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Abstract

Spherical ZnS based nanoparticles (hierarchical architectures) were successfully synthesized using Zinc bis(salicyle aldehitato),

Zn(Sal)2, thioacetamide (TAA) and thioglycolic acid (TGA) as Zn2þ , sulfur source and capping agent, respectively. The hierarchical

ZnS structure was produced from the self-assembly of nanoparticles with diameters of 2174 nm. The products were characterized by

X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), selected area electron

diffraction (SAED), and Fourier transform infrared (FT-IR) spectra. The influence of temperature on the morphology of the products

was also investigated. The possible formation mechanism and optical properties of these architectures were also reported.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Zinc Sulfide, an II–VI semiconductor with a direct
bandgap of 3.5–3.7 for cubic and 3.7–3.8 eV for hexagonal
phase, is considered as a versatile semiconductor material
with exceptional physical and chemical properties. It has
been extensively investigated due to its potential applica-
tions in optics, photoelectronics, sensors, catalysts and so
on [1–4]. In recent years, numerous efforts have been made
to control the fabrication of nanostructured materials with
various morphologies, since the novel properties and
potential applications of nanomaterials depend largely on
their shapes and sizes [1].

The complex 3D architectures constructed by 1D and 0D
nanostructure show unique properties different from those of
the mono-morphological structures because of combining
the features of nanoscale building blocks [4]. Efforts were
devoted to the self-assembly of nanoscale building blocks
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into complex 3D architectures such as hierarchical ZnS
hollow superstructures, sea urchin-like ZnS nanostructures
and ZnS nanoflower [5–8]. Up to now, considerable efforts
have been devoted to synthesize ZnS nanostructures. A large
number of ZnS nanostructures with simple morphologies,
such as thin film, nanowires, and nanorods have been
prepared by various techniques [8–12]. However, the success-
ful synthesis of ZnS nanostructures with complex 3D
architectures is difficult and rarely reported. In addition,
most methods for the synthesis of ZnS nanostructures, such
as the single-source molecular precursor, chemical vapor
deposition (CVD) method and the g-irradiation route
demand vacuum techniques, high temperature, or compli-
cated controlling processes, which are unfavorable for low-
cost and large-scale production. Therefore, it is of great
importance and necessity to develop a facile technique to
synthesize ZnS with complex 3D architectures in mild
conditions.
The use of the coating in hydrothermal method is known

to yield excellent results. There are some reports showing
thioglycolic acid as an appropriate capping agent for the
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synthesis of ZnS nanostructures in hydrothermal process.
Yang’s groups had developed a mild hydrothermal route to
synthesize metal sulfides using thioglycolic acids as nontoxic
template [13]. Xue and Yan successfully synthesized ZnO/
ZnS nanocable and ZnS nanotube arrays via thioglycolic
acid and Na2S [14]. Qian’s group has also synthesized new
ZnS/organic composite nanoribbons with the use of thiogly-
colic acid [15].

Our strategy has been to use a thioglycolic acid as capping
agent for hydrothermal synthesis of spherical ZnS based
nanoparticles (hierarchical architectures). It still remains a
great challenge to develop facile and environmentally benign
methods for creating ZnS nanostructures from a simple
precursor. A major interest at the moment is in the develop-
ment of organometallic or inorganic compound for the
preparation of nanostructures. Using the novel compounds
can help open a new way for preparing nanomaterials to
control nanoparticle size, shape and distribution size. In this
paper, we report a facile hydrothermal method for the
preparation of ZnS hierarchical architectures using Zn(Sal)2,
thioacetamide and TGA as Zn2þ , sulfur source and capping
agent, respectively. The morphologies and structure of the
products were studied by FESEM, XRD and TEM. The
influence of temperatures on the morphology of the products
was investigated. Possible formation mechanism and optical
properties of these nanoflowers were also reported.
2. Experimental

2.1. Materials and characterization equipment

All the chemicals were of analytical grade and used as
received without further purification. XRD patterns were
Fig. 1. XRD patterns of as-prepared samples at different tempera
recorded by a Rigaku D-max C III, X-ray diffractometer
using Ni-filtered Cu Ka radiation. Field emission scanning
electron microscopy (FESEM) images were obtained on
Hitachi (Japan). Transmission electron microscopy (TEM)
and Electron diffractions (SAED) images were obtained on
a Philips (EM 208 and CM 30) transmission electron
microscope with an accelerating voltage of 100 kV (EM
208) and 250 kV(CM30 model). Fourier transform infra-
red (FT-IR) spectra were recorded on Rayleigh WQF-510
spectrophotometer in KBr pellets. The electronic spectra of
the complexes were taken on a Bio UV–visible spectro-
meter (Varian Cary 100). Particle sizes (Dc) were calcu-
lated from the line broadening of the X-ray diffraction
peaks using the Debey–Scherrer Eq. (1) [1,3]:

