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Abstract: Hierarchical hollow spherical CdS nanostructures were synthesized via a simple microwave hydrothermal(M-H) process
using CdCl,'H,O and Na,S,03-5H,0 as raw materials and adding ethylenediaminetetraacetic acid (EDTA) as template. The obtained
products were characterized by X-ray diffraction (XRD), field-emission scanning electron microscopy (FE-SEM), energy dispersive
spectroscopy (EDS), and high-resolution transmission electron microscopy (HRTEM). Ultraviolet-visible (UV-vis) spectroscopy was
used to study the optical properties of CdS. The results demonstrate that the hierarchical hollow spherical CdS with a diameter range
of 400—600 nm is self-assembled by nanoparticles of 30 nm and in a wurtzite structure. EDTA and microwave play an important role
on the formation of the hollow hierarchical morphology. The effect of the microwave and possible growth mechanism were discussed.
UV-vis spectroscopy indicates that the CdS crystallites could be used as a potential blue light emitting material.
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1 Introduction

Cadmium sulfide (CdS), as an important II-VI
semiconductor with a direct wide-band gap (2.42 eV at
room temperature) and large exciton binding energy, has
very broad applications in light-emitting diodes, solar
cells, infrared windows, phosphor, photo-catalysis or
other optoelectronic devices [1—-3]. It is well known that
the morphology and size have extensive influence on the

physical and optical properties of CdS nanostructures [4].

Semiconductor materials also exhibit a change in their
electronic  properties with different sizes and
morphologies; as the size of the solid becomes smaller,
the band gap becomes larger. And the band gap of the
material changes along with the different morphologies.
This gives chemists and material scientists the unique
opportunity to change the electronic and chemical
properties of a material simply by controlling its particle
size and morphology [5,6].

Thus, much attention has been directed to the
preparation of nano-CdS particles with special

morphology. Up to now, nanostructures CdS such as
hollow spheres [7], core-shell nanostructures [8§],
nanorods [9,10], nanowires [11], nanoplates [12],
flower-like structures [13] and hierarchical CdS
nanocrystals [14,15] have been successfully synthesized
by different methods such as chemical vapor deposition,
microemulsion, thermal evaporation, solid-phase
synthesis, hydrothermal process and template-based
method [16]. Although great advancement has been
made in the synthesis of different CdS nanostructures,
there are still some limitations and drawbacks in the
current methods. Perilous solvents or expensive
laboratory devices were necessary in those methods.
Thereby, low-cost and facile synthesis of CdS
nanocrystals are still challenges.

Recently, we have proposed a new method, a
microwave hydrothermal (M-H) approach, to synthesize
complicated structure CdS with EDTA as template under
mild conditions with a shorter time and lower
temperature than common hydrothermal. All the source
chemicals used are airstable and inexpensive. In this
article, another new complicated structure, namely

Foundation item: Project (50942047) supported by the National Natural Science Foundation of China; Project (NCET-06-0893) supported by the
Foundation of New Century Excellent Talent in University of China
Corresponding author: JING Zhen-zi; Tel/Fax: +86-21-65908420; E-mail: zzjing@tongji.edu.cn



s90 HU Bao-yun, et al/Trans. Nonferrous Met. Soc. China 22(2012) s8§9—s94

hierarchical hollow spherical CdS nanostructure, has
been synthesized under mild reaction conditions via M-H
process. It was found that the microwave and ethylene
diamine tetraacetic acid (EDTA) play a key role on the
preparation. The as-prepared CdS nanostructures present
blue-shift of absorption edge compared with the bulk
Cds.

2 Experimental

2.1 Materials and methods

All of the source materials were of analytical grade
and utilized as-received without further purification. In a
typical synthesis process, first, 1.0067 g cadmium
chloride (CdCl,'H,0O) (0.05 mol/L) was dissolved in 100
mL deionized water to get Cd*" solution; Second, 1.2404
g sodium thiosulfate (Na,S,05-5H,0) (0.05 mol/L) was
added into the Cd** solution with stirring at room
temperature, which was called the obtained solution A;
Last, 0.931 g EDTA (0.0025 mol/L) was dissolved in the
solution A wunder magnetically stirring at room
temperature to get solution C. After 20 min of stirring,
the solution C was transferred into a 100 mL Teflon-lined
autoclave with the filling ration of 67%. Then the
autoclave was microwave-heated and maintained at
140 °C for 20 min in a MDS-8 microwave hydrothermal
synthesis system (Fig. 1) [17,18]. The MDS—8
microwave hydrothermal system is manufactured by
Shanghai Sineo Microwave Chemistry Technology Co.
Ltd.

