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Abstract

Hexagonal CdSe and hexagonal CdS nanoparticles have been prepared using Cd(Ac), and less hazardous elemental Se or S as
precursors, respectively, with the aid of ultrasound irradiation under an atmosphere of H,/Ar (5/95, V/V). The products consist of
7—10 nm nanocrystallites which aggregated in the form of polydispersive nanoclusters with sizes in the range 3040 nm in the case of
CdSe, and near monodispersive nanoclusters with a mean size of about 40 nm in the case of CdS. X-ray diffraction, high-resolution
TEM and SAED patterns (selected area electron diffraction patterns) show that the as-prepared particles are well crystallized. X-ray
photoelectron spectroscopy (XPS) measurements further confirm the formation of CdSe and CdS. Diffuse reflection spectra indicate
that both the CdSe and the CdS nanocryslallites are direct band-gap semiconductors with band-gap values of about 1.83 and
2.62¢eV, respectively. Control experiments demonstrate that the hydrogen is the reducing agent, and the extreme high temperature
induced by the collapse of the bubble accelerates the reduction of elemental Se or S by hydrogen. An ultrasound assisted in situ

reduction/combination mechanism is proposed.
© 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

Nanoparticles are the subject of considerable interest
in many different scientific disciplines [1-6]. This interest
derives from the various special properties of materials
in the nanoscale regime, including (photo) catalytic [7],
mechanical [§8], electrical and optical [9,10]. Semicon-
ductor nanoparticles usually exhibit variable and often
controllable properties, in particular for the change of
energy structure (including band gap), and enhanced
surface properties with decrease in size which affect all
their optoelectronic properties [11]. Semiconductor
selenides and sulfides have already found application
as sensors or laser materials [12], optical filters [13], solar
cells [14], and in many other devices [15-17]. Therefore,
the synthesis of binary metal chacogenides semiconduc-
tors has received intense attention recently due to their
important physical and chemical properties. Many
approaches have been suggested for the synthesis of
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group II-VI semiconductor crystallites or nanocrystal-
lines, such as gas-phase reactions between the element or
its compounds and gaseous H,Se [18], solid-state
reaction [19], chemical bath deposition [20], and
pyrolysis of single source precursors [21]. Generally, all
these reactions require high temperature (500°C), and
the use of toxic and highly sensitive precursors.

An important landmark in the development of wet
chemical routes for the synthesis of cadmium chalco-
genide nanocrystals goes together with the nonaqueous
TOP/TOPO (trioctylphoshine/trioctylphosphine oxide)
technique [22], and the use of different thiols as
stabilizing agents in aqueous solution [23-26]. A series
of monodispersive thioalcohol-stabilized CdS and CdTe
nanoparticles with extremely small sizes (1-3nm size
range) were synthesized in aqueous solution and
obtained in the gram scale quantities. Yet, these
methods need additives. Recently, Parkin et al. [27]
reported a direct combination of elements in amine for
the synthesis of metal chalcogenides. However, the
obtained products ZnE and CdE (E=S, Se or Te) were
X-ray amorphous and needed to be crystallized at above
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300°C. Bandaranayke et al. [28] reported a method for
synthesis of CdE crystallites using aqueous solution
precipitation from Na,E and CdCl, followed by thermal
annealing at high temperature. Subsequently, a ther-
malsolvent method was studied [29] and many main
groups and transient metal chalcogenides have been
prepared through this method [30-33]. However, this
method still needs relatively high temperature or high
pressure and long reaction time (several hours to days).
A room temperature method to the synthesis of CdE
nanoparticles using KBH, as reducing agent was also
reported [34]. Very recently, high quality CdE were
prepared using CdO as precursor with the presence of
hexylphosphonic acid (HPA) or tetradecylphoshonic
acid (TDPA) in trioctylphosphine at about 300°C [35].
Our previous studies show that the microwave-assisted
methods are also useful to the preparation of some
metal selenides [36,37]. To get high-quality materials
under mild conditions and using safe precursors at a
relative low temperature has been the current issue of
semiconductors synthesis. The sonochemical method
has been used extensively to generate novel materials
[38-41]. Its chemical effects have recently come under
investigation for the acceleration of chemical reaction
[42,43] and for the synthesis of new materials with
unusual properties [44,45]. A sonoelectrochemical meth-
od to produce cubic phase CdSe nanocrystals [46] and
PbSe nanoparticles [47] and a general sonochemical
method to give ZnSe nanoparticles [48] had been
developed in our group. In this paper, we report on a
new sonochemical approach to metal chalcogenides.
Comparing with that of the previously studied sono-
chemical method, the new method is much simpler, safe,
and more general for the preparation of metal chalco-
genides nanoparticles. Furthermore, it has a different
reaction mechanism, which leads to crystallized product
and to different phase for CdSe.