Dc ¼ kl=bcos y ð1Þ

where b is the breadth of the observed diffraction line at its
half-intensity maximum, k is the so-called shape factor,
which usually takes a value of about 0.9, and l is the
wavelength of X-ray source used in XRD.
2.2. Preparation of spherical ZnS based nanoparticles

In a typical synthesis, 0.52 g of Zn(Sal)2 powder is
dissolved in 100 ml of distilled water and 1.1 mL of
thioglycolic acid (TGA) with the concentration of
0.056 M was mixed slowly under stirring. After 10 min
stirring, stoichiometric amount of thioacetamide (TAA) as
the sulfur source was introduced into the aforementioned
solution, which was then transferred into Teflon lined
stainless steel autoclave with 300 mL capacity, sealed and
maintained at 110–200 1C for 6 h. Subsequently, the
resulting white solid product was centrifugalized, washed
tures for 6 h (a) 110 1C, (b) 140 1C, (c) 160 1C and (d) 200 1C.
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with distilled water and ethanol to remove the ions
possibly remaining in the final product and finally dried
at 50 1C in air.

3. Results and discussion

3.1. XRD patterns

Fig. 1 shows the powder X-ray diffraction patterns of
the resultant products obtained at different temperatures.
All of the products displayed the XRD peaks correspond-
ing to cubic (JCPDS No. 77-2100) zinc blende (sphalerite)
and no characteristic diffraction peaks arising from the
possible impurity phases such as TGA, S, ZnO, etc.,
were observed, indicating the preparation of pure cubic
sphalerite samples by the hydrothermal route. The average
calculated dimensions along [111], [220], [311], [400] and
[331] from FWHM (full width at half of maximum) are
depicted in Table 1. According to Scherrer’s equation [1,3],
the crystallinity and sizes of the resultant products were
customarily enhanced with varying the reaction tempera-
ture. Using the Scherer equation, it could be seen that the
growth of crystallite size was slow at 110 1C, but, between
140–200 1C, there is a significant grain growth and better
crystallinity, as compared with the reaction at temperature
110 1C.

3.2. SEM images

Fig. 2 shows SEM images of as-produced powder at
different temperatures. SEM images depict almost the
products (Fig. 2a–h) prepared by Zn(Sal)2 at 110, 140,
160, 200 1C. They consist of a spherical morphology with
diameter of 400–500 nm. Furthermore, it was seen that
with increasing reaction temperatures from 110 1C to
200 1C, some nanospheres were broken to smaller spherical
particles (Fig. 2g and h). A close look at Fig. 2a–h shows
the spherical morphology produced from the self-assembly
of nanoparticles with 30–40 nm diameters. It can be seen
from Fig. 2c–e that the nanospheres were hollow. The
rough surface of sphere is actually the manifestation of the
self-assembly of particle. It should be noted that the
semispherical nanoparticles on the sphere can be seen in
the FESEM image. The formation mechanism for it will be
discussed elsewhere. Interestingly, when the zinc acetate,
Zn(AC)2, was used as the Zn2þ source instead of Zn(Sal)2,
in the TGA-assisted hydrothermal process, the obtained
Table 1

Crystallite size of as-prepared product at different temperatures.

Temperatures

(1C)

FWHM of

(111)

Crystallite size

(nm)

Average Crys. size

(nm)

110 0.6888 11.9 8.64

140 0.4133 19.9 19.3

160 0.3542 23.2 20.5

200 0.4133 19.9 24.4
product of ZnS was rod-like particles [8] and they were not
spherical based nanoparticles.