After the microwave hydrothermal process, the
autoclave was cooled down naturally. The deep-yellow
solid powders were collected by centrifugation (4000
r/min, 10 min), and washed by deionized water and
anhydrous ethanol several times, respectively. Finally,
the as-prepared powders were dried at 45 °C in air for
8 h for characterization.

2.2 Characterization

The phase composition, morphology and optical
properties of the as-synthesized products were
characterized via X-ray powder diffraction (XRD),
field-emission scanning electron microscopy (FE-SEM),
high-resolution  transmission electron  microscopy
(HRTEM), and UV/Vis/NIR spectrophotometry. The
XRD pattern was investigated by a D/MAX—-2200PC
X-ray diffractometer with Cu K, radiation (1=0.15406
nm) and a scanning rate of 8 (°)/min (Rigaku, Japan).
SEM images were obtained on a JSM—7000F
field-emission scanning electron microscope equipped
with an energy-dispersive spectrometer (JEOL, Japan).
HRTEM images were obtained on a JEM-3010
high-resolution transmission electron microscope (JEOL,
Japan). UV-Vis spectra were collected on a Lambda 950
spectrophotometer (PerkinElmer, USA).
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Fig. 1 Schematic diagram of preparation of CdS nano-
crystallites by M-H in MDS-8 microwave hydrothermal system

3 Results and discussion

3.1 Phase composition

Figure 2 shows the XRD patterns of the as-prepared
CdS powders with and without introduction of EDTA.
Clearly, well crystallized CdS crystallites with wurtzite
structure are obtained by the microwave hydrothermal
process. All the diffraction peaks can be indexed as the
hexagonal structure of CdS according to the standard
diffraction card (JCPDS No. 41-1049). Sharp and strong
diffraction peaks of the CdS powders are observed
(Fig. 2(b)) without the adding of EDTA, which indicates
the achieving of well crystallized CdS crystalline. But
the weakened peak intensity and broadened diffraction
peaks are obtained with the introduction of EDTA (Fig.
2(a)). This may result from the effect of nanoscale or
nanostructure of the crystallites. By calculation, the size
of the average nanoscale is about 30 nm according to the
Scherrer equation.

Figure 3 shows the EDS spectrum collected from
CdS crystalline prepared with EDTA. The EDS analysis
reveals that the as-prepared CdS crystallites with addition
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Fig. 2 XRD patterns of prepared CdS nanocrystallites
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Fig. 3 EDS spectrum collected from CdS nanocrystallites
prepared with EDTA

of EDTA are composed of 50.65% Cd and 49.35% S
(atomic fraction). No other element is detected, inferring
the high purity of the as-prepared CdS crystallites.

3.2 Morphology

The FE-SEM images of the CdS powders are shown
in Fig. 4. Figure 4(a) shows that the as-prepared
crystallites possess a flower-like morphology, composing
of some small tetrahedron structures on the basis of

certain rules. It can be clearly found that the CdS
crystallites prepared by adding EDTA as a template are
hollow spheres with a diameter range of 400—600 nm
(Fig. 4(b)). The details of the hollow spherical structure
can be clearly observed in Figs. 4(c), (d) and (e) with the
high-magnification FE-SEM images. CdS hollow
spheres with hierarchical structure are self- assembled by
spherical nanoparticles of 30 nm, which is well
consistent with the XRD results (Fig. 2(a)). These
nanoparticles are in close contact with each other,
forming small spherical structure, and then, the small
balls come together to become more integrated and
bigger hollow spheres, which can be seen from the
images Figs. 4(c), (d) and (e). In addition, Fig. 4
demonstrates that the EDTA plays a vital role on the
formation of CdS hierarchical hollow spheres.

Figure 5 shows typical TEM images of the prepared
CdS hierarchical hollow spheres. The image in Fig. 5(a)
shows the hollow structure of the as-prepared CdS. A
low-magnification TEM image of one part of a CdS
hierarchical hollow sphere is shown in Fig. 5(b). The
hierarchical structure can be clearly observed. It is
evident that the hollow sphere consists of many small
nanoparticles (approximately 30 nm). HRTEM image of
one nanoparticle of the CdS hierarchical hollow sphere

Fig. 4 FE-SEM images of as-prepared
powders: (a) Without EDTA,; (b), (c), (d), (e)
spherical ~ CdS
crystallites prepared with EDTA

Hierarchical  hollow
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Fig. 5 TEM images of as-prepared powders: (a) Low-
magnification image of hierarchical hollow spherical CdS; (b)
Low-magnification image of one part of a CdS hierarchical
hollow sphere; (c) HRTEM image of one nanoparticle of CdS
hierarchical hollow sphere shown in (b)

shown in Fig. 5(c) reveals that the spacing of the
crystallographic planes is about 0.676 nm, which is
indexed as the (0001) plane of hexagonal CdS and is
well consistent with the XRD result shown in Fig. 2.

