
Ultrasonics Sonochemistry 19 (2012) 1070–1078
Contents lists available at SciVerse ScienceDirect

Ultrasonics Sonochemistry

journal homepage: www.elsevier .com/locate /u l tsonch
Sono-synthesis of core–shell nanocrystal (CdS/TiO2) without surfactant

Narjes Ghows, Mohammad H. Entezari ⇑
Department of Chemistry, Ferdowsi University of Mashhad, 91775 Mashhad, Iran

a r t i c l e i n f o a b s t r a c t
Article history:
Received 29 October 2011
Received in revised form 13 January 2012
Accepted 19 January 2012
Available online 9 February 2012

Keywords:
Nanoparticle
Ultrasound
Microemulsion
Core–shell
TiO2

CdS
1350-4177/$ - see front matter � 2012 Elsevier B.V. A
doi:10.1016/j.ultsonch.2012.01.009

⇑ Corresponding author.
E-mail address: moh_entezari@yahoo.com (M.H. E
A core–shell nanocomposite (CdS/TiO2) was synthesized at relatively low temperature (70 �C) with small
particle sizes (�11 nm). First, CdS nanoparticles were prepared by a combination of ultrasound and new
micro-emulsion (O/W) without surfactant. Then the synthesized CdS was easily combined with TiO2

under sonication. The formation of uniform surface layer of TiO2 with depths of 0.75–1.1 nm on the
CdS led to an increase of particle size. Ultrasonic irradiation can control the hydrolysis and condensation
of titanium tetra-isopropoxide (TTIP) and the formation of TiO2 shell around the CdS core. This technique
avoids some of the problems that exist in conventional microemulsion synthesis such as the presence of
different additives and calcinations. It was found that nanocomposite particles extend the optical absorp-
tion spectrum into the visible region in comparison with pure TiO2 and pure CdS. In addition, a larger
depth of TiO2 led to a red-shift of the absorption band in nanocomposite. The characterization of nano-
composites has been studied by HRTEM, TEM, XRD, EDAX, BET and, UV–vis.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The properties of core–shell composite materials are combina-
tion of the properties of both materials in the core and shell. These
materials have attracted increasing interest to material scientists
due to their great potential applications, unique size, shape-depen-
dent optical and electronic properties in both fundamental re-
search and industrial development. This is due to their potential
applications in photovoltaic cells, optical sensor device photocata-
lysts, and catalysts [1–5]. They can also compensate for the disad-
vantages of the individual components. In one successful approach,
a thin shell of a wide band-gap semiconductor has been deposited
on a small band gap semiconductor. This can induce a synergistic
effect such as an efficient charge separation and improvement of
photostability [1,6] with respect to the single phase. But, uniform
deposition of inorganic material on small core particles is often
problem due to the lack of coating methods and poor surface inter-
actions under the usual experimental conditions. On the other
hand, in conventional synthesis of the coupled semiconductors,
long aging times (at least 20–24 h) and high temperatures
(200–400 �C) are required for improving the contact of the two
components and their crystallinity [4,6–9]. Hence, developing
novel facile preparation methods under mild and easy conditions
is still a challenge for both industry and academic works [10,11].

A new sonochemical method for the deposition of TiO2 on CdS
nanoparticles was designed to overcome these problems. The
ll rights reserved.
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synthesis of uniform and narrow size nanoparticles with ultra-
sound is an easy and more effective method under mild conditions
[12–14]. During the irradiation of liquids with ultrasound, the ex-
treme local conditions caused by acoustic cavitation (5000 K,
500 bar) [15] not only decompose organometallic precursors to
form nano-sized inorganic particles [16–18], but also facilitate
the crystallization of the semiconductors [19]. This is due to the
high temperature and pressure produced during the cavitation. It
is also possible to facilitate the formation of core–shell nanomate-
rial with the uniform deposition of the nanosized inorganic parti-
cles onto another surface by ultrasound [14,20–23]. The removal
of surface contaminants helps the inorganic clusters to adhere
more uniformly [14,18] in comparison with those reported without
ultrasound [24]. There are relatively rare reports on the formation
of core–shell-particles (CdS–TiO2) by using ultrasound. The sono-
chemical formation of CdS–TiO2 core–shell has been reported with
hexagonal phase in the range of 25–30 nm under multibubble
sonoluminescence (MBSL) condition [25].

