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Introduction

In recent years, intensive development of nanocrystal-
line materials in nanotechnology has occurred world-
wide. CdS has been an important semiconductor owing
to its unique electronic and optical properties, and its
potential applications in solar energy conversion, non-
linear optical, photoelectrochemical cells and hetero-
geneous photocatalysis [1, 2]. To date, synthesis of
nanosized CdS has been a subject matter of immense
interest and its synthesis has been tried by various
methods [3-14]. However, either complex process
control, reagents or long synthesis time would be
required for these routes.

Recently, solid-state reaction has been developed in
the synthesis of nanomaterials due to its many advan-
tages: no need for solvent, no pollution, simple process
and so on [15-21]. Though CdS nanoparticles have also
been synthesized by room temperature solid-state
reaction [22], further studies about the particles growth
have scarcely been reported. Herein, we report on the
further growth studies of high quality CdS nanoparti-
cles synthesized by a simple low-temperature solid-
state reaction. Different surfactants have been intro-
duced to the reaction process, and different sizes of
CdS nanoparticles have been obtained under different
reaction temperatures.
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Also, CdS has two different crystal patterns, which
are cubic and hexagonal, respectively. As we know,
cubic CdS is considered a metastable phase while
hexagonal CdS is the thermodynamics stable one of the
semiconductor. Usually it was believed that the phase
transition process of CdS from cubic to hexagonal
would be happened under high temperature or micro-
wave radiation [23], and the research on this transition
process has been reported [24]. In this paper, it was
found that crystal patterns of CdS nanoparticles would
be easily controlled by the suitable surfactant or
addition, and this phase-controlling could be carried
out in low-temperature solid-state reaction, which is
very interesting and simple.

Experimental
Chemicals

The cadmium acetate (AR) Cd(CH3;COO), - 2H,0,
thioacetamide (AR) CH3CSNH,, Ionic Liquids:
[C;OHmim][CI] (a new series [C,0O,,mim][X] of imi-
dazolium cation-based room temperature ionic lig-
uids), [C4Homim][Cl] (1-n-alkyl-3-methylimidazolium
[C,mim][X] series room temperature ionic liquids)
(prepared according to literature [25]) and P123 (poly-
(ethylene glycol)-block-poly-(propylene glycol)-block-
poly-(ethylene glycol)). All chemicals were directly
used without special treatments.

Sample preparation

Different synthesis processes were employed as follows.
Procedure I,2.67 g (0.01 mol) of Cd(CH;COO), - 2H,0
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was ground for 5 min before mixed with 0.75 ¢
(0.01 mol) CH3;CSNH,. After the mixture was ground
for 10 min in an agate mortar, it was heated for 1 h at
60 °C in an oven. The product was washed for several
times with distilled water. Finally the obtained solid was
dried in air at 60 °C for 5 h, and marked as sample Al.
The processes of procedure II and III were similar to the
procedure I except the different heating temperatures of
120 °C and 180 °C in ovens, and the as-prepared prod-
ucts were marked as A2 and A3, respectively. Procedure
1V, 2.67 g (0.01 mol) of Cd(CH3;COO), - 2H,0 was
ground for 5 min before it was mixed with 3 mL
[C;OHmim][Cl]. After 3 min of grinding, 0.01 mol
CH;CSNH, was added to the mixture. Then the mixture
was heated for 1 h at 60 °C in an oven after ground for
5 min. The product was washed for several times with
distilled water. Finally the solid was dried in air at 60 °C
for 5 h, and marked as sample A4. Procedure V, 4.00 g
P123 was used instead of 3 mL [C,OHmim][Cl], other
process was same as procedure IV and the product was
marked as AS.

Apparatus

X-ray powder diffraction (XRD) was carried out on a
Bruker D8-Advance X-ray diffractometer with CuKo
radiation (4 = 0.154178 nm). Transmission electron
microscopy (TEM) micrographs and selected-area
electron diffraction (SAED) patterns were taken using
a FEI Tecnai-20 transmission electron microscope,
with an accelerating voltage of 200 kV. After comple-
tion of the reaction, TEM samples were prepared by
placing a drop of the dilute ethanol solution on the
surface of a copper grid (250 mesh), and UV-vis
absorption spectra were recorded on an Hp-6010
spectrometer with the samples dispersed in alcohol at
room temperature.

Results and discussion

The X-ray diffraction patterns for the various products
of CdS are shown in Fig. 1. The patterns of A1, A2, A3
and A5 are compared with the data of the JCPDS File
No. 89-0440 and are in good agreement with that of
pure cubic phase of CdS. The three pronounced peaks
with 20 = 26.5, 43.7 and 52.0° correspond to the three
crystal plans of (111), (220) and (311) of CdS cubic
phase, respectively. The dimensions of the CdS nano-
particles calculated from the widths of the major
diffraction peaks observed in Fig. 1 through the
Scherrer formula are listed in Table 1. As shown in

Table 1, the FWHM value is getting smaller and
smaller with the increasing of heating temperature,
which implies the increasing of CdS particles size.
From Table 1, we could also find that particles diam-
eter of AS is smaller than that of Al. It is thought that
P123 slowed the growth process of the particles, which
can control the size of nanoparticles.

