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Abstract Cadmium sulfide nanostructures with a sheaf-
like morphology were obtained via the simple
microemulsion/hydrothermal process. By controlling the
synthetic parameters such as reaction time, temperature
and microemulsion media, different morphologies were
obtained. These new CdS structures were characterized by
X-ray diffraction (XRD), Fourier transform infrared spec-
troscopy (FT-IR) and scanning electron microscopy
(SEM). The optical properties of CdS semiconductor were
discussed by the UV—-Vis absorption and photolumines-
cence (PL) studies. Sheaf-like structures may be formed by
the splitting crystal growth mechanism, which is known to
explain the morphology of some mineral crystals present in
nature.

1 Introduction

Monodisperse and small particles of semiconductors have
received impressive attention in recent years because of the
expectation of optical and electronic properties [1-3]. This
increasing interest has led to a wide range of preparative
approaches to nanostructures. The key point to any syn-
thetic investigation must be a careful control of the size and
size-distribution of particles.

Cadmium sulfide, as one of the most technologically
important class of materials, is a n-type semiconductor with
wide band gap of 2.42 eV at room temperature. In CdS
nanocrystals, which demonstrate properties between the
molecular and bulk limits, a number of striking effects such
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as nonlinear optical behaviors, size quantization, fluores-
cence and solar cell application have been explored [4-7].

Various methods such as hydrothermal [8, 9], microwave-
solvothermal synthesis [10, 11], thermal decomposition
[12], laser irradiation synthesis [13], ionic liquid-assisted
synthesis [14], and surfactant-assisting solvothermal method
[15] used to synthesize nano and micro-crystalline CdS.
Most of the products have different morphologies such as
nanowires [16—18], nanorods [15, 19, 20], dendrites [21],
spheres [9, 22], flakes [23], triangular and hexagonal plates
[24], sea-urchin-like shape [25] and flower-like shape [26].

Compared with nanoparticles, the preparation and study
of nanorods and nanoplates as building blocks for hierar-
chically structures are of considerable interest because of
their special properties and wide applications in nanode-
vices [27, 28]. Since many fundamental properties of
semiconductor materials have been expressed as a function
of the size and shape, the control of nucleation and growth
of nanostructural materials is becoming critical, which can
provide opportunities of tailoring properties of materials
and offer possibilities for observing interesting physical
phenomena [29].

It is well known that microemulsions are one of the
effective media to prepare nanoparticles [30-32]. In water-
in-oil microemulsions nano-sized water droplets were sur-
rounded by surfactants to form reversed micelles and stea-
dily disperse into the oil phase. They provide the ideal
environment for the preparation of nanoparticles since water
droplets represent nanoreactors which favor the formation
of small crystallites with a narrow size distribution. When
microemulsions were combined with hydrothermal treat-
ment, the crystallinity of the product would be improved
greatly. The hydrothermal process has been employed to
control the nucleation and growth of CdS crystals or as a
treatment of microemulsions to improve the crystal phase
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Fig. 1 XRD pattern of the CdS
prepared in isooctane/water/
PEG/1-propanol microemulsion
at 180 °C for 6 h
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[33, 34]. The quaternary microemulsion of isooctane/
polyethyleneglycole (PEG)/1-propanol/water, a typical
reaction media for nanocrystals [35], were applied here.

The crystal growth of CdS is also determined by mass
transport process via control of decomposition rate of free
S%~ from the sulfur source in the solution [36]. However, to
the best of our knowledge, a general route for the synthesis
of CdS sheaf-like structures under microemulsion-hy-
drothermal conditions with thioglycolic acid as sulfur
source has still not been realized. This work presents a
novel microemulsion-hydrothermal technique to synthesize
uniform sheaf-like structures of cadmium sulfide clusters.
The composition, microstructure, optical properties and
formation mechanism of the obtained nanocrystals are
characterized in detail.