Our recent works confirmed that the synthesis of nanoparticles
is easier with ultrasound than other methods [21,26–28]. It seems
that the combination of ultrasound and micro-emulsion is a suit-
able method for the synthesis of semiconductors with core–shell
structure. This combination could be useful for the uniform depo-
sition and the control of crystal phase, morphology, and size of the
nano-particles. In this investigation, a new method has been devel-
oped for the preparation of CdS/TiO2 nanocomposite (core/shell)
with sizes smaller than 11 nm by using ultrasonic waves under
mild conditions. Also, this method avoids some problems that exist
in microemulsion system like the presence of different surfactants
and calcinations.
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To the best of our knowledge, there is no report on the prepara-
tion of CdS/TiO2 nanocomposite by a combination of ultrasound
and microemulsion without the use of a surfactant. In this study,
CdS nanoparticles were combined with TiO2 for the synthesis of
core/shell type nanocrystals, through a simple sonochemical reac-
tion in microemulsion medium without additives. The product was
prepared under mild conditions with uniform deposition and most
importantly without any post thermal treatment. It seems that this
procedure can be easily generalized for the preparation of other
core–shell nanosemiconductor materials.
2. Materials and methods

2.1. Materials

Ethylenediamine, titanium tetra-isopropoxide (TTIP) from
Merck, CS2, CdCl2, 2H2O from Fluka have been used without further
purification. De-ionized water was used for the sample
preparation.

2.2. Procedure

2.2.1. Synthesis of core–shell nanoparticles
First, ethylendiamine (0.6 mL) was dissolved in water (40 mL)

in a Rosset Cell at about 288 K. Then, CS2 (0.2 mL) was introduced
into the solution as an oil phase. The mixture was irradiated with
ultrasound (20 kHz Sonifier W-450, amplitude% 75, normal horn,
acoustic power, 41 W) at about 35 �C. The turbid solution became
clear after �2 min sonication. Then an aqueous solution of cad-
mium chloride (CdCl2 2H2O, 0.15 g dissolved in 10 mL solution)
was introduced into the cell and it was sonicated for another
10 min at the same temperature. In another step by stopping the
circulating bath during sonication, the temperature was increased
from 35 to 70 �C and the nucleation processes were began after
5 min. After 30 min sonication, then 0.4 mL and 1.0 mL titanium
isopropoxide were added in separate experiments drop by drop
(the mole ratio of TiO2 to CdS was 2.5 and 6.0). Then, sonication
continues for 1.5 h by controlling temperature (70–73 �C). The pre-
cipitate was separated by centrifugation (10000 rpm in 10 min.),
washed with distilled water and then two times with absolute eth-
anol, and then dried at room temperature. The final product with
mole ratio 2.5 was green.

2.2.2. Synthesis of TiO2 nanoparticles
Nanocrystalline TiO2 was synthesized by hydrolysis of titanium

tetra-isopropoxide (TTIP) in de-ionized water under ultrasonic
irradiation (20 kHz, 41 W). In this experiment, 1 mL TTIP was
injected drop-wise into 50 mL of de-ionized water. The mixture
was sonicated continuously for 1.5 h under ambient atmosphere.
The sonication was conducted without cooling and the tempera-
ture was raised from 25 �C to about 70 �C at the end of the reaction.
The obtained precipitates were separated by centrifugation
(15000 rpm in 20 min) and washed with de-ionized water and
ethanol several times. The product was dried at room temperature.

2.3. Characterization of the core–shell nanoparticles

The structure and morphology of the products have been studied
by transmission electron microscopy (HRTEM, Hi-TEM is Hitachi
300 kV H-9500 TEM with accelerate voltage 300–100 kV and reso-
lution 0.1 nm for crystal lattice and 0.18 nm for point to point). The
X-ray diffraction (XRD) patterns were recorded in a wide angle
range (2h = 10 –70) by Bruker-AXS, D8 Advance in scanning
step of 0.02o/sec, with monochromatized CuKa radiation
(k = 1.5406 Å). The optical properties of the core–shell nanoparti-
cles were studied by UV–Vis spectroscopy (Unico 2800). The sur-
face area measurement (BET) was determined by MONOSORB and
the out-gassing of the samples was done at 65 �C for 3 h. The energy
dispersed analysis of X-ray (EDAX) was carried out using a Philips,
XL30 model.