2. Experimental section

Cd(Ac),, elemental S, Se powder (~100 mesh) and
dimethyl sulfoxide (DMSO) were purchased from
Aldrich and were used without further purification.
Ultrasonic irradiation was achieved with a high-inten-
sity ultrasonic probe (Misonix; XL sonifier, 1.13cm
diameter Ti horn, 20HZ, 60Wcm™'). The X-ray
diffraction (XRD) patterns were recorded on a Rigaku
X-ray diffractometer (model-2028, CoKa 2 =1.78892 A).
Morphology and structure investigations were per-
formed with a JEOL-JEM 100SX transmission electron
microscopy (TEM) with 100kV accelerating voltage.
High-resolution TEM (HRTEM) images were taken
using a JEOL-3010 with 300kV accelerating voltage. A
conventional monochrome CCD camera, with resolu-
tion of 768 x 512 pixels, was used to digitize the images.

The digital images were processed with the digital
micrograph software package (Gatan, Inc, Pleasanton,
CA, USA). The X-ray photoelectron spectroscopy
(XPS) data were accumulated on an AXIS HS (Kratos
analytical) electron spectrometer system with mono-
chromatized Al Ka standard X-ray source. The binding
energies were calibrated by referencing the Cls to
285.0eV. UV-Vis diffuse reflectance spectrophotoscopy
(DRS) were measured by a Cary 500 UV-Visible
spectrophotometer at room temperature.

In a typical procedure, 0.700g Cd(Ac),2H,O and
0.200 g elemental Se (or 0.082g S) were dispersed in
80 ml DMSO, and the mixture was irradiated with high-
intensity ultrasound radiation for 3 h under H,/Ar (5/95,
V/V) atmosphere at room temperature. During irradia-
tion, the color of the suspension changed and the
temperature rose to 130°C. After irradiation, the
resulting suspension was cooled to room temperature
and then centrifuged, and the precipitate was washed
twice with absolute ethanol and water, respectively. The
solid was dried in vacuum at room temperature for 6 h.
To understand the mechanism of the reaction, control
experiments, such as irradiating the mixture of the
precursors under pure Ar atmosphere or by heating the
mixture under H,/Ar atmosphere instead of using
ultrasound irradiation, have been carried out.

3. Results and discussion
3.1. XRD studies

Fig. 1 presents the XRD patterns of the as-prepared
solids. The solids corresponding to curves A and B can
be attributed to hexagonal CdSe (JCPDS file No. 8-459)
and hexagonal CdS (JCPDS file No. 6-314), respectively.
The peaks are broadened, showing that the size of the
particles is small [49]. Comparing with the previously
developed sonoelectrochemical method [46] and the
general microwave method [36], which obtained the
cubic phase CdSe nanoparticles, the present method got
a hexagonal phase of CdSe.

