) proved that the
model was signicant as the F value for themodel was 24.95 and
the corresponding p value was <0.0001. This would mean that
there was only a 0.01% chance that this F-value for the model
could occur due to noise. The lack of t F value of 0.07 was not
considered signicant as the p value was 1.000. For a model to
have a successful prediction, the lack of t should not be
signicant. Moreover, the adjusted R-squared value is very close
to the corresponding R-squared value; this further conrms the
adaptability of this model.29 The predicted R-squared of 0.8909
This journal is © The Royal Society of Chemistry 2019
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Table 2 Output data for the suggested experimentsa

Run
Temperature
(�C) Time (min) Power (watt)

Ratio
(molar ratio) Size (nm) Run

Temperature
(�C) Time (min) Power (watt)

Ratio
(molar ratio) Size (nm)

1 73.00 75.00 45.00 4.50 16.63* 16 73.00 75.00 45.00 4.50 17.42*
2 70.00 90.00 41.00 6.00 44.11 17 73.00 75.00 37.00 4.50 91.62
3 73.00 75.00 45.00 4.50 17.24* 18 73.00 75.00 45.00 4.50 16.41*
4 70.00 90.00 49.00 6.00 22.7 19 76.00 60.00 41.00 6.00 33.25
5 70.00 60.00 41.00 6.00 29.41 20 76.00 60.00 49.00 3.00 10.12
6 73.00 75.00 45.00 7.50 15.93 21 76.00 90.00 49.00 6.00 16.91
7 70.00 60.00 49.00 3.00 11.57 22 79.00 75.00 45.00 4.50 18.97
8 73.00 75.00 53.00 4.50 20.13 23 73.00 75.00 45.00 4.50 17.05*
9 70.00 60.00 41.00 3.00 23.65 24 73.00 45.00 45.00 4.50 15.19
10 76.00 60.00 41.00 3.00 24.62 25 67.00 75.00 45.00 4.50 19.19
11 70.00 90.00 41.00 3.00 42.12 26 76.00 90.00 41.00 3.00 37.8
12 70.00 90.00 49.00 3.00 23.85 27 73.00 75.00 45.00 4.50 15.94*
13 76.00 90.00 41.00 6.00 49.52 28 76.00 60.00 49.00 6.00 17.74
14 70.00 60.00 49.00 6.00 18.54 29 73.00 75.00 45.00 1.50 11.63
15 76.00 90.00 49.00 3.00 21.14 30 73.00 105.00 45.00 4.50 49.65

a Statistical analysis of the output data obtained from the experiments was performed by Design Expert® version 7.0.0.
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is in reasonable agreement with the adjusted R-squared of
0.9326. Adequate precision is determined by the signal to noise
ratio. A ratio greater than 4 is desirable, and the obtained ratio
has been found to be 22.848, which indicates an adequate
signal and also proves that this model can be used to navigate
the design space.
3.3. Effect of the factors affecting the particle size

The perturbation diagram, as shown in Fig. 3, is useful for
predicting the impact of different parameters on the particle
size of the nanocomposite.
Fig. 2 Relationship between the predicted and experimental sizes of th

This journal is © The Royal Society of Chemistry 2019
Line (A) from le to right indicates an increase in tempera-
ture, which leads to a reduction in the size of the synthesized
particles. Temperature shows the smallest effect on the particle
size. By increasing the time of synthesis, the residual TiO2

particles are allowed to hit and join the formed shell; this
increases the shell thickness, and consequently, the size of the
core–shell is increased, as indicated by Line (B). Moreover, an
increase in the ratio of the precursors led to growth in the size of
the synthesized particles. Line (C) indicates the increase in TiO2

to CdS precursor ratio. As the amount of TiO2 particles in the
mixture increased, the probability of formation of a denser and
e synthesized nanocomposite.

