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In this article, we report the development of an efficient and rapid microwave assisted solvothermal
(MAS) method to prepare wurtzite ZnS nanoparticles at 413 K using different precursors. The materials
obtained were analyzed by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), field emis-
sion scanning electron microscopy (FE-SEM), transmission electron microscopy (MET) ultraviolet–visible
(UV–vis) and photoluminescence (PL) measurements. The structure, surface chemical composition and
optical properties were investigated as a function of the precursor. In addition, effects as well as merits
of microwave heating on the processing and characteristics of ZnS nanoparticles obtained are reported.
The possible formation mechanism and optical properties of these nanoparticles were also reported.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, zinc sulfide (ZnS) has received much attention
for its potential applications in optoelectronics [1–3]. ZnS can
adopt three phases: cubic sphalerite, hexagonal wurtzite or the
rarely observed cubic rock salt. ZnS crystallizes in sphalerite under
ambient conditions while the wurtzite polymorph is stable above
1293 K. Both hexagonal wurtzite and cubic sphalerite have wide
band gaps of 3.77 eV and 3.72 eV, respectively [4] as well as a high
index of refraction (2.27 at 1 lm) and a high transmittance in the
visible range [5–10].

The size, shape and synthetic environment are crucial factors in
determining the chemical and physical properties of ZnS [11,12].
As the current research is directed toward nanoscale phenomena
and technology, the synthesis and characterization of ZnS nano-
structures is an active field of worldwide research. With a decreas-
ing particle size, the surface-to-volume ratio becomes sufficiently
large so that the stability of the cubic sphalerite and hexagonal
wurtzite phases is influenced by the surface energy. On a theoret-
ical basis, it has been suggested that the mean surface energy of a
three-dimensional nanoparticle is greater for the sphalerite phase
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than for the wurtzite phase [13–15]. This result is in agreement
with the fact that the low-temperature synthesis yields wurtzite-
type ZnS nanoparticles [16–21].

Many methods have been developed to produce ZnS nanomate-
rials [22–27] with a variety of morphologies [28–31,10,32]. In
these syntheses, organic surfactants (polyvinylpyrrolidone, cetyl-
trimethylammonium bromide, etc.) or assisting molecules (ammo-
nia) [33] are used as templates or structure-directing agents which
can control both the growth and morphologies of final products
[34]. The surface energy and therefore the crystal structure of the
range of ZnS nanoparticles strongly depend on synthesis condi-
tions. In addition, most of the organic surfactants and assisting
small molecules are costly, and, in most cases, the pure product
was obtained only after the complete removal of surfactants which
complicates the experimental process. Therefore, it is important to
develop new low cost processing material methods, which are
environmentally friendly and possess the possibility for the forma-
tion of materials on a micro- and nanoscale with well defined
morphologies.

Recently, an alternative method such as the microwave assisted
solvothermal (MAS) method has emerged in the field of powder
preparation with both expected and unexpected merits; e.g., ki-
netic enhancement, low reaction temperature and time reduction
as well as the control of the overall particle size and aggregation
process [35]. Because of their advantages, the use of microwave
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Fig. 1. XRD patterns of ZnS nanoparticles processed at 140 �C using different precursors. A – zinc nitrate; B – zinc chloride and C – zinc acetate.

Table 1
Comparison among synthesis methods.

Method Temperature (K) Time (min) Ref.

Chemical vapor deposition 1373 30 62
Thermolysis 473 30 63
Single-source precursor 543 210–420 64
Evaporation 1573 40 65
Solvothermal 573 720 66
This work 413 1–2 –
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radiation during the solvothermal synthesis of inorganic com-
pounds increased rapidly over the past several years [36–39] and
several recent comprehensive reviews on microwave-assisted syn-
theses of nanocrystals have been published [40–44].

Some research groups reported the synthesis of ZnS nanoparti-
cles using the MAS method [19,45–47,12]. In particular, Yao et al.
[45] have synthesized ZnS nanospheres by microwave irradiation
and have verified that this technique stimulates nanoparticles to
spontaneously assemble into a hierarchical structure without tem-
plate agents. The synthesis of wurtzite ZnS nanorods by the micro-
wave assisted chemical route has been reported by Navaneethan
et al. [46]. Shahid et al. [47] reported the microwave assited low
temperature synthesis of wurtzite ZnS quantum dots while Savara-
nan et al. [12] studied the synthesis of cubic ZnS quantum dots,
capping and optical–electrical characteristics. Very recently, our
group conducted experimental and theoretical studies on the en-
hanced PL activity of ZnS nanostructures [48,49].