To obtain more quantitative information, Debye—
Scherrer formula [50]

L=0.91/(B x cos(0)) (1)

has been applied to calculate the size of the nanocrys-
tals. Where L is the coherence length, B is the full-width
at half-maximum (fwhm) of the peak, 1 is the
wavelength of the X-ray radiation, and 6 is the angle
of diffraction. In the case of spherical crystallites, the
relation between L and D, the diameter of the crystallite,
is given by L = %D. The values of L obtained for CdSe
and CdS are 8.1 and 6.8 nm, respectively. This translates
to a crystallite size of 10.8 and 9.1 nm, respectively.
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Fig. . XRD patterns of the as-prepared samples: (A) for CdSe; (B) for CdS.

3.2. TEM and high-resolution TEM

The morphologies of the as-prepared CdSe and CdS
were characterized by transmission electron microscopy
(TEM), and the images and the corresponding SAED
are shown in Figs. 2(A, B) and (C, D), respectively.
From picture A we can see that the CdSe nanoparticles
are aggregated into nanoclusters with sizes of about 30—
40nm. Its SAED shows a spotty pattern (Fig.2B),
which means that the as-prepared particles were well
crystallized. The diffraction spots can be indexed to the
(100), (002), (110) and (112) planes, confirming the
formation of hexagonal CdSe. Picture C is the TEM
image of the as-prepared CdS, which shows near
monodispersive spherical nanoclusters with a mean
diameter of about 40nm, which also consist of little
nanoparticles. The selected area diffraction pattern
shows observable rings (Fig. 2D), which means the
particles are polycrystalline. The indexing of the
diffraction rings of SAED pattern confirms the (100),
(002), (101), (110), (103) and (112) planes of the wurtzite
phase of CdS.

In order to further elucidate the size and the crystal
structure of the nanoparticles that compose the clusters,
HRTEM images were taken. Figs. 3A and B show the
HRTEM of CdSe nanoparticles in different magnifica-
tions. An overview image (A) shows the individual
nanoparticle with size of about 7-10 nm. It is near to the
size derived from the Debye—Scherrer formula. In the
large magnification image (B), the lattice fringes are
clearly visible, confirming their crystallinity. The ob-
served lattice space of 3.28 A corresponds to the (101)
plane of hexagonal CdSe [51]. Figs. 3C and D show the
HRTEM images of CdS. From the overview image (C)
we can see the individual CdS nanoparticles with size of
about 5-8 nm. The large magnification image (D) show
very observable lattice fringes. A lattice space with value
of about 3.18 A was calculated, which is corresponding

to the (101) plane of hexagonal CdS [52]. As is shown in
image B and D, some stacking faults are present for
both CdSe and CdS nanoparticles, which have also been
observed previously in CdSe nanoparticles prepared by
other methods [22,53].

3.3. XPS results

X-ray photoelectron spectroscopy (XPS) has been
used to derive the composition information of the as-
prepared particles. High-resolution spectra have been
taken in Cd3d and Se3d regions for CdSe (Figs. 4(a) and
(b)) and Cd3d and S2p regions for CdS (Figs. 4(c) and
(d)), respectively. From Figs. 4(a) and (b) we can see
that the Cd3d core shows two peaks at 405.7 and
412.4 eV, respectively, and Se3d survey shows one broad
peak at about 54eV. This latter peak can be deconvo-
luted by Gaussian—Lorenzian functions to two peaks
with peak positions at 54.4 and 54.8¢V, respectively,
which correspond well with the characteristic Se3d core
levels of CdSe crystal [54,55]. Quantification of the XPS
peaks intensities gives the ratio of Cd/Se as 0.983, which
is consistent with the stoichiometry of CdSe. From
Figs. 4(c) and (d) we can see that there are two peaks at
161.7 and 405.1 ¢V corresponding to S2p and Cd3d core
levels of CdS, respectively, which are very consistent
with previously reported results [56]. The quantification
of the peaks gives a Cd-to-S ratio of 1.07:1. For both
CdSe and CdS, and no peaks corresponding to CdO are
observed. In the Se case, no SeO, signal appears at
about 59eV [55]. The XPS results further confirm the
formation of CdSe and CdS.