2 Experimental
2.1 Materials and equipments

All chemicals were of analytical grade and were used as
received without further purification. XRD patterns were
recorded by a Rigaku D-max C III, X-ray diffractometer
using Ni-filtered Cu Ka radiation. Scanning electron
microscopy (SEM) images were obtained on KYKY-
EM3200. Fourier transform infrared (FT-IR) spectra were
recorded on Perkin-Elmer Spectrum RXI FT-IR spec-
trometer in KBr pellets. The electronic spectra of the
complexes were taken on a Perkin-Elmer lambda 25
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spectrometer. Photoluminescence (PL) measurements were
carried out on a Perkin-Elmer LS-55 luminescence spec-
trometer using a pulsed Xe lamp.

2.2 Preparation of CdS nanocrystals

In a typical experimental procedure, 1.75 mL aqueous
solution of cadmium acetate (1 mol/L) was added with
vigorous stirring to 4.75 mL isooctane as oil, 0.75 mL PEG
(polyethylene glycol 200) as surfactant and 9 mL 1-propanol
as co-surfactant to form quaternary microemulsion system.
After the microemulsion became transparent,] mL aqueous
solution of thioglycolic acid (5.6 mol/L) was added to the
mixture. A milky white solution was formed immediately
after addition of TGA that was transferred into a Teflon-lined
stainless steel autoclave and kept at 180 °C for 6 h. Finally,
the autoclave was cooled to room temperature naturally. The
yellow precipitate was obtained by centrifugation and
washed with distilled water and ethanol several times. Var-
ious times, temperatures and microemulsion media were
investigated to evaluate the effect of these parameters on the
morphologies of the products.

3 Results and discussions

3.1 X-ray diffraction analysis

The XRD pattern in Fig. 1 shows that the as-prepared CdS
sample at 180 °C-6 h is in the hexagonal phase with lattice
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Fig. 2 FT-IR spectrum of the CdS prepared in isooctane/water/PEG/1-propanol microemulsion at 180 °C for 6 h

constants consistent with the values in the literature
(JCPDS Card, File No. 77-2306). The XRD pattern con-
firms the wurtzite crystal structure with P63mc space
group. According to Rhee et al. the temperature at which
CdS nanocrystals changes from the amorphous phase to the
hexagonal phase when treated with the hydrothermal
method was up to 160 °C, and a nearly complete hexagonal
phase was obtained at 240 °C [37].The higher intensity of
the (0 0 2) peak indicates that the crystals are grown along
the c-axis, which suggests that the [001] direction was
aligned along the nanorod axis of the CdS nanocrystals. It
is interesting to observe that the reported CdS nanorods
with the strongest intensity of the (002) diffraction peak
have the same preferential orientation along the c axis
[38, 39]. The rod-like shape is confirmed by SEM pho-
tographs that will be discussed later.

3.2 Fourier transform infrared spectroscopy

To investigate whether the surface of the samples was
capped with organic materials the Fourier transformed
infrared (FT-IR) spectra of the as-synthesized samples were
recorded. Figure 2 shows typical FT-IR spectrum of CdS
nanocrystals prepared at 180 °C for 6 h. The peak at
3430 cm ™' could be due to the adsorption of H,O in the
sample. The absorption peaks at 2931 and 2919 cm™" can
be ascribed to asymmetric (v,s) and symmetric stretching

vibration (vg) of the CH, groups, respectively. The rela-
tively strong absorption peaks at 1555 cm ™" and another at
1394 cm ™' could be assigned to the C = O asymmetric
(vas) and symmetric stretching vibrations (vs), respectively.
From the IR spectra, carboxylates are confirmed to be pre-
sent in the as-obtained products. An absorption band due to
S—H vibration at 2500-2600 cm ™' is absent. Therefore,
these results strongly suggest that the thiol groups of TGA
coordinate with Cd*" ions on the CdS surface.

From the results of FT-IR analysis, it is suggested that
the organic component —CH,COOH should exist in the
composite. It is believed that these absorption peaks are
close to those of (CdS),,(CdSCH,COOH)?* [30]. Further-
more, a blue shift of the Cd-S stretching vibration was
observed from 803 to 720 cm~! [40, 41]. This can be
attributed to the interaction of the TGA with the CdS
molecules.