The focus of this research is to study the synthesis of ZnS nano-
particles using the MAS method and to outline the effect of the pre-
cursor on the structure, surface chemical composition and optical
properties of ZnS nanoparticles; XRD, XPS, UV–vis and PL measure-
ments were employed. The possible formation mechanism and
optical properties of these nanoparticles were also reported.
2. Experimental details

2.1. Synthesis

ZnS nanoparticles were synthesized by the efficient MAS method using three
precursors (chloride, nitrate and acetate) in ethylene glycol (EG) at 413 K at differ-
ent times. The typical procedure is described as follows: 7.34 mmol of precursors
(zinc nitrate, zinc acetate and zinc chloride) and 15.44 mmol of tetrabutylammo-
nium hydroxide were dissolved in 25 mL of EG and heated to 353 K (solution 1);
7.34 mmol of thiourea were separately dissolved in another 25 mL of EG (solution
2). Under vigorous magnetic stirring, solution 1 was then quickly injected into solu-
tion 2. In the sequence, the solution was transferred into a Teflon autoclave which
was sealed and placed inside a domestic microwave-solvothermal system
(2.45 GHz, maximum power of 800 W). The pH of the reaction for the synthesis of
all prepared materials was 10. MAS processing was performed at 140 �C for short
times (1 and 2 min). To remove byproducts possibly remaining in the final product,
the resulting solution was washed with deionized water and ethanol several times
to neutralize the solution pH (�7), and the precipitates were finally collected fol-
lowed by thermal treatment at 343 K (24 h).

2.2. Characterizations

The nanoparticles obtained were structurally characterized by XRD using a Rig-
aku-DMax/2500PC with Cu Ka radiation (k = 1.5406 Å) in the 2h range from 10� to
75� at 0.02�/min. XPS was employed to determine the metal content and to analyze
its structural conformation using a commercial spectrometer (UNI-SPECS-UHV).
Spectra binding energies were corrected using the hydrocarbon component of
adventitious carbon fixed at 285.0 eV. The composition of the surface region was
determined from the ratio of relative peak areas corrected by sensitivity factors
(Scofield) of corresponding elements. Spectra were fitted without placing con-
straints using multiple Voigt profiles. The morphologies of ZnS nanoparticles were



Fig. 2. Typical XPS spectra of synthesized ZnS wurtzite: (a) survey spectrum, (b) S 2p region spectrum, (c) Zn 2p3 region spectrum and (d) Zn LMM region spectrum.
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observed by FE-SEM using FEG-VP JEOL. In the sample preparation for the TEM
technique, the obtained powders were first dispersed in ethanol using an ultrasonic
bath for 20 min. Afterwards, the suspensions were deposited on the copper grids via
fast immersion.

Optical properties were analyzed by UV–vis absorption spectra and PL measure-
ments. UV–vis spectra were taken using a Cary 5G spectrophotometer (Varian, USA)
in a diffuse reflectance mode. The optical band gap energy (Egap) was calculated by
the Kubelka and Munk method and is related to the absorbance and photon energy
by the following equation:

ahm ¼ C1ðhm� EgapÞn; ð1Þ

where a is the linear absorption coefficient of the material, hm is the photon energy,
C1 is a proportionality constant, Egap is the optical band gap and n is a constant asso-
ciated with different kinds of electronic transitions (n = 1/2, 2, 3/2 or 3 for direct al-
lowed, indirect allowed, direct forbidden and indirect forbidden transitions,
respectively) [49]. This methodology is based on the transformation of diffuse reflec-
tance measurements to estimate Egap values with good accuracy [50–53]. PL spectra
were collected with a Thermal Jarrel-Ash Monospec monochromator and a Hamama-
tsu R446 Photomultiplier. The 350.7 nm (2.57 eV) exciting wavelength of a krypton
ion laser (Coherent Innova) was used with the output of the laser maintained at
200 mW. All measurements were performed at room temperature.

3. Results and discussion

An analysis of XRD patterns depicted in Fig. 1 confirms that all
ZnS nanoparticle diffraction peaks can be indexed to the hexagonal
structure which is in agreement with the respective Joint Commit-
tee on Powder Diffraction Standards (JCPDS) card 36–1450 [52].
Thus, these results indicate that ZnS nanoparticles are crystalline,
pure and ordered at long range. The diffraction peaks are signifi-
cantly broadened because of the very small crystallite size. These
results are in very good agreement with other experimental stud-
ies [21,48,49]. However, the existence of a cubic ZnS phase solely
from XRD patterns cannot be excluded because of the large simi-
larity between cubic and hexagonal ZnS structures.

Microwaves are electromagnetic waves with wavelengths that
range between a meter and a millimeter and are selectively ab-
sorbed by polar molecules. Although the understanding of the
interaction between these waves and matter is limited, it has been
hypothesized that an energy transfer process occurs via either res-
onance or relaxation processes; both processes result in rapid heat-
ing [53–55].