3.3. TEM and SAED image

The typical TEM and SAED images of the as-prepared
product at 110 1C and 200 1C are shown in Fig. 3. As
revealed by the SEM image (Fig. 2), the TEM images
(Fig. 3b) again illustrate that the ZnS sphere consists of a
few nanoparticles. According to TEM image (Fig. 3a), the
diameter of the sphere was more than 500 nm. As can be
seen in Fig. 3a, the spheres were hollow. These results are
good agreement with SEM images (Fig. 2). Fig. 3b, 3c and
3d show high magnification of the sample prepared at
110 1C and 200 1C, respectively. When reaction tempera-
ture was 110 1C, there were semispherical particles with the
average size of 1073 nm on the nanosphere. Upon
increasing reaction temperature to 200 1C, there was a
significant crystal growth. A close look at Fig. 3d shows
that some semispherical grew to sword-like particles with
the average size of 2172 nm on the nanosphere. Inset
Fig. 3d shows that some nanospheres were broken to
nanoparticles with diameters of 30–40 nm. These results
are in good agreement with XRD (Table 1) and UV–vis
analysis (Table 2). From SAED of both samples synthe-
sized at 110 1C and 200 1C (Fig. 3e and f), it was seen that
ZnS nanospheres were polycrystalline and the (111), (220)
and (311) planes from inside ring to the outside of SAED
analysis clearly confirm the zinc blende structure of
products [6]. Furthermore, according to Fig. 3e, it was
seen that due to encapsulation with the organic substance
(TGA), the electron diffraction rings were relatively
obscure. The FTIR (Fig. 5) spectrum confirms the presence
of organic molecule (TGA) on the samples synthesized at
110 1C, to be discussed later. However, when reaction
temperature was 110 1C (Fig. 3e), it was clearly seen that
the rings of SAED were continuous while electron diffrac-
tion rings of the sample at 200 1C (Fig. 3f) were point by
point. So, this confirms that there is a crystal growth
during increasing reaction temperature from 110 1C to
200 1C [16,17].

3.4. Formation mechanism

In order to indicate the formation mechanism for the
two different nanostructures described above, a schematic
diagram is depicted as Fig. 4. Prior to the hydrothermal
process, a complex species of ZnSHCH2COOH2

þ shown
in Fig. 4(2) was formed once the TGA was introduced
into the Zn2þ aqueous solution. When thioacetamide was
introduced into the Zn(OAC)2 solution, the complex
ZnS clusters, i.e.(ZnS)m(ZnSCH2COOH)k

þ , as shown in
Fig. 4(3), were generated. During the hydrothermal pro-
cess, the organic ligand, SCH2COOH�, was dissociated
from the complex ZnS clusters at certain sites, as shown
in Fig. 4(5a). At these sites, as shown in Fig. 4(5b),
the oriented attachment between the complex ZnS



Fig. 2. SEM images of as-prepared samples with Zn(Sal)2 at different temperatures for 6 h (a and b) 110 1C, (c and d) 140 1C, (e and f) 160 1C and

(g and h) 200 1C.
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clusters produced ultimately led to the formation of ZnS
nanorods [13–15]. To summarize, the formation of
ZnS nanorods in the TGA-assisted hydrothermal process
using Zn(OAC)2 as Zn2þ source is via cluster-to-cluster

attachment mechanism.
With the use of Zn(Sal)2 as the Zn2þ source, due to the

steric hindrance and the TGA difficulty in linking Zn2þ in
the precursor solution, transformation of ZnS clusters to
ZnS cluster complex was not possible by TGA, and the
complex species of ZnSHCH2COOH2þ remained the
same, as shown in Fig. 4. (4). Each complex ZnS cluster
could grow up, leading to the formation of the complex
ZnS particle. In the meantime, a part of organic ligands of
SCH2COOH� was broken away from the complex ZnS
particles. Consequently, the attachment of ZnS particles
that were partially capped with SCH2COOH� occurred.
The formation of spherical ZnS based nanoparticles is
most likely due to the fact that the formation of complex
ZnS particles and the dissociation of SCH2COOH�

proceeded simultaneously during the hydrothermal process
(Fig. 4(6)). So, during the hydrothermal process, ZnS
particles were combined together, producing flower-like
ZnS based nanoparticles. Herein, it can be believed that the
particle-to-particle attachment mechanism was responsible for
the formation of spherical ZnS based nanoparticles [17,18].
Furthermore, TGA has been generally used as a tem-

plating micelle molecule to synthesize mesoporous material
to favor the erosion of zinc and control the morphology of
spherical ZnS crystals. The SEM image of the TGA
capped particles confirms the formation of several distinct



Fig. 3. (a–d) TEM images of ZnS nanosphere based nanoparticles synthesized at (a–c) 110 1C and (d) 200 1C, and (e, f) SAED images of samples at

synthesized at (e) 110 1C and (f) 200 1C. White arrow show nanospheres were hallowing.