RSC Adv., 2019, 9, 4314–4324 | 4317
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Fig. 3 Perturbation diagram of the model.
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thicker shell also increased due to higher amounts of the TiO2

precursor (TTIP) than those of the CdS precursors (CS2 and
CdCl2$H2O). This phenomenon was almost similar to that of
retention time, but the inuence of retention time was far more
signicant than that of the ratio of components. As the power of
the ultrasound waves increases, the level of turbulence in the
system will also increase, and the particles will collide each
other with higher momentum and the chances for the forma-
tion of agglomerate particles will denitely diminish. This
phenomenon is shown by curve (D), and as it can be seen, by
increasing the power of the ultrasound waves, the particle size
Fig. 4 Contour plots of the different parameters affecting the particle s

4318 | RSC Adv., 2019, 9, 4314–4324
of the nal product can be decreased. The interactions between
parameters were studied using the contour plots shown in
Fig. 4. As the perturbation diagram indicates, temperature has
the least inuence on the size as compared to the other factors.
In fact, if one of the other factors remained constant, a change
in temperature could not alter the size of particles. This
behavior can be observed in Fig. 4a, d and f. The most impor-
tant interaction was between the synthesis retention time and
the power of sonic waves, which acted in opposite directions.
Upon increasing the power of beams, the size of the particles
reduced, and an increase in retention time led to an increase in
the particle size. Note that the synthesis of ne particles
requires adequate power of ultrasound. However, the contours
in Fig. 4c indicate that aer a specic retention time, any
further increase in the power of sonic waves is ineffective since
it can no longer overcome the inuence of retention time, and
thus, the particle size will increase. The interaction between the
sonic waves and the precursor ratio can be regarded the same as
the interaction between the synthesis retention time and the
power of sonic waves. Their inuence is fairly smoother as
compared to that of the retention time; however, it cannot be
ignored. For example, Fig. 4e indicates that at the center points
of temperature and retention time, TiO2 : CdS ratios greater
than 5.3 cannot lead to particles smaller than 17 nm. The last
interaction studied was between the retention time and the
precursor ratio, and since both these parameters act in favor of
the increase in the particle size, their interaction led to
a constructive interference, and ultimately, the nal size of the
particles increased.

3.4. Optimization of core–shell

As the goal of this study was to achieve a size of 10 nm, the
model was optimized accordingly. Thus, the size of the particle
was intentionally maintained constant at 10 nm, whereas the
ize.

This journal is © The Royal Society of Chemistry 2019
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Table 3 Optimization factors, goals, limits and importance of each parameter

Name Goal Lower limit Upper limit Lower weight Upper weight Importance

Temperature Is in range 67 79 0.231101 0.301407 5
Time Is in range 45 105 1 0.265826 3
TiO2/CdS Minimize 1.5 7.5 1 0.1 5
Wave power Is in range 37 51 1 1 3
Size Is 10 nm 11.57 91.62 0.1 0.265826 5
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other parameters were changed within their operational range
except for the TiO2 : CdS ratio. This ratio was purposely mini-
mized due to nancial consideration and the high cost of the
initial precursors. Table 3 shows the optimization parameters,
their goal and importance. As shown, the optimization process
suggested the relationships between parameters for achieving
a 10 nm composite particle, and the ratio between precursors is
minimal.

Some of these relations are shown in Table 4. To assess the
model, two different combinations with different amounts of
TiO2 : CdS precursors were selected from the table: 2.97 and
4.87 for composite A and composite B, respectively.

3.5 Characterization of the synthesized core–shell
composite

Fig. 5 shows the DLS patterns representing the size distribution
of the CdS/TiO2 particles. As the plots shows, particles of both
composites have narrow distribution with the average sizes of
10.4 and 10.9 nm. The actual data shows only 0.4 and 0.9 nm
difference as compared to the model prediction.

Fig. 6 shows the XRD patterns of composite A, composite B,
TiO2 and CdS (individual component patterns are obtained
from the HighScore Plus database version 2013). The XRD
patterns reveal that the TiO2 nanoparticles are in anatase phase
Fig. 5 DLS analysis of the nanocomposites.