3.4. Optical properties
We have measured the diffusion reflection spectra

(DRS) of the as-prepared CdSe crystals and CdS
nanoparticles in order to understand their excitonic or
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interband (valence conduction band) transitions, which
allow us to calculate their band gap.

Figs. 5(a) and (b) depict the diffuse reflection spectra
of the as-prepared CdSe and CdS nanoparticles,
respectively. Both curves show steep slopes, which
indicate the size of the particles is near monodispersive.
An estimate of the optical band-gaps is obtained using
the following equations [57]:

a(v) = A(H'v — Eg)""?, (2)

Where ' =h/2r, W'v is the photon energy, o is the
absorption coefficient, while m is dependent on the
nature of the transition. For a direct transition m is
equal to 1 or 3, while for an indirect allowed transition
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Fig. 2. TEM images and the corresponded SAED patterns of the as-prepared solids: (A) and (B), CdSe; (C) and (D), CdS.

m is equal to 4 or 6. Since « is proportional to F(R), the
Kubelka—Munk function F(R)=(1—R)?*/2/R, the energy
intercept of a plot of (F(R) x hv)? versus hv gives Eg for
a direct allowed transition when the linear region is
extrapolated to the zero ordinate. Using this method,
the band gaps of the CdSe and CdS nanoparticles have
been obtained to be 1.83 and 2.60eV, respectively.
Figs. 5(c) and (d) give the normalized plots deriving
from the calculated data of curves (a) and (b),
respectively.  Similar  results are obtained if
(F(R) x hv)"? is plotted against /v as is appropriate for
an indirect semiconductor. For the present comparative
exercise, however, we have opted to use the equation for
a direct semiconductor in accordance with common
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Fig. 3. HRTEM images: (A) overview of CdSe; (B) high magnification of CdSe (the inset is the fast Fourier transform (FFT) of the selected area; (C),

overview of CdS; (D) high magnification of CdS.

practice [57-59]. A band gap of 1.83¢eV is obtained,
which is larger than that of the bulk crystalline CdSe
(the room temperature bulk band gaps for hexagonal
CdSe and cubic CdSe are 1.73 [37] and 1.74eV [58],
respectively). Our calculated band gap fit previous
values obtained for particle size between 5.5 and 8§ nm
where the corresponding band gaps are 1.90 and
1.73 eV, respectively [46]. A value of 2.60eV is also
higher than that of the bulk CdS crystal (the band
gap of bulk CdS crystal is 2.42¢V). A similar blue shift
had also been observed in CdS films, which consist of
CdS grains with size value between several to tens
nanometers [59-61]. Their band gap also varied
between 2.4 and 2.6eV.The blue shift can be attributed
to the quantization effect of the nanoscale particles
[62,63].

3.5. Proposed reaction mechanism

In order to understand the mechanism of the reaction,
some control experiments have been conducted. For
example, the original mixture of the precursors was
sonicated in a pure Ar atmosphere. Another control
experiment was done by heating the same precursor

mixture under an atmosphere of H,/Ar instead of
ultrasound irradiation. The roles of hydrogen gas and
ultrasound radiation in the formation of CdSe are
examined in this way. Fig. 6 gives the XRD results of
these control experiments as compared with the XRD
patterns of reactant Se (curve C) and of the as-prepared
CdSe (curve D). When the reaction was carried out
under a pure Ar atmosphere, no CdSe is formed (curve
A); when the mixture was just heated at 140°C for 3h
without ultrasound, the solid obtained was identified as
the reactant Se and in addition a small amount of CdSe
(curve B). These control experiments show that the
presence of hydrogen is essential to the formation of
CdSe, and the ultrasound radiation can accelerate the
reaction of the formation of CdSe.