Table 2

Optical bandgap (Eg) and nanoparticle diameter (dabs.) as calculated from Tauc plots and Wang equation.

Temperatures (1C) 110 140 160 200

Eg (eV) 3.87 3.71 3.68 3.65

dabs (nm) 10.57 22.00 35.19 47.70

Wavelength (nm) 320.40 334.23 336.95 339.72
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spheres. During the hydrothermal process, each complexed
ZnS species can grow up and lead to the formation of
spherical ZnS particle. In the mean time, a part of organic
ligands SCH2COOH- broken away from the complexed
ZnS particles proceeded during the hydrothermal process.

3.5. FTIR spectra

Fig. 5 shows the FTIR spectra of Zn(sal)2 (Fig. 5a) and
samples obtained at different temperatures between 110–
200 1C. In the curve (Fig. 5c–d), the typical absorbencies at
3421–3428, 1578–1601 cm�1 and 1377–1379 cm�1 were
corresponding to –OH, and –COOH (asymmetry and
symmetry stretching) functional group of the thioglygolic
acid (SHCH2COOH), respectively. FTIR shows that there
is a small amount of capping agent (TGA) on the
as-prepared product, confirming the stabilization of ZnS
nanoflowers [8]. Different from pure liquid-state thiogly-
golic acid [8,15], the FTIR vibration peaks of ZnS
obtained at 110 1C are much sharper and stronger, signal-
ing weaker interactions and ordered arrangements of
thioglygolic acid molecules existing in the reactant. This
phenomenon could be explained by periodic intercalations
of a relatively small amount of thioglygolic acid molecules
into the inorganic frameworks composed of ZnS, which
minimizes the interaction between neighboring thioglygolic



Fig. 4. Schematic of probable formation mechanism of ZnS nanosphere based nanoparticles.

Fig. 5. FTIR spectra of (a) Zn(Sal)2, (b–d) flower-like ZnS at different temperatures (b) 110 1C, (c) 140 1C, (d) 200 1C.
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acid molecules and results in the fixed orientations of these
thioglygolic acid molecules. In the IR spectra of ZnS
precursors, the stretching vibrations at frequencies above
3000 cm�1 were related to pure thioglycolic acid all shift
toward the lower frequency, which might result from the
chemical bonding action between Zn2þ and S atom. In
addition, at frequencies below 1600 cm�1, the IR spectra
of the ZnS obtained at 110–200 1C exhibit many differ-
ences from the pure thioglygolic acid, which should be due
to the ordered alignment and regular conformation of
thioglygolic acid molecules in the precursors. On the other
hand, in liquid-state thioglygolic acid, the orientation and



Fig. 6. Tauc plot of ZnS samples at different temperatures: (a) 110 1C (b) 140 1C (c) 160 1C and (d) 200 1C.
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conformation of the molecules are randomized due to
thermal perturbation. Also, at all samples, the bands at
�2350 cm�1 are due to the presence CO2 [8,16].
3.6. Optical properties of ZnS nanocrystals

In Fig. 6, the absorption shoulder is red shifted with
increasing reaction temperature. This shows that crystals
size is increased with the increase in reaction temperature.
However, SEM images of the products show that there is
no any considerable change in particle size of the nano-
sphere (Fig. 2a–h). But, by increasing the reaction tem-
peratures from 110 1C to 200 1C, TEM, XRD and UV–vis
absorption spectra clearly demonstrate considerable varia-
tion in the crystallite size of the products. The optical
bandgap of ZnS nanosphere has been evaluated from the
absorption spectrum using the Tauc relation [18–22]:

ðehnÞ ¼ C hn�Eg

� �n
ð2Þ

where C is a constant, e is the molar extinction coefficient,
Eg is the average bandgap of the material and n depends on
the type of transition. For n=1/2, Eg in Eq. 2 is the direct
allowed bandgap. The average bandgap, estimated from
the linear portion of the (ehu)2 vs. hu plots (Fig. 6), was
found to decrease with increasing reaction temperatures
from 110–200 1C. The bandgap values were higher than
the value of bulk cubic zinc blende ZnS (3.72 eV) [23] due
to quantum confinement of ZnS nanocrystals. The average
particle size of ZnS nanocrystals was determined using
Wang equation [24]

Eg ¼ E2 þ 2Eh2 1=dabs

� �2
=mn

h i
1=2 ð3Þ

where Eg is the energy gap of ZnS nanocrystals, E is the
bandgap of bulk ZnS, and dabs. is the diameter of
nanocrystals. The effective mass mn is defined as