Table 4 A few combinations of the synthesis parameters for synthesizin

Solutions number
Temperature
(�C) Time (min)

TiO2 : CdS
(molar ratio)

1 70.26 46.92 3.73
2 67.72 49.66 2.97
3 77.46 64.41 1.94
4 72.13 56.07 1.99
5 78.95 45.32 4.87

This journal is © The Royal Society of Chemistry 2019
with intense peaks at 2q ¼ 24.9�, 26.5�, 28.2�, 36.8�, 44�, and
48.1�, and the CdS nanoparticles have intense peaks at 2q ¼
27.5�, 36.1�, 54.5�, and 69.1�. The relatively narrow XRD peaks
of both composites show that the particle sizes are in nano
scale, and the thickness of the TiO2 shell formed on CdS
nanoparticles is less. A comparison between the X-ray diffrac-
tion patterns of composites A and B revealed that the lower peak
breadth of composite A represented a smaller size of the
product, and consequently, a shell containing less amount of
deposited TiO2 was obtained on the CdS core.

Chemical composition analysis by the EDAXmethod showed
moderate to high purity for each component in both the CA and
CB composites. The analysis also revealed that the atomic
percentages of Cd, S and Ti were 20.62, 21.93 and 57.44 in the
composite A and 13.85, 15.92 and 70.21 in the composite B,
respectively. This means that the atomic ratios between Cd and
S are almost 1 : 1 in both composites, which indicates that
about 21.2% and 14.9% of composite A and B have been made
by the CdS particles, respectively. Consequently, the ratio of
TiO2 : Cds in composites A and B would be 2.71 : 1 and 4.71 : 1,
respectively (2.97 : 1 and 4.87 : 1, as listed in Table 2). Fig. 7
shows the EDAX patterns of both composites A and B.

The efficiency of encapsulation of both composites, actual
size of individual composite and shapes of the cores and shells
g a 10 nm composite

Wave power
(watt) Size (nm) Desirability Result

48.82 10.001 0.961
49.37 10 0.951 Selected (CA)
47.68 10.001 0.945
45.00 10.001 0.918
49.15 9.999 0.914 Selected (CB)

RSC Adv., 2019, 9, 4314–4324 | 4319
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Fig. 6 XRD patterns of composite A, composite B and the individual patterns of TiO2 and CdS.
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were investigated by TEM. The images clearly demonstrated
that a nano-sized layer of titanium oxide (0.9 and 1 nm
respectively for composite A & B) fully enclosed the 9 nm CdS
core. The spherical shape of the cores is speculated to have
arisen due to the high-velocity synthesis eld. Cavitation
phenomena and the intense change in local temperature and
pressure lead to the development of a high velocity eld. In this
eld, particles collide each other with a great momentum. This
great momentum leads the particles to reach their most stable
shape in a three-dimensional medium. In a uid medium,
sphere is the most stable shape, and our TEM images prove this
fact. Fig. 8 shows the TEM images of both the composite A & the
composite B particles.
Fig. 7 EDAX patterns of composites A and B.

4320 | RSC Adv., 2019, 9, 4314–4324
Fig. 9 illustrates the FTIR spectra of the composites A and B
over 500–2500 cm�1. The reference charts indicate that the peak
in the region 400–600 cm�1 is due to the transverse optical
active vibration of the Ti–O bonds, whereas the peak in the
region 700–950 cm�1 is due to the longitudinal optical (LO)
vibrational mode.30 The sharp peak at 1400 cm�1 can be
recognized to be due to the lattice vibrations of TiO2.31 In
addition, a binding vibration associated with Ti–OH can be seen
as an absorption band at 1627 cm�1.30 For CdS, the reference
charts indicate peaks at 619 and 659 cm�1 due to Cd–S
stretching.32 Moreover, the peaks at 1391 and 1630 cm�1 indi-
cate the lattice vibrations of CdS.30 As shown in Fig. 9, the peaks
in the 500–700 cm�1 region indicate an overlap between TiO2
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 TEM images of the nanocomposites A and B.
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and CdS, and the peaks at 1380, 1410 and 1650 cm�1 clearly
reveal that the CdS molecules are attached to TiO2.