However, the reflection peaks of CdS in the pattern
of A4, (100), (002), (101), (102), (110), (103), (112),
appear at 20 =24.9, 26.7, 28.2, 36.7, 43.7, 47.9 and
51.9°, respectively. These results indicate that it has a
hexagonal structure, which is obviously different from
other samples. So the utility of [C,OHmim][Cl] has an
important effect on the crystal pattern of the CdS
nanoparticles. The dimension of the CdS nanoparticles
calculated from the widths of (103) diffraction peak
through the Scherrer formula is 5.27 nm.

Therefore, to further ascertain function of [C,OH-
mim][Cl] in the phase-controlling process of CdS, extra
experiments have been designed to explore the process:
3 mL [C,OHmim][Cl] was substituted of 1 mL [C,OH-
mim][Cl], 2 mL [C;OHmim][Cl], 1 mL [C4Homim][Cl]]
and 3 mL [C4Hymim][CI] in the solid-state reactions,
and the samples obtained were marked as B1, B2, B3
and B4, respectively.
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Fig. 1 XRD patterns of the samples obtained by low-tempera-
ture solid-state reaction

Table 1 Crystallite sizes along (111), (220) and (311) zone axes

Sample Particle sizes (nm) calculated from (111),  Average
(220) and (311) plans sizes (nm)

Al 2.96 3.16 3.09 3.07

A2 5.10 4.73 5.01 4.95

A3 6.60 6.09 5.73 6.14

A5 2.58 322 3.12 2.97
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Fig. 2 XRD patterns of B1, B2 and A4 obtained by low-
temperature solid-state reaction

The effect of the volumes of [C;OHmim][Cl] on
the products has been investigated. Figure 2 shows the
XRD patterns of B1, B2 and A4 obtained in the
conditions of different volumes. There are weak peaks
at 36.7° and 47.9° in XRD pattern of B1, which are the
characteristic peaks of hexagonal CdS. It indicates that
hexagonal CdS is being formed after addition of a
small quantity of [C;OHmim][Cl], though it is not still
crystallized well. It can be also seen from this figure
that intensities of the diffraction peaks in crystal plates
(10a) [a = 0,1, 2, 3] are getting stronger and stronger as
the increase of [C;OHmim][Cl] volumes. The diffrac-
tion peaks of A4 display distinct hexagonal crystal
structure with the higher crystalline than B1 and B2.
From these experiments, we can conclude that the
addition of [C,OHmim][Cl] could only change S* ions
arrangement at the beginning of solid-state reaction,
leading to the formation of hexagonal phase. Volume
of [C;OHmim][Cl] could only play an important role
on the crystallization process of the products, and it is
the most suitable concentration to form well crystal-
lized hexagonal CdS nanoparticles in solid-state reac-
tion when the addition of [C;OHmim][C]] is 3 mL.

Figure 3 shows the XRD patterns of A4, B3 and B4
when using [C4;Homim][Cl] instead of [C,OHmim][Cl]. It
can be seen that B3 and B4 are in great agreement with
the cubic CdS with the diffraction peaks of 26.5, 43.7 and
52.0°, while pronounced diffraction peaks at 20 = 24.9,
28.2, 36.7 and 47.9°, which are distinct characteristic
peaks of hexagonal CdS nanoparticles, shows the hexag-
onal crystal structure of A4. Addition of [C4Homim][Cl]
could not change the CdS crystal pattern, and S$*~ kept
face-center cube arrangement, resulting in the final cube
structure. In addition, for B3 and B4, FWHM (Full
Width at Half Maximum) from the diffraction peak at
26.5° is different (FWHMg, > FWHMg;), it shows that

@ Springer
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Fig. 3 XRD patterns of B3, B4 and A4 obtained by low-
temperature solid-state reaction

particles sizes of cubic CdS get smaller as increasing of
[C4Homim][Cl] Volume. The cation [C4Homim]" could
not control crystal pattern, and [C;OHmim]" is consid-
ered to be a key factor in the formation process of
hexagonal CdS nanoparticles.

Figure 4 shows the TEM micrograph of A4. This
micrograph indicates that the CdS nanoparticles con-
sistently show crystal structure with unchanging mor-
phology. The typical morphology of the CdS is small
spheres with the average diameter of about 5 nm, which
is in agreement with the XRD result. The agglomera-
tion of particles in TEM may be arisen from the small
dimensions and high surface energy. The SAED pattern
shows multicrystal structure of the CdS nanoparticles.
TEM images of other samples are almost the same as
A4 except the different diameters of the particles

Fig. 4 TEM micrograph and SAED pattern of A4 obtained by
low-temperature solid-state reaction
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(shown in Fig. 5), and the dimensions of A1-A3 and AS
observed from TEM images are in the range of 2.5-3.5,
4.5-6.0, 5.5-7.0 and 2.0-3.5 nm, respectively, which are
in agreement with the XRD results. As is well known,
particle size distribution is an important feature of
powders. In this paper, the particles size could be faciley
controlled by selecting different temperatures and the
addition of surfactants.

