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a b s t r a c t

Nanoparticles (NPs) of CdS encapsulated in AlMCM-41 were prepared by a novel technique with non-
aqueous systems. The mechanical mixture of CdCl2 crystal with AlMCM-41 was heated at 773 K, followed
by the H2S treatment at 373 K, resulting in the formation of Cadmium sulphide NPs with the size of 2 nm.
The final product (CdSAlMCM-41) was characterized by X-ray diffraction (XRD) pattern, transmission
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electron microscopy (TEM), scanning electron microscopy (SEM) and UV–vis spectroscopy.
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. Introduction

Semiconductor nanoparticles have been extensively investi-
ated during the last decade, due to their unique properties and
pplication potential in diverse areas such as photocatalysis, solar
ells, display panels and new devices like single electron tran-
istors and so on [1–6]. Many nanostructured prototypes have
een obtained using different experimental procedures looking for
nhanced physical properties related to (a) homogeneity, (b) sta-
ility to different environmental factors, (c) reproducibility and
d) scaling at the industrial level of those structures. Nevertheless,

any of these requirements have not already been solved, espe-
ially those oriented to opto-electronic applications. Traditionally,
olloidal solutions [7], porous glasses [8] and certain polymers [9]
ave been used as hosts for the preparation of nanosized materials.
owever, they are neither efficient in generating clusters of uni-

orm size nor chemically inert towards the guest molecules. On the
ther hand, it was realized that the preparation of nanosized mate-
ials in zeolitic pores has several advantages and hence they have
een considered to form ideal host systems [10,11]. Indeed, the
egular pore structure of zeolite molecular sieves offers a suitable
eaction chamber for the controlled assembling of nanostructured

aterials [12–15]. However, the smaller pore size of these materi-

ls limits their applicability. On the other hand, the recent discovery
f mesoporous molecular sieves designated as M41S [16] have
roadened the scope of applications. Two of the stable members of

∗ Corresponding author. Tel.: +98 451 2234432; fax: +98 451 5514024.
E-mail address: sohrabnezhad@uma.ac.ir (Sh. Sohrabnezhad).

925-8388/$ – see front matter © 2010 Published by Elsevier B.V.
oi:10.1016/j.jallcom.2010.06.065
the M41S family, viz., hexagonal MCM-41 having unidimensional
pore structure and cubic MCM-48 with three-dimensional pore sys-
tem can comfortably trap the guest molecules in the mesopores
[17–20]. Further, the well-defined pore size, large internal surface
area associated with the open framework of the mesophases show
promise for such purpose. Therefore, in the present investigation
AlMCM-41 was used as host material, and CdS was selected as the
guest molecule. Moreover, we wish to report a novel technique of
synthesizing semiconductor NPs encapsulated in AlMCM-41.

2. Experimental

The MCM-41 and AlMCM-41 materials were synthesized by a room temperature
method with some modification in the described procedure in the literature [21].
We used tetraethylorthosilicate (TEOS, Merck, 800,658) as a source of silicon and
hexadecyltrimethylammonium bromide (HDTMABr, BDH, 103,912) as a surfactant
template for preparation of the mesoporous materials. The molar composition of
the reacting mixture was as follows:

SiO2: 1.6EA : 0.215HDTMABr : 325H2O

EA stands for ethylamine. The MCM-41 prepared was calcined at 550 ◦C for 5 h to
decompose the surfactant and obtain the white powder. This powder was used as the
parent material to prepared AlMCM-41 free surfactant materials by post-synthesis
alumination method. The AlMCM-41surfactant-free material is white. This powder
sample was used for loading the nanoparticles.

The syntheses of CdS NPs in AlMCM-41 were carried out by the following
method. AlMCM-41 was mixed mechanically with CdCl2 crystal. The resulting mix-
ture was heated at 773 K for 4 h in air, and then exposed to H2S at 373 K for 1 h. The

CdS particles prepared from AlMCM-41 are described as CdSAlMCM-41, in subse-
quent discussions.

For the sake of comparison, bulk CdS particles were prepared by a conventional
precipitation method. In this method, an equimolar amount of Na2S solution was
added dropwise to a stirred solution of 1 M CdCl2 resulting in the formation of CdS
precipitates. The CdS precipitate was washed repeatedly with distilled water until

dx.doi.org/10.1016/j.jallcom.2010.06.065
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:sohrabnezhad@uma.ac.ir
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Fig. 2. X-ray diffraction patterns of (a) AlMCM-41 and (b) CdAlMCM-41 or
CdSAlMCM-41.