3.3 Optical property

Figure 6(a) presents the UV-Vis absorption
spectrum of the hierarchical hollow spherical CdS
nanostructures with the absorption edge at about 468 nm.

The optical band gap energy E, was calculated by the
equation: ahv:A(hv—Eg)”z, where E| is the optical band
gap and 4 is a constant. Figure 6(b) shows the plot of
(ahv)* vs. hv for the hierarchical hollow spherical CdS
nanostructures. The band gap value of the hierarchical
hollow spherical CdS nanostructures can be determined
as 2.66 eV by extrapolation of the linear portion of the
plot onto the energy axis. It is indicative of a blue shift
about 0.24 eV compared with the band gap of bulk CdS
(2.42 eV at room temperature). It is suggested that the
blue shift of the absorption edge is attributed to the
special morphology of the hierarchical structure.
Moreover, a few point defects such as S vacancies due to
the nonstoichiometric ratio of the as-produced CdS
hierarchical hollow sphere (atomic ratio between Cd and
S is about 1.03) also may lead to the blue shift of UV-Vis
absorption spectrum.
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Fig. 6 UV-Vis spectrum (a) and relationship between (a/v)* and
hv (b) of hierarchical hollow spherical CdS

3.4 Effect of microwave and possible growth
mechanism
The M-H process is an innovation of the
conventional hydrothermal process by introducing
microwave into the reaction [20]. Microwave heating
offers many advantages over conventional autoclave
heating, including rapid heating, homogeneous



HU Bao-yun, et al/Trans. Nonferrous Met. Soc. China 22(2012) s8§9—s94 s93

nucleation, and fast supersaturation by the rapid
dissolution of precipitated hydroxides, which leads to a
lower  crystallization  temperature and  shorter
crystallization time. Such behavior is presumably helpful
to the formation of hierarchical hollow spherical CdS
nanocrystals.

The experimental phenomena support the above
hypothesis. Figure 7 shows the XRD pattern and SEM
image of the sample obtained under the same
hydrothermal conditions compared to Fig. 2(a) but
without microwave irradiation. The intensity and shape
of the diffraction peaks in Fig. 7(a) indicate that the
sample is not perfectly crystallized. Some peaks
attributable to unknown impurity are observed. The
diffraction peaks can be indexed as the =zinc blende
structure of CdS according to the standard diffraction
card (JCPDS No.65—2887). The SEM image (Fig. 7(b))
of the as-prepared CdS crystals shows an irregular
morphology, which is consistent with the XRD result.
Hexagonal wurtzite structure is the high-temperature
variant of the cubic zinc blende structure, which
demonstrates that M-H process accelerates the reaction
and leads to the growth and crystallization of CdS in a
shorter time and lower temperature. In a word, the role of
microwave is not only to accelerate the reaction but also
to lead to the growth and crystallization of CdS with
special morphology. In our research, Cd*" and S* are
provided by hydrolysis of CdCl,'H,O and Na,S,0;-5H,0,
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Fig. 7 XRD pattern (a) and SEM image (b) of CdS obtained at

the same hydrothermal condition without microwave

irradiation compared to Fig. 2(a)

respectively. Therefore, the mechanism of the formation
of CdS hierarchical hollow spheres under the synergies
of microwave irradiation and EDTA is proposed as
follows:

1) The microwave irradiation will quicken the
hydrolysis process and then accelerate the nucleation rate
of CdS, leading to the enormous formation of the small
primary CdS nanoparticles.

2) The freshly formed nanoparticles will
spontaneously land on the previous CdS nanoparticles,
and under the EDTA effect, CdS hierarchical hollow
spheres can be formed by self-assembled growth.

3) Small CdS hierarchical hollow spheres may
aggregate in an oriented fashion to produce a larger
hollow sphere, as shown in Fig. 4(c).

Although the exact formation mechanism for this
special nanostructure is not yet exactly clear, it is
believed that the growth of the complex nanostructures is
both microwave-assisted and template-directed.

4 Conclusions

1) CdS hierarchical hollow spheres with wurtzite
structure have been synthesized with EDTA as a template
by microwave hydrothermal process.

2) The XRD patterns and EDS spectrum
demonstrate that the products are well crystallized with
high purity. SEM and TEM images show that the
hierarchical hollow spherical CdS nanostructures with a
diameter range of 400—600 nm are self-assembled by
nanoparticles of 30 nm. The blue shift of the absorption
edge is found to be relevant to the special morphology
which consists hierarchical hollow spherical CdS
nanostructure and the S vacancies.

3) EDTA and microwave irradiation play an
important role on the preparation of the CdS hierarchical
hollow spheres. More experiments will be done to
discuss the catalytic effect of the CdS hierarchical hollow
spheres on the photo-catalytic reduction of CO,.
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