3. Results and discussion

3.1. Mole ratio of CdS/TiO2

Fig. 1A shows the XRD patterns of CdS/TiO2 nanocrystal at two
different mole ratios and each component individually. The XRD
patterns reveal that CdS nanoparticles are in hexagonal phase with
the most intense peaks at 2h = 24.7�, 26.5�, 28.3�, 43.8�, 48.1� and
51.8� which correspond to (100), (002), (101), (110), (103) and
(112) planes, respectively. The most intense peaks at angles
(2h) = 25.1�, 48.1�, 62.5� correspond to the (101), (200), (204)
planes of the anatase phase of TiO2. The relatively low intensities
and broadness of X-ray diffraction peaks are assumed to arise from
the fact that particles are nano-sized and a low thickness of TiO2

was formed on the CdS nanoparticles. The mean crystallite size
diameter (D) of the CdS, TiO2, and composite nanoparticles was
estimated by Scherrer’s equation (Table 1).

The samples prepared at ratio 2.5:1 and 6:1 show the main peak
of the anatase phase of TiO2 as a weak peak which is due to low thick-
ness of TiO2 shell or a high dispersion of TiO2 with the less crystallin-
ity on the CdS [21,25,29]. Reduction of the intensity of CdS peaks in
the composite might be related to the presence of low amount of
TiO2 on the CdS. Fig. 1B shows the main peak of the anatase TiO2

phase with low crystallinity.
Fig. 2 presents the HRTEM and TEM images of CdS and core–

shell nanoparticles. It was clearly demonstrated that a nanoshell
was formed on the CdS nanoparticles. The average size of the bare
CdS nanoparticles was about 8–10 nm in diameter and those of
core–shell nanoparticles were found to be in the range of 9.84–
11 nm, indicating that the coating depth is about 0.75–1.1 nm. In
contrast to the ultrasonic method, under the normal experimental
conditions the uniform deposition of inorganic material on small
core particles is often problematic due to the lack of coating meth-
ods and poor surface interactions [14]. In fact, rapid synthesis with
uniform deposition of TiO2 on CdS nanoparticles under the de-
scribed sonochemical conditions might be attributed to the physi-
cal and chemical effects of cavitation. In addition, the rate of
hydrolysis of TTIP became highly accelerated by several orders in
the presence of ultrasound [23,25].

In contrast, the TTIP hydrolysis in the presence of CdS NPs under
stirring (similar condition with ultrasound) causes formation of
large irregular aggregates with the extremely heterogeneous
distribution. Hence, the treatment of solutions with power ultra-
sound not only facilitates the dispersion of solids in the liquids
but also provides a unique set of conditions for uniform coating.
The chemical composition analysis of the coupled semiconductor
by EDAX revealed that the core–shell nanocrystal has a high purity
and the ratio of Cd/S is nearly 1:1, and that of TiO2/CdS is about
2.5:1 (Fig. 2f).

3.2. Preparation methods

The preparation method plays an important role on the struc-
ture and properties of the composites. Three methods were applied
for the synthesis. The first method (a) was explained in the
materials and methods section. In the second method (b), nano-
crystalline TiO2 was synthesized by the hydrolysis of titanium tet-
ra-isopropoxide (TTIP) in de-ionized water under ultrasonic
irradiation (20 kHz, 41 W). In a typical synthesis, 1 mL TTIP was in-
jected drop-wise into the 50 mL of de-ionized water. The mixture



Fig. 1. (A) X-ray diffraction patterns of the samples with different molar ratios, (B) X-ray diffraction pattern of the sample with molar ratio of 6.0:1 (irradiation time 2 h).

Table 1
Surface and size of nano-particles.

Sample Size (XRD)a (nm) Size (TEM) (nm) Surface area (m2/g)

CdS 6.9 <10 119 ± 3
TiO2/CdS = 2.5 8.3 9.84–11 226 ± 4
TiO2/CdS = 6 8.5 – 15.8 ± 0.3
TiO2 10.9 – 379 ± 2

a The size was deduced from the full width at half maximum of the second sharp
peak. It was the size of CdS rather than that of the composite.