1

mn
¼

1

2

1

me

þ
1

mh

� �
ð4Þ

where me is mass of electron and mh is mass of hole. For
ZnS, me and mh are reported to be 0.34 m0, and 0.23 m0

respectively, with m0 being the rest mass of electron [25].
The bandgap values and the corresponding average

particle size are listed in Table 2. The average crystallite
size calculated was found to be in good agreement with
XRD data (Table 1). This discrepancy in particle size is
due to some approximations involved in the calculations.
Neglecting the term containing permittivity in the Wang
equation yields [26]:

Eg ¼ Eþ :2p2=2R2
� �

1=meþ1=mh

� �
�1:786e2=rR ð5Þ

where R¼dabs./2, p is the permittivity of nano ZnS and rest
parameters have already been defined.
Fig. 6 shows the Tauc plot of the sphallerite ZnS

nanoflowers prepared from hydrothermal method at dif-
ferent temperatures. As expected, the samples prepared at
110, 140, 160 1C (Fig. 6a–c) displayed excitonic absorption
peaks at 320.40 nm (3.87 eV), 334.23 nm (3.71 eV) and 336.
95 nm (3.68 eV), which had a blue shift of about 0.2, 0.03,



M. Mohammadikish et al. / Ceramics International 39 (2013) 3173–31813180
0.00 eV, respectively, as compared with the bandgap value
(3.68 eV) of bulk cubic ZnS [17,23]. As expected, increas-
ing reaction temperatures from 110 1C (Eg=3.87 eV) to
200 1C (labs.=339.72 nm,3.65 eV) made a large red shift
due to the crystal growth of as-prepared products. These
results confirm the XRD data at Table 1. These phenom-
ena were likely due to the quantum confinement effect of
the as-synthesized ZnS nanocrystals [27], whose diameters
are several nanometers, as shown in Fig. 3 and Table 1.
This confinement effect can be clearly explained using the
particle energy relation of the three dimensional single-
particle box [27,28]:

E ¼ A
nx

2

X 2
þ

ny
2

Y 2
þ

nz
2

Z2

� �
ð6Þ

where A is a constant; nx, ny, nz are the quantum number;
X, Y, Z are the scales in each dimension.

Apparently, a decreased x, y, z value (the diameters of
ZnS particles) leads to an increased energy E. The reduc-
tion of diameters of the particles produces a blue shift
of the band edge. This is a good demonstration of the
quantum confinement effect in the nanoparticles and other
0D nanostructure [28–33]. Another interesting property is
its dielectric confinement effect. When organic molecules
capped on semiconductor nanoparticles have a relatively
smaller dielectric constant than that of the nanoparticles, the
electric force lines emerging from charged particles within
semiconductor nanoparticles pass through the surrounding
medium; therefore, the screening effect is reduced and the
Coulomb interaction between charged particles is enhanced.
Such quantum confinement effects, as well as dielectric
confinement effect, tailor the optical properties of semicon-
ductor nanoparticles. Hence, it is critically important to
synthesize the ZnS nanoparticles of a size comparable with
Bohr radius and of a narrow size distribution in order to
ensure the occurrence of these two effects [33]. Zinc sulfide
has a low exciton Bohr radius (2.5 nm), making its nano-
particles interesting as small biomolecular probes for flores-
cence and laser scanning microscopy. ZnS is also currently
used as a shell or capping layers in core/shell nanoprobes
such as CdSe/ZnS core/shell structures [15,33].

4. Conclusions
1.
 Sphalerite hierarchical ZnS nanocrystals have been
successfully synthesized via a simple TGA assisted
hydrothermally.
2.
 It has been found that the variations in reaction
temperature up to 200 1C cannot have any significant
effect on the shape and morphology of ZnS
nanospheres.
3.
 The crystallite size of as-produced ZnS grows with
increasing reaction temperatures from 110 1C to 200 1C.
4.
 The optical studies show that the absorption peaks of
the TGA passivated ZnS nanoclusters are markedly
blue shifted compared to those of the bulk ZnS, which
clearly indicate the strong quantum size effect.
5.
 A mechanism for the formation of TGA encapsulated
ZnS nanoclusters and thermal stability has also been
suggested.
6.
 ZnS nanostructures with controlled synthesis have a
high potential to scale-up for low-cost and large scale
manufacturing of functional three dimensional nano-
materials, and open the door to a number of new
applications.
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