In photocatalysis research, UV-vis absorption spectroscopy is
one of the most important characteristic tests to monitor the
band gap shis. Fig. 10 represents the UV-vis absorption spectra
of both composites as well as pure components. As the spectra
indicates, the absorption of composite B is in a lower wave-
length region as compared to that of composite A. This
phenomenon is due to the higher ratio of TiO2 : CdS and the
thicker shell of composite B. The band gap plots for these
components are illustrated in Fig. 11. Pure TiO2 and CdS
nanoparticles show the band gap energies of 3.39 and 2.45 eV,
whereas the composite A & composite B show the band gap
energies of 2.82 and 2.95 eV, respectively. Participation of TiO2

and CdS in the core–shell system has led to a red shi in the
absorption spectra of pure TiO2, and the optical absorption has
extended to the visible region as compared to that of the pure
TiO2 particles. Red shi of the spectrum is a typical
Fig. 9 FTIR spectra of the nanocomposites A and B.

This journal is © The Royal Society of Chemistry 2019
characteristic of core–shell nanocrystals with higher band gap
shells due to reduction in the surface defects of the core.33 The
Eg or band gap of samples has been determined by plotting the
following equation (eqn (3))34 and extrapolating the linear
portion, which intercepts the energy axis hn.

ahn ¼ A
�
hn� Eg

�n
2 (3)

where a is the absorption coefficient, h is the Planck's constant,
n is the light frequency, n is a proportionality constant, and A
and Eg are the constant and the band gap of the nanoparticle,
respectively. The exponent ‘n’ is determined by the transition of
semiconductor, for example, a direct transition for zinc ferrite
and cadmium sulde (n ¼ 1),2,34,35 and an indirect transition for
TiO2 (n ¼ 4).34 As shown in Fig. 11, the indirect measurement of
optical transition shows a reduction in the band gap for both
composites with respect to pure TiO2. Moreover, the composite
A shows more reduction in energy due to a lower ratio of
TiO2/CdS.
RSC Adv., 2019, 9, 4314–4324 | 4321
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Fig. 10 UV-vis absorption spectra of both composites and pure components.

Fig. 11 Band gap of the composites and pure semiconductors.
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3.6. Nucleation and growth mechanism

The formation of CdS nanoparticles is based on the reaction
between ethylenediamine, hydrated cadmium chloride and
carbon disulde present in the aqueous phase and oil phase.
4322 | RSC Adv., 2019, 9, 4314–4324
The chemical and physical effects of the ultrasound arise from
acoustic cavitation, which is responsible for the mixed phase
reactions and mass transfer between the two phases.2,25,36 In the
absence of surfactants, cavitation plays the same role as
microemulsion in mixing the aqueous phase and oil phase. On
This journal is © The Royal Society of Chemistry 2019
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adding cadmium ions to the oil–water interface of the solution,
the CdS nanoparticles are formed, and their formation may be
attributed to the following sequence of reactions:37 the turbu-
lent ow aids ethylenediamine in attacking the C–S bond of CS2;
upon polymerization of the product from this reaction, H2S gas
is produced and reacts with cadmium ions in the oil–water
interface of the solution. Eventually, the polymerized molecules
produced in the reaction may bridge the oil droplets and water
at the CS2–water surface to prevent agglomeration of the drop-
lets.25 Eqn (4a) and (b) show the polymerization reaction of the
sulfur source CS2 to produce H2S gas for the synthesis of CdS.