3.3 Scanning electron microscopy

The typical morphology and structure of CdS were char-
acterized by scanning electron microscopy (SEM). Fig-
ure 3 shows that the as-prepared CdS nanocrystals have
sheaf-like 3D architectures with highly self-assembled
hierarchical and repetitive super-structures. When the
reaction was carried for 6 h at 120 °C (Fig. 3a, b), a large
number of CdS sheaf-like structures were formed as shown
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Fig. 3 SEM images of CdS nanostructures synthesized in isooctane/water/PEG/1-propanol microemulsion for 6 h at (a, b) 120 °C, (c,

d) 150 °C, and (e, f) 180 °C

in Fig. 3a. More detailed morphologies as shown in Fig. 3b
display that several dozens of nanoribbons with thickness
of 20-30 nm connect to each other forming 3D sheaf-like
structures by self-assembly process. Also, some tiny
nanoparticles on the surface of the nanoribbons can be
seen. With increasing reaction temperature to 150 °C,
sheaf-like structures consisting of ordered nanoribbons
with increasing thickness to 40-50 nm were obtained
(Fig. 3c, d). No nanoparticles were existed on the surface
of nanoribbons in this temperature. With increasing the
reaction temperature to 180 °C, the morphologies of the
products change from complex sheaf-like super-structures
to simple nanorods with thickness of about 45 nm.

The influence of the time on the morphology of products
was studied at 180 °C. After 15 h of solvothermal treat-
ment, some 1D thin nanorods surrounded by a large

@ Springer

amount of nanoparticles came out in the products as shown
in Fig. 4a, b. By further prolonging the reaction time to
18 h, the amount of nanoparticles increased at the expense
of the nanorods (Fig. 4c, d). In this formation process, time
was the most important controlling factor.

As a control experiment, the microemulsion media was
changed. In the new microemulsion system comprised of
H,O (3 mL), cyclohexane (7 mL), Triton-X-100 (2 mL)
and 2-propanol (8 mL), at 180 °C for 6 h, nanorods sur-
rounded by a large amount of nanoparticles were formed
again (Fig. 5a). The XRD pattern of this composite
(Fig. 5b) showed characteristic peaks of wurtzite structure
of CdS. This experiment showed that the change in
microemulsion media have no effect on the morphology of
the products, while the time and temperature of hydrother-
mal process are the important factors.
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Fig. 5 a SEM image and b XRD pattern of CdS nanocrystals synthesized in H,O/cyclohexane/Triton-X-100/2-propanol microemulsion at

180 °C for 6 h

3.4 Growth mechanism

Because of slow dissociation of S~ from TGA, the com-
plex CdS clusters, (CdS),,(CdSCH,COOH);, was formed
according the following equation [36]:

HSCH,COOH + Cd*" — CdHS* + CH,COOH' (1)

CdHS' — CdS +H" (2)
mCdS + kHSCH,COOH + kCd**
— (CdS),,(CdSCH,COOH), +kH " (3)
(CdS),,(CdSCH,COOH), — (CdS),, (Cd*"), @
+ (SCH,COOH ™),
(CdS),, (Cd**) +kS*™ — (CdS), (5)

Prior to the hydrothermal process, the reactions (1-3)
have taken place, the (CdS),,(CdSCH,COOH){, i.e., the
complex CdS clusters are the major species in the solution,
manifested by the milk white solution as mentioned in
experimental part.

The reactions 4-5 took place during the hydrothermal
process. Reaction (4) illustrates the dissociation of the
complex CdS clusters. Therefore, during the hydrothermal
process, the formation of CdS precedes along the specific
directions, dependent on the status of SCH,COOH™ dis-
sociation from the complex CdS cluster.

Very interestingly, it has already been found that some
minerals tend to grow into this seemingly unusual sheaf-
like structure in nature. It is believed by mineralogists that
the sheaf structures may be formed by crystal splitting
during their growth. Successive stages of splitting during
crystal growth are shown in Fig. 6. An individual crystal
splits formed a number of sub-individuals (simple split-
ting), a sheaf-like structure [42].