T
S

ig. 1. UV–vis absorption spectrum of (a) bulk CdS, (b) CdSAlMCM-41 and (c)
lMCM-41.

ree from S2− ions, dried in an air-oven and then calcined at 400 ◦C for 4 h in air.
Powder X-ray diffraction patterns of the samples were recorded using a Philips

, Pert diffractometer with Cu K� radiation (� = 1.54 Å). UV–vis absorption spectra
ere recorded using a Shimadzu 1600 PC in the spectral range of 190–900 nm. The

pecific surface area and pore volume of the samples were measured using a Sibata
urface Area Apparatus 1100. All of the samples were first degassed at 250 ◦C for
h. The amount of constituent elements in samples was examined with inductively
oupled plasma-optical emission spectrometry (ICP-OES), Perkin-Elmer OPTIMA-
000. The surface morphology of the samples was obtained using a Jeol-JSM-5610 LV
canning electron microscopy (SEM). The transmission electron micrographs (TEM)
ere recorded with a Philips EM208 microscope, working at a 100 kV accelerating

oltage. Samples for TEM were prepared by dispersing the powdered sample in
cetone by sonication and then drip drying on a copper grid (400 mesh) coated
ith carbon film. Temperature programmed desorption measurement was carried

ut for the mechanical mixture of CdCl2 with zeolite, where the effluent gas was
onitored with an Anelva AQA-200 mass spectrometer.

. Results and discussion

UV–vis absorption spectra for CdS NPs prepared from AlMCM-
1 matrices, bulk CdS, and AlMCM-41 are shown in Fig. 1. The
arent AlMCM-41 (Fig. 1c) gave no absorption in the range
00–800 nm, while the bulk CdS (Fig. 1a) gave a wide absorption
elow 600 nm. Comparing the absorption edge of bulk CdS to that
f CdSAlMCM-41 sample prepared from mesoporous materials, it is
een that a blue shift in the onset of absorption is observed in this
ample. This blue shift indicates that CdS exists as small clusters
ithin the zeolite pores as reported by several researchers [22,23].

his was supported by a significant decrease in the surface area of
dSAlMCM-41, compared to the parent zeolite (Table 1). This phe-
omenon of blue shift of absorption edge has been ascribed to a
ecrease in particle size. It is well known that in case of semicon-

uctors the band gap between the valence and conduction band

ncreases as the size of the particle decreases in the nanosize range.
his results in a shift in the absorption edge to a lower wavelength
egion. The magnitude of the shift depends on the particle size of the
emiconductor. In the present study, the CdSAlMCM-41 samples

able 1
pecific surface areaa, pore volumea, band gapb, particle sizeb and Cd/Al ratioc of samples

Samples Specific surface area (m2 g−1) Pore volume (cm3 g

AlMCM-41 949 0.9
CdSAlMCM-41 556 0.4
Bulk CdS 15 0.053

a Determinated by BET method.
b See in the text.
c Determinated by ICP method.
Fig. 3. Scanning electron microscopy (SEM) micrographs of (a) AlMCM-41 and (b)
CdSAlMCM-41.
prepared from the AlMCM-41 matrix showed a blue shift of approx-
imately 75 nm compared to the bulk particles. From the onset of the
absorption edge, the band gap of the CdS particles was calculated
using the method of Tandon and Gupta [24] (Table 1). The size of

.

−1) Band gap (eV) Particle size (nm) Cd/Al ratio

– – –
3.51 2 0.43
2.03 16 –
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Fig. 4. Transmission electron microscopy (TE

dS NPs, estimated based on the results of Weller et al. [25], was
nm for CdSAlMCM-41 sample.