1072 N. Ghows, M.H. Entezari / Ultrasonics Sonochemistry 19 (2012) 1070–1078
was sonicated for 1.5 h under ambient conditions. The sonication
was conducted without cooling system and the temperature was
raised from 25 �C to �70 �C at the end. Then 0.09 g CdS (obtained
by method ‘‘a’’) was added to the mixture and sonication was con-
tinued for another 30 min. The obtained precipitates were sepa-
rated by centrifugation (10000 rpm in 10 min.) and washed with
de-ionized water and ethanol several times. The product was dried
at room temperature. In the third method (c), 0.09 g CdS (obtained
by method ‘‘a’’) was added to the 50 mL of de-ionized water and
sonicated for 10 min. Then 1 mL TTIP was injected drop-wise to
the mixture and sonicated for 1.5 h under ambient atmosphere
(the temperature was raised from 25 �C to �70 �C at the end of
the reaction). The obtained precipitates were separated by centri-
fugation (10000 rpm in 10 min) and washed with de-ionized water
and ethanol several times. The product was dried at room
temperature.

The crystalline phases of the products were determined by X-ray
diffraction. The products were different in method (b and c) than
method (a) (Fig. 3(A), Table 2). Fig. 3(B and C) shows the chemical
composition analysis of the coupled semiconductor that was exam-
ined by EDAX. Signals corresponding to Ti, Cd and S were detected
in all of the samples. The EDAX results revealed the presence of CdS
with a higher content in sample (c) and lower content of CdS in
sample (a). These data clearly confirmed that the products are
CdS–TiO2 composite nanoparticles. The elemental analysis was in
agreement with the ratio of Cd/S which is nearly 1:1, and that of
TiO2/CdS which is about 6:1.

In the UV–vis absorption spectra, the three samples prepared
with different methods were compared with a sample as a mixture
of two components with the same ratio. The spectrum of the mixed
sample showed a combination of the two separate spectra of CdS



Fig. 2. Pure CdS synthesized by ultrasound in 30 min a) TEM, (b) HRTEM image and (c) SAED; nanocomposite under ultrasound in 2 h (d) HRTEM image of the sample and
(f) EDAX with molar ratio = 2.5:1.

N. Ghows, M.H. Entezari / Ultrasonics Sonochemistry 19 (2012) 1070–1078 1073
and TiO2 nanoparticles which is different than the samples pre-
pared by other methods. These differences should be attributed
to the different structures of the nanoparticles (Fig. 4).

The control experiments for the synthesis have been done with
stirring method for only CdS and TiO2 and the results are available
in our recent works [21,27,28]. The results showed that the TiO2

particles are amorphous in nature (Fig. 1b [27]). The liquid–liquid
heterogeneous mixture of CS2 and water in control experiment led
to a low yield of CdS (Table 2 [28]). In addition, for the synthesis of
core–shell with surfactant, the SEM and TEM images (Fig. 2c–e
[21]) confirmed a heterogene coating on the core. Hence, control
method cannot be a proper method for the preparation of selected
nanoparticles.

3.3. UV–vis absorption

The UV–vis absorbance spectra of the pure and composite
semiconductors are shown in Fig. 5a. The single-phase, CdS and



Fig. 3. (A) Effect of three different preparation methods on the structure of nanocomposite (a) sono- synthesis of CdS and then hydrolysis of TTIP under ultrasound, (b) sono-
synthesis of TiO2 and then its coating with CdS powder under ultrasound, (c) Adding of CdS powder and then hydrolysis of TTIP under ultrasound (B) EDAX sample (a) and (C)
EDAX sample (c).

Table 2
XRD characteristics and surface area of nanocomposites prepared under ultrasound with different methods.

TiO2/CdS = 6 Surface area (m2/g) Intensity cps FWHM degree hkl dd (A�) 2h Degree Sizec (nm)

Method (a) 15.8 ± 0.3 292 1.0 110(H)a 2.06 43.8 8.5
Method (b) 45.8 ± 0.9 188 1.1 110(H)a 1.89 43.9 8.1

174 0.9 004(A)b 2.38 37.7
Method (c) 213 ± 5 211 1.1 110(H)a 2.06 43.9 8.0

160 0.9 004(A)b 2.38 37.7

a Hexagonal for CdS,
b Anatase for TiO2.
c The size was deduced from the full width at half maximum of the second sharp peak related to CdS.
d Distance of layers.
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TiO2 nanoparticles showed a band edge with Eg = 2.7 and
Eg = 3.6 eV, respectively (Fig. 5c and d). In Fig. 5b, there are two
clear transitions occurring at 2.3 eV and 3.1 eV which may be
due to the participations of CdS and TiO2 in the core–shell system
respectively. Increasing the TiO2 led to a red-shift of the absorption
band in the composite and extends the optical absorption
spectrum into the visible region in comparison with that of pure
TiO2 and pure CdS. The red shift of spectra is typical characteristics
of core–shell nanocrystals with higher band gap shells, due to
diminishing of the surface defects of core [5].