This procedure is based on dipolar and electrical conduction
mechanisms. For the dipolar mechanism, the polar molecules fol-
low the field in the same alignment when a very high frequency
electrical field is applied, and then the molecules release enough
heat to drive the reaction forward. In the electrical conduction
mechanism, the irradiated sample is an electrical conductor and
the charge carriers, ions and electrons move through the material
under the influence of the electrical field which facilitates polariza-
tion within the sample. These induced currents and any electrical
resistance will heat the sample [56–58]. This effect provides an
advantage for MA techniques which produce faster reaction rates
and shorter reaction times and thereby results in an overall reduc-
tion in energy consumption [59,60]. Table 1 shows a comparison of
ZnS wurtzite phase synthesis data obtained in this work with syn-
thesis data reported in the literature by different methods [61–65].

The samples were characterized using XPS techniques, and
spectra are reported in Fig. 2, including (a) the survey spectrum,



Table 2
Quantification of peaks with a ratio of Zn to S for typical XPS spectra of the BEs for ZnS
(wurtzite-type) powders at 140 �C using different precursors at around 162 eV for S
2p and 1022 eV for Zn 2p3.

Precursor BEs Pos. FWHM Area At%

Survey spectrum
Nitrate C 1s 285.10 4.651 85942.6 42.88

O 1s 531.35 3.377 65166.8 11.41
S 2s 161.60 3.076 83340.9 23.90
Zn3p 88.85 5.293 112777.5 21.81

Chloride C 1s 285.00 4.179 89854.9 43.03
O 1s 531.25 3.236 98303.4 16.52
S 2s 161.75 3.039 71853.7 19.77
Zn3p 89.00 5.203 11480.1 20.69

Acetate C 1s 285.15 4.288 78861.5 40.93
O 1s 531.65 3.144 113171.7 20.61
S 2s 161.90 2.981 56489.3 16.85
Zn3p 88.65 5.200 107450.0 21.61

S 2p region spectrum
Nitrate ZnS 2p3/2 161.64 1.994 66.66 –

ZnS 2p1/2 162.86 2.048 33.34 –
Chloride ZnS 2p3/2 161.54 1.925 66.66 –

ZnS 2p1/2 162.73 1.954 33.34 –
Acetate ZnS 2p3/2 161.89 1.867 66.66 –

ZnS 2p1/2 163.05 1.898 33.34 –

Zn 2p3 region spectrum
Nitrate Zn–C 120.59 2.000 9.11 –

ZnS 1022.15 1.998 85.63 –
Zn(OH)2 1023.61 2.000 5.26 –

Chloride Zn–C 1020.68 2.000 8.01 –
ZnS 1022.39 2.000 87.00 –
Zn(OH)2 1023.93 2.000 4.99 –

Acetate Zn–C 1020.57 2.000 8.37 –
ZnS 1022.31 2.000 89.03 –
Zn(OH)2 1024.23 1.732 2.60 –

Fig. 3. FEG-SEM image for ZnS samples. (a) A – zinc nit
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(b) S 2p, (c) Zn 2p and (d) Zn LMM. The peaks of Zn and S, together
with those of C and O, are clearly visible in survey spectra. From
the survey spectrum, we can conclude that the product was highly
pure. The binding energies (BE) for wurtzite ZnS powders synthe-
sized by the MAS method at 413 K using different precursors are
around 162 eV for S 2p and 1022 eV for Zn 2p3. The kinetic energy
for Zn LMM is 989 eV (for more details on the analysis of XPS re-
sults, see Fig. 2 and Table 2). These results are consistent with BE
values reported by Wagner et al. [65] and Wang et al. [66]. The
peak quantification yields a ratio of Zn to S which is in excellent
agreement with the stoichiometry of ZnS. These results verify that
material surfaces are similar and that the surfactant was removed
during the washing process.

FE-SEM and TEM images show that the synthesis route pro-
duces ZnS crystalline agglomerate nanoparticles; i.e., ZnS particle
facets are quite similar (see Fig. 3). The ZnS nanoparticle morphol-
ogy suggests that as-formed ZnS clusters are constructed of more
primary building particles of different orientations. Fig. 3 confirms
that the random aggregation process between small particles re-
sults in the formation of irregular-shaped crystallites [49]. For
nanocrystals, crystallites agglomerate and form particles with
diameters of �110 nm for a synthesis of 1 min, and there is a great-
er variation in size with increasing synthesis time. We believe that
this aggregation process is related to the increase in effective col-
lision rates between small particles by microwave radiation. How-
ever, for an organized solid aggregate, where there is a crystallite-
size distribution or particle-density gradient across the solid, the
design and architecture become possible upon Ostwald ripening.
These mechanisms are responsible for the fast nucleation of ZnS
small particles as well as the dissolution of small crystals which
rate; (b) B – zinc chloride and (c) C – zinc acetate.