It is found that, by controlling the temperature, various
morphologies of CdS can be obtained. The degree of
crystal splitting decreases with increasing temperature, i.e.,
from sheaf-like structures at 120 °C (Fig. 3a, b) to
nanoribbon bundles, with simple splitting or individual
nanorods with no splitting, at 180 °C (Fig. 3e, f). These
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Fig. 6 Schematic illustration of the successive stages of splitting during crystal growth

observations may be explained in the crystal-splitting the-
ory in conjunction with the nucleation and growth theory of
nanocrystals. At higher temperatures, more nuclei will
form in a shorter time and a large number of nuclei will
then grow slowly.

The sheaf-like CdS reported here splits not only from
the stem, but also from the branches into fine nanoribbons.
As is known, splitting in crystal growth is associated with
both kinetic and thermodynamic factors: fast crystal
growth [35] and extramolecules appearing in the parent
solution [36].

3.5 Optical properties of CdS

The optical properties of CdS were characterized by UV/
vis absorption and photoluminescence (PL) spectroscopy.
To examine the quantum-confined effect of the product,
room-temperature UV—vis absorption spectra of the CdS,
which were dispersed in water, were recorded. Figure 7
shows the UV-vis absorption spectra of the CdS sample
obtained at 180 °C for 6 h. This sample display a broad
absorption peak centered at about 460 nm. The peak shows
a blue shift with respect to bulk CdS (515 nm) [43, 44].
This point suggests that the as-synthesized CdS are formed
of nanostructures and are assembled of nano-sized parti-
cles, which is in consistence with the SEM images.

There is a very small red-shift relative to that of nano-
sized CdS when compared to the previous reports [45, 46]
where it is considered that the smaller nanoparticles are
restricted in micron-sized structure assemblies.

Moreover, the optical band gap of the as-prepared
samples was evaluated from the absorption spectrum using
the Tauc relation [47, 48].

(ehv) = C (hv —E,)" (6)

where C is a constant, € is the molar extinction coefficient,
E, is the average band gap of the material and n depends on
the type of transition. For n = 1/2, E, in Eq. (6) is the
direct allowed band gap. The average band gap was esti-
mated from the linear portion of the (shv)2 vs. hv plots
(Fig. 7b). The band gap value was higher than the value of
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Fig. 7 a UV-Vis spectrum and b tauc plot of the as-prepared CdS
sample synthesized in isooctane/water/PEG/1-propanol microemul-
sion at 180 °C for 6 h

bulk CdS (2.42 eV) [30, 40] due to quantum confinement
of CdS nanoparticles.

Figure 8 shows the PL spectrum of the as-prepared
sheaf-like CdS sample obtained at 180 °C for 6 h. The
luminescence spectrum is excited with 420 nm photons
and emission peak at about 543 nm. It presents some blue-
shift compared to bulk CdS at 650 nm [49], which is
consistent with the result of above UV-vis absorption
spectrum. Calculated band gap from this spectrum is in
good accordance (2.7 eV) with the results in UV-vis
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Fig. 8 Room temperature photoluminescence spectra of the as-
prepared CdS sample synthesized in isooctane/water/PEG/1-propanol
microemulsion at 180 °C for 6 h

spectra. The apparent blue shift and the strong peak also
indicatives of the size quantization of as-prepared CdS
nanostructures.

4 Conclusions

In summary, novel 3D sheaf-like CdS nanostructures have
been synthesized in a mild isooctane/PEG/1-propanol/wa-
ter microemulsion system under hydrothermal conditions.
The crystal splitting mechanism was used to explain the
formation of sheaf-like structures. It has been found that
both the reaction time and temperature play important roles
in the growth of the final morphology. Our results
demonstrate that microemulsion-based hydrothermal
approach provides a new chemical route to inorganic 3D
complex structures, which may find applications in many
technological fields. Band gaps of CdS as-prepared
nanostructures were calculated by UV-vis and PL spectra
is 2.6 eV which showed 0.2 eV blue shift in comparison to
bulk CdS band gap.
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