The Eg was determined by plotting (ahm)2 versus hm (Eq. (1))
and extrapolating the linear portion which intercepts the energy
axis hm (Fig. 5b–d). The exponent n can take the value 1/2 or 2,
for indirect and direct optical transition, respectively [9,30].
ðahmÞ2 ¼ Aðhm� EgÞ ð1Þ

where a is the absorption coefficient, A and Eg are constant and
band gap of the nanoparticle, respectively.

3.4. Comparison with and without surfactant

The addition of surface active materials (surfactants) to the col-
loidal solution influences the stability of nanoparticles. In some
cases, there is a strong interaction between the surfaces of nano-
crystals and surface active materials. The adsorption of surfactants
on various crystallographic planes of the nanocrystals played a
vital role in controlling the morphology and particle size of nano-
crystals [31].



Fig. 4. The UV–vis absorbance spectra of three different preparation methods
(insert: mixing of samples at different times).
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On the other hand, the dispersion of semiconductor nanoparti-
cles during ultrasonic treatment can be controlled by addition of
surfactants [32]. Fig. 6 shows the XRD pattern, HRTEM image,
and UV–vis absorbance spectra of the core–shell nano-composite
prepared by combined method of microemulsion-ultrasound with
surfactant (our recent work) [21] and compares with the sample
prepared without surfactat. As it is shown in Fig. 6(b and c), the
presence and absence of surfactant could affect the crystallinity
Fig. 5. The UV–vis absorbance spectra of pure and composite semiconductors
and the absorption band which is due to its growth and particle
size. In the presence of surfactant, the particles have smaller size
and more uniform [18] in comparison with core–shell nano-
composite prepared without surfactant (Figs. 1b, 2d, and Table
3). This is due to strong interaction between the surfaces of nano-
crystals and surfactant. In addition, the surface-active solutes in
acoustic cavitation can influence the bubble/solution interface
[33].

The XRD patterns also present stronger peaks without surfac-
tant than those prepared with surfactant. This is probably due to
the fact that alcohol into microemulsion with surfactant sup-
presses the hydrolysis of titanium alkoxide and rapid crystalliza-
tion of the TiO2 particles [34]. In addition, its vapor in the bubble
affects the cavitational collapse and reduces the final temperature
in an adiabatic compression [35]. As a result, the low temperature
produced by the collapse of the cavities containing more alcohol
leads to the less crystality nature of the product.
3.5. Effect of temperature

The temperature plays an important role in the formation,
structure and size of the nanoparticles. The experiments were done
at two different temperatures. According to Fig. 7, by increasing
the temperature from 47 to 70 �C, the crystallinity of the sample
improves. The increase of temperature leads to a higher mass
transfer between the two phases which enhances the reaction rate,
and formation of nanoparticles. On the other hand, the high
temperature produced during cavitation can facilitate the crystalli-
(a), band gap of composite and pure semiconductors, respectively (b–d).



Fig. 6. HRTEM image of the sample prepared in the presence of surfactant with molar ratio, 2.5:1 (our recent work [21]) and XRD in the presence and absence of surfactant
with molar ratio, 2.5:1.

Table 3
Effect of surfactant on the surface and size of nano-composite.

Sample Size (XRD)a

(nm)
Size (TEM)
(nm)

Surface area
(m2/g)

TiO2/CdS = 2.5(without surfactant) 8.3 9.84–11 226 ± 4
TiO2/CdS = 2.5(with surfactant) [21] 5.2 9–10 133 ± 3

a The size was deduced from the full width at half maximum of the second sharp peak related to CdS.
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zation of the product. In this case, the interfacial zone of the cavity
is a preferred region for the crystallization. This is due to the low
vapor pressure of the reactants and also the achievement of a high
temperature at this region. The cooling rate of the cavitation after
Fig. 7. Effect of temperature on the preparation.
collapsing is higher when the medium temperature is low. For the
crystallization, a lower cooling rate is better than higher one.
Therefore, sonication at higher temperature led to a higher crystal-
lization. These arguments have been discussed previously by
Suslick who has demonstrated that the higher cooling rates ob-
tained during the collapse of the sonication bubble lead to the for-
mation of amorphous products [36]. Also, Gedankan et al. proved
that the reaction products are crystalline at high temperature
while they are amorphous under low temperature [37].