In general, absorption spectra probe the crystallite
internal molecular orbital and provide information
concerning size and particle composition [21]. Optical
absorption spectra for CdS ethanol solutions are
presented in Fig. 6. As shown in the Fig. 6, the spectra
exhibit distinct exciton absorption, and we can observe
that UV-vis optical absorption excitonic peaks of the
CdS nanoparticles are at 465, 489, 495, 448 and 456 nm
corresponding to Al, A2, A3, A4 and AS, respectively.
The corresponding band gap energy of absorption
maximum for all the samples could be determined
using the equation:

E, =l s (1)

The bandgaps of Al, A2, A3, A4 and AS calculated
are 2.66, 2.53, 2.51, 2.76 and 2.71 eV, respectively.

Fig. 5 TEM images of (a)
Al, (b) A2, (c) A3 and (d) AS
obtained by low-temperature
solid-state reaction

Compared with the peak of bulk CdS (510 nm,
2.42 eV) crystals [5], it shows obvious blue shift, which
clearly indicates the presence of quantum-size effects
in the as-prepared CdS nanoparticles.

Compared to Al, A2 and A3, it can be seen that the
excitonic absorption peaks gradually red shift as the
particle sizes increase, and it can be noted that the
absorbance at the peak maximum is practically tem-
perature-dependent. However, when P123 was added
to the solid-state reaction (AS5), the peak would shift to
the shorter wavelengths, which implies that the smaller
size of nanoparticles were obtained in the presence of
P123.

It is also very interesting that value of the absorption
peak is smaller than others, and shows stronger blue
shift when using [C;OHmim][Cl] as the additive (A4),
which may arise from the different phase of CdS
obtained. It provides a simple approach to obtain
hexagonal CdS with strong absorption, through many
properties are unknown at the phase transition from
cubic to hexagonal. The size of the nanoparticles could
be calculated from the band gap values by using the
effective mass approximation [26]. This method has
been proved to be reliable for sizes larger than 4 nm
[27]. The nanoparticles size is obtained by using the
following formula:

50nm
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Fig. 6 UV-vis spectra of the samples obtained by low-temper-
ature solid-state reaction
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where R is the nanoparticles radius and m and m;, are
the effective mass of electron and hole in the lattice.
The values for m} and mj are 0.2 m. and 0.7 m,,
respectively. The size of A4 estimated from the optical
band gap values is about 5.2 nm, which is in good
accordance with the size determined from the trans-
mission electron microscopy studies. In addition, from
the Fig. 6 it can be also observed that there are tails of
more intense absorption occurring at shorter wave-
lengths which are due to higher energy electronic
transitions as observable in low band gap semiconduc-
tor nanoparticles [28].

It is well known that the chemical reaction is always
composed of four stages, which are diffusion, reaction,
nucleation and growth [15]. In general, it is thought
that the evolution of CdS nanoparticles is influenced by
the kinetic mechanism and the growth process is
controlled by diffusion. In this paper, the sizes of cubic
CdS nanoparticles could be controlled by the temper-
ature of solid-state reaction in the absence of surfac-
tant. Cubic CdS nanoparticles are formed when Cd**
ions fill the tetrahedral clearance of S*~ face-center
cube that is first formed in the process of solid-state
reaction. After P123 is added to the reaction, it does
not act with S*~ ions. The experiment result shows that
P123 only prevents the particles from growing up,
leading to obtaining less size of nanoparticles.

@ Springer

However, when [C,OHmim][Cl] is added to the
solid-state reaction, [C;OHmim]~ will act with S*
ions, and change their arrangement, and result to the
formation of $* ions hexagon arrangement [29]. Then
Cd*" ions fill the tetrahedral clearance of S*~ hexagon,
resulting to the formation of hexagonal CdS nanopar-
ticles. While [C4Homim]|™ could only act the same
influence as P123, and control the size of particles, and
could not change the crystal pattern of CdS. The results
give us a fast, simple and novel way to synthesize
different crystal patterns of CdS nanomaterials with
different properties. The more detailed study of
formation mechanism of different crystal patterns will
be described in progress.

Conclusions

Growth studies of high quality CdS nanoparticles
have been investigated by low-temperature solid-state
reaction. The sizes of CdS nanoparticles can be
controlled by heating temperatures and surfactants.
The crystal patterns would be influenced by the
surfactants. TEM and XRD technologies were used
to characterize the CdS nanoparticles. By optical
properties measurements, the absorption peaks of
CdS show strong blue shift from that of the bulk.
Detailed phase-controlling process between cubic and
hexagonal CdS has also been studied by further
experiments, and [C;OHmim]" is considered to be a
key factor in the formation process of hexagonal CdS
nanoparticles.
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