C2H8N2 + CS2 / C3H8N2S2 (4a)

n(C3H8N2S2) / (–HN–CH2–CH2–NH–SC)n + H2S (4b)

Aer synthesis of the core, TTIP was added drop-wise to the
mixture in the presence of ultrasound waves to increase the rate
of hydrolysis of TTIP and form the TiO2 shell.22 During the
formation of the shell, cavitation and its physical and chemical
effects are responsible for the deposition of a uniform layer of
TiO2 on the CdS nanoparticles. The hydrolysis reaction of TTIP
is a simple but efficient way to produce the TiO2 particles.
Titanium isopropoxide hydrolyses in the presence of water as
per the following reaction:

Ti(OC3H7)4 + 2H2O / TiO2 + 4C3H7OH (5)

The 1-propanol produced herein is miscible in water, and
hence, the TiO2 particles are formed.38 Cavitation can also
remove contaminants from the particle surface; this causes the
formation of uniform clusters.39 Highly turbulent ow can also
drive the nanoparticles towards each other at very high velocity
to form the core–shell particles, especially in spherical shape.40
4. Conclusion

In this study, CdS particles and CdS/TiO2 core–shell nano-
composite were successfully synthesized under a mild condi-
tion through microemulsion and ultrasonic synthesis methods,
respectively. To control the thickness of the TiO2 coating,
inuential parameters that affect the shell were optimized by
means of response surface methodology, and the best combi-
nation ratio of these parameters was obtained. The optimiza-
tion process was aimed to minimize the ratio of TiO2 to CdS to
yield a 10 nm composite, whereas the other factors were
changed freely within their operational range. Finally, it was
concluded that the power of ultrasound waves had the most
inuence on the size of the particles. The second most inu-
ential parameters were the retention time of synthesis and
precursor proportion, whereas temperature was found to have
the least impact on particle size. The interaction between sonic
waves and synthesis retention time revealed that the retention
time must be kept less than 50 minutes to obtain ne particles
through this synthesis method. The thickness of the TiO2 shell
could be regulated (from 1.4 nm to 41.4 nm) using the proposed
model. The sizes of CdS and composite nanoparticles were
This journal is © The Royal Society of Chemistry 2019
investigated via DLS and TEM analyses, respectively. TEM
images also revealed complete encapsulation of the CdS parti-
cles by the TiO2 shell, which was in a spherical shape with
acceptable dispersion of particles. Due to coupling with CdS
particles, a red shi in the absorption spectra of CdS/TiO2 was
observed via UV-vis analysis as compared to the case of pure
TiO2. There are many advantages of applying the present
method. First, it is a low-temperature and short-duration
method of synthesis. Moreover, the spherical shape of parti-
cles, controlled shell depth and acceptable dispersion of parti-
cles could be achieved in the absence of surfactants.
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I. Naranjo-Rodŕıguez, H.-H. d. Cisneros and J. M. Palacios-
Santander, Ultrason. Sonochem., 2011, 18, 789–794.
RSC Adv., 2019, 9, 4314–4324 | 4323

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra10155h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Fe

br
ua

ry
 2

01
9.

 D
ow

nl
oa

de
d 

on
 2

/1
0/

20
26

 8
:5

3:
35

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
18 N. A. Dhas and K. S. Suslick, J. Am. Chem. Soc., 2005, 127,
2368–2369.

19 K. S. Suslick, Sci. Am., 1989, 260, 80–86.
20 K. S. Suslick, Science, 1990, 247, 1439–1445.
21 S. Alizadeh, S. Sabbaghi and M. Soleymani, Int. J. Nano

Dimens., 2015, 6, 271–276.
22 S. S. Lee, K. W. Seo, S. H. Yoon, I. W. Shim, K. T. Byun and

H. Y. Kwak, Bull. Korean Chem. Soc., 2005, 18, 269–275.
23 H. H. El-Maghrabi, A. Barhoum, A. A. Nada, Y. M. Moustafa,

S. M. Seliman, A. M. Youssef andM. Bechelany, J. Photochem.
Photobiol., A, 2018, 351, 261–270.

24 L. L. Lapin, Modern Engineering Statistics, Duxbury Press
Wadsworth Publishing Company, 1997.

25 N. Ghows and M. H. Entezari, Ultrason. Sonochem., 2011, 18,
269–275.
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