It is known that there are three regions in the
neighborhood of the collapsing bubbles: the gas phase
inside the bubbles (where the temperature can reach
5000 K); the transient layer of the bubble (with a width
of about 200nm and a temperature of about 2000 K)
and the bulk of the solvent [64,65]. The high temperatures
and pressures produced in imploding cavitation bubbles
lead to the thermal decomposition of water vapor or
organic solvent vapor, forming radicals.
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Fig. 4. High-resolution XPS surveys in Cd3d and Se3d regions for CdSe ((a) and (b)) and in Cd3d and S2p regions for CdS ((c) and (d)).

The mechanism of the formation of CdE (E=Se, S)
takes into consideration the radical species obtained
from the solvent DMSO [66] and from the water
molecules [67] released from Cd(Ac),2H,O precursor
by absorption of untrasound [Egs. (3) and (3')].

DMSO— *CH;SO +° CHj3, (3)

H,0— "H +" HO. (3

The formed radicals in Egs. (3) and (3') can act as

inducers and trigger the decomposition of excited "H,
molecule to H™ [Eqns. (4) and (4)].

*CH; +*H, »CH4 + H", (4)

4)
The H® react with Se (or S) in the high-temperature
interface region of the bubbles forming H>Se (or H,S)

[Eq. (5)].
E+2H' ->H,E(E = Se, S). (5)

‘HO+*H,-H,O0 + H".

The formed H,E then reacts with Cd®>* to form
CdE.

H,E + Cd*" - CdE + 2H". (6)

A nanocrystalline product would be expected if the
reaction takes place at the interface [68]. On the other
hand, an amorphous product would be obtained if the
reaction takes place inside the bubble as a result of the
high cooling rates (>10'°K s~') which occur during the
collapse [69]. Thus, the fact that crystalline products are
obtained implies that Eq. (6) reaction takes place at the
interface. A challenge to this mechanism is whether
Cd>* can be reduced to elemental Cd at Eq. (5) step. A
control experiment shows that no elemental Cd is
produced when Cd(Ac), was dissolved in DMSO and
irradiated by intense ultrasound under H,/Ar atmo-
sphere. This can be explained as due to the coordination
of DMSO to Cd*" forming complex and reducing the
Cd**/Cd potential [70, 71]. Further evidence is that
extending our synthetic method to CdTe has failed
because of the more negative half-cell potential of
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Fig. 6. XRD results of the control experiments and that of reactant Se
and the as-prepared CdSe: (A) solid obtained by irradiating Cd(Ac),
and Se in DMSO under a pure Ar atmosphere; (B) solid resulting by
heating Cd(Ac), and Se in DMSO under a H,/Ar atmosphere; (C)
reactant Se; (D), as-prepared CdSe.

Te/Te*~ (—1.143 eV [72]). These reasons make us prefer
the reduction of Se or S, which happens in Eq. (5) step.
Another challenge to the mechanism is whether H, can
decompose directly by absorption ultrasound in the
interior forming H® radicals. It has been shown that
although the H, inside the bubble can be excited by
ultrasound, most of the species still in molecular form
and stay inside the bubbles [73], therefore, this
possibility is also small.

4. Conclusion

An ultrasound-assisted sonochemistry reduction and
then reaction in situ approach has been developed to
prepare CdSe and CdS nanocrystallite using less
hazardous Se (or S) and Cd(Ac), as precursors in
DMSO solvent. The as-prepared nanoparticles are well
crystallized. Absorption bands in the visible region with
a band gap value of about 1.83 eV for CdSe and a band
gap value of about 2.60eV for CdS were obtained,
which are blue shifted compared with the band-gap
value of the corresponded bulk crystal. An ultrasound
induced reduction and then in situ combination
mechanism have been proposed based on the extreme
conditions produced by ultrasound irradiation. Com-
pared with the previous reported method [46,47], the
reaction mechanism is completely different. The current
method does not need a chelating reagent, and the
precursor materials of the reaction are safe. Using this
method, other metal chacogenides nanocrystallite such
as CuFE or ZnE (E=Se or S) can also be prepared.
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