3.6. Growth mechanism

The formation of CdS nano-particles is based on the reaction be-
tween CS2 and ethylenediamine which present in two different
phases. The chemical and physical effects of ultrasound arise from
acoustic cavitation which is responsible for the mixed phase reac-
tions, increases the surface area, and the mass transfer between
two phases [28,38]. Therefore, in contrast to the stirring method,
the liquid–liquid heterogeneous mixture of ethylenediamine, CS2

and water can lead to a clear solution by ultrasound. The final clear
solution behaves the same as a microemulsion but, without the use
of surfactant. The CdS nanoparticles form with addition of cad-
mium ion to this solution at the oil–water interface. It may be
attributed to the following reactions [39].



Fig. 8. Proposed model for the formation of CdS-TiO2 nanocomposite with core–shell structure.
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H2NACH2ACH2ANH2 þ CS2 ! H2NACH2ACH2ANHACSASH

nðH2NACH2ACH2ANHACSASHÞ ! ðAHNACH2ACH2ANHACSAÞn
þ nH2S

The turbulent flows generated by ultrasound between droplets
in water phase facilitate the first reaction by attacking ethylenedi-
amine (water phase) to carbon–sulfur double bond of CS2 (oil
phase). Under sonication, the product of first reaction can polymer-
ize and produces H2S (reaction 2). It reacts very fast with cadmium
ion present in the solution and leads to CdS. This fact, ultrasound
affects the nucleation process of the nano-particles. The total num-
ber of nano-particles is correlated with the number of nuclei
formed which also corresponds to the rate of hydrogen sulfide for-
mation [40]. In other words, the implosion of the bubble causes
many local hot spots in the solution and promotes the reactions.

As a result, the formation, growth and crystallization of CdS nu-
clei are accelerated under these conditions. In addition, the poly-
mer molecule produced in the second reaction may bridge the oil
droplets and water at the CS2–water surface to prevent the
agglomeration of the droplets (this mechanism has completely sta-
ted in our recent work [28]).

Then by adding TTIP, the rate of hydrolysis of TTIP became highly
accelerated in several orders in the presence of ultrasound [25]. Ra-
pid synthesis with uniform deposition of TiO2 on CdS nanoparticles
under the described sonochemical conditions might be attributed
to the physical and chemical effects of cavitation. The removal of
surface contaminants by cavitation causes uniform clusters [18].
On the other hand, the shock waves and turbulent flows as the
consequence of microbubble collapses can drive nanoparticles to-
gether at velocities of hundreds of meters per second [32] which
lead to the formation of core–shell nanoparticles (Fig. 8).
4. Conclusion

In summary, CdS–TiO2 core–shell nano-composites are success-
fully synthesized at low-temperature through a combination of
ultrasound and microemulsion without surfactant. The crystalline
phases of TiO2 and CdS in the resulting particles were anatase
and hexagonal, respectively. The depth of coated TiO2 onto CdS
nanoparticles can be controlled in nano-scale by this method.
The average depth was about 1.1 nm under the described condi-
tions. In addition, the optical investigations revealed a red-shift
of absorption by increasing the amount of TiO2 in the composite
nanoparticles. This observation provides a good indication of
tuning the visible absorption of CdS/TiO2 core–shell nanocompos-
ites. The size of nanoparticles can also be controlled by changing
the reactant concentrations. Furthermore, the key point of this
work is to achieve the core–shell nanoparticles in the presence of
ultrasound without additives. Easier workup, shorter reaction
time, better crystallinity, better control and higher speed of core–
shell formation with uniform shape can be considered as advanta-
geous of this work. This is due to the cavitation process which
drives nanoparticles together at high velocities and lead to the for-
mation of core–shell nanoparticles. In addition, the intense local
heating can enhance the crystallinity of the nano-particles.
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