Fig. 4. UV–vis spectra of aggregated crystalline ZnS nanoparticles at 140 �C using different precursors (A – zinc nitrate; B – zinc chloride and C – zinc acetate): (a) A 1 min; (b)
A 2 min; (c) B 1 min; (d) B 2 min; (e) C 1 min and (f) C 2 min.
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are deposited onto larger crystals. This conclusion is line with pre-
vious work of other groups [67,68].

It is a relevant question to ask what types of particles can un-
dergo aggregation. Most growth processes presumably start with
the formation of clusters which are colloidally stable as long as
no precipitation occurs. Then small nanocrystals are homoge-
neously nucleated; due to their regular inner structure and the
coherent polarization addition as well as a dipole moment, these
nanocrystals have a higher Hamaker constant and a coupled lower
colloidal stability than their cluster precursors. With decreasing
colloidal stabilization (either by concentration, reaction conditions
or the consumption of stabilizer), a crystal–crystal addition will oc-
cur at first because it is the colloidal species with the highest mu-
tual attraction [69]. After two crystals have been added, anisotropy
is generated, and it is a question of interaction energy where the
next particle will be added. If the addition is dipole controlled,
the next particle will certainly be added along the long axis of
the particle [70,71].

A nucleation–dissolution–recrystallization mechanism occurs
with the MAS method [72]. which is considered highly sensitive
to relative rates of amorphous solid particle dissolution and nucle-
ation of the crystalline phase [73]. As a consequence, this mecha-
nism involves the formation of a high concentration of
aggregated nano-particles with predominant growth controlled
by the coalescence process. Using density functional calculations,
Ghazi et al. [74] determined that growth is an order–disorder–or-
der pattern of a cyclic nature. In this context, the nucleation–disso-
lution–recrystallization mechanism [72] using the MAS method
can be seen as an order–disorder–order process of nature.

Fig. 4a–f shows UV–vis spectra of ZnS powders processed for
different time. UV–vis absorption measurements illustrate a varia-
tion in the optical band gap values from 3.25 to 3.62 eV for ZnS



158 F.A. La Porta et al. / Journal of Alloys and Compounds 556 (2013) 153–159
nanoparticles. After the electronic absorption process, electrons lo-
cated in the maximum-energy states in the valence band revert to
minimum-energy states in the conduction band under the same
point in the Brillouin zone [48,49]. The exponential optical absorp-
tion edge and the optical band gap energy are controlled by the de-
gree of structural disorder in the lattice. The decrease in the band
gap value can be attributed to defects and local bond distortion as
well as intrinsic surface states and interfaces which yield localized
electronic levels within the forbidden band gap.

PL emission is considered to be a powerful tool to obtain infor-
mation on the electronic structure and degree of structural organi-
zation of materials at medium range. PL spectra for ZnS samples
confirm a broad band covering visible electromagnetic spectra in
the range from 400 to 800 nm. Fig. 5 shows PL evolutions of ZnS
samples using different zinc salts. The PL behavior of ZnS nanopa-
ticles is dependent upon different precursors and renders a red
shift with maximum emission at 478, 505 and 555 nm for synthe-
ses using zinc nitrate, zinc acetate and zinc chloride as precursors,
respectively when excited by a 350.7 nm laser line. The use of dif-
ferent wavelengths promotes the excitation of electrons localized
at different energy levels within the band gap. With crystallization
evolution, the atomic crystalline design renders a better electronic
configuration that promotes PL emission. The emission band pro-
file is typical of a multiphonon process; i.e., a system where relax-
ation occurs by several paths involving the participation of
numerous states within the band gap of the material.

First-principles quantum mechanical calculations have shown
that the break in lattice symmetry due to structural disorder is
responsible for the presence of electronic states in the band gap
and reveal that this disordered structure leads to local polarization
and a charge gradient in the structure [49]. New levels are formed
above the valence band and below the conduction band and are
associated with specific ZnS structural disorder. Although these
materials are disordered, the details of the band structure in solids
are mainly determined by the potential within the unit cell rather
than by long range periodicity [75,76].

During the excitation process, the cluster-to-cluster charge-
transfer in a crystal containing more than one kind of cluster is
characterized by excitations involving electronic transitions from
one cluster to another cluster. These studies have shown that or-
dered–disordered structures in ZnS nanoparticles obtained by
using a MAS synthesis have two types of coordination for Zn or S
atoms. Sulfur vacancies in a disordered structure with [ZnS4]0/
ZnS3 � Vz

s

� �
complex clusters are electron-trapping or hole trapping

centers, according to the following equations:

½ZnS4�x þ ½ZnS3Vx
s � ! ½ZnS4�0 þ ½ZnS3 � V �s� ð2Þ