Fig. 2 shows the XRD patterns of the samples. Measurements of
he samples were carried out in the 2� different ranges (2� = 2–10◦

nd 2� = 0–80◦), under the conditions of 40 kV and 40 mA, at a step
ize of 2� = 0.02◦. The AlMCM-41 support exhibited only a broad
1 0 0) peak at 2� = 2.5◦, while other diffraction peaks correspond-
ng to the (1 1 0) and (2 0 0) crystal plans were unresolved due to
he large amount of aluminum incorporation [26,27]. In this figure,
e observed that all X-ray patterns are very similar. But, some dif-

erences, such as the broadening and slight shifting to higher angles
f the diffraction peaks as well as the decrease of their intensity can
e observed in the spectra. This should be attributed to the pore-
lling effects that can reduce the scattering contrast between the
ores and the framework AlMCM-41 materials. These decreases of
he peak intensities are in agreement with the reported results for
ther zeolites [28–30]. On the other hand, it is of interest to note
hat the characteristic peaks assigned to CdCl2 disappeared com-
letely. Since no change in the amount of Cd was confirmed by

CP method for the sample before and after calcination at 773 K for
h, the disappearance of the XRD peaks of CdCl2 crystal might be
xplained by the high dispersion of CdCl2 in the pores of AlMCM-41
r the change to amorphous phase from crystal phase. The former
xplanation is more appropriate because a similar phenomenon
hat the CuCl highly dispersed by heat-treatment in the channel of
a-ZSM-5 has been reported [31]. On exposing the sample to H2S,
o new diffraction peak was detected in the range 2� = 2–10◦ and
� = 0–80◦, as shown in Fig. 2b.

The mass spectra of effluent gases during the heat-treatment
ere recorded for AlMCM-41 + CdCl2. The sample of the mechanical
ixture of CdCl2 with AlMCM-41 gave the peak of effluent H2O

elow 500 K. It was found that the former peak came from both the
esorption of H2O adsorbed on AlMCM-41 and the dehydration of
dCl2, compared to the references, AlMCM-41 and CdCl2.

On the basis of the results of XRD and mass spectra, the reac-
ion scheme during heat-treatment will be discussed. The reaction
cheme of the mechanical mixture of CdCl2 with AlMCM-41 is not
lear; however, it is expected that the following reaction takes place
or the mechanical mixture of CdCl2 with AlMCM-41 during the
eat treatment:

2Na+ + CdCl2
m, AlMCM−41 mesopore)

→ Cd2+ + 2NaCl

The above reaction indicates that divalent cadmium ion was ion-

xchanged with two Na+ ions even in a solid state. A similar solid-
tate ion-exchange was reported by Karge and Beyer [32,33].

The results of the specific surface area and pore volume mea-
urements (BET measurements) for AlMCM-41, CdSAlMCM-41, and
ulk CdS, show that the pore volumes of the host mesoporous mate-
ages of (a) AlMCM-41 and (b) CdSAlMCM-41.

rial, which was 0.9 ml g−1 for AlMCM-41, decreased to 0.4 ml g−1 for
CdSAlMCM-41 materials. Similarly, the specific surface areas of the
composite materials were decreased from 949 m2 g−1 for AlMCM-
41 to 556 m2 g−1 for CdSAlMCM-41. Decreasing of the volumes of
the pores and the specific surface area of the mesoporous material
demonstrates that the guests are located in the channels (Table 1).

The surface morphology of AlMCM-41 and CdSAlMCM-41 is
investigated by SEM and the micrographs are presented in Fig. 3.
It can be seen that the crystallites of the unloaded mesoporous
material, with size between 1 and 2 �m, have a well-defined
shape (Fig. 3a). There is no considerable change in morphology of
CdSAlMCM-41.

Transmission electron microscopy along with the textural
properties of the samples discussed above bring us important infor-
mation regarding whether the CdS particles are located inside
or outside the pore structures used in this work. TEM images of
AlMCM-41 and CdSAlMCM-41 samples are shown in Fig. 4a and
b, respectively. They were recorded under the direction parallel to
the pore axis and it is possible to observe the typical AlMCM-41
morphology in both micrographs. Although it is very difficult to
identify CdS NPs within the pores of MCM-41 materials using TEM
techniques [34], the higher contrast in the image of the CdSAlMCM-
41 sample can be associated with the presence of CdS nanocrystals
inside the pores of this sample.

4. Conclusions

In this study, we have reported a novel and simple method to
synthesize CdS nanoparticles in AlMCM-41 material hosts. A blue
shift in the absorption edge was observed in the samples pre-
pared by a solid-state reaction method, indicating the formation
of nanometer-sized CdS NPs in AlMCM-41 mesopore, as a conse-
quence of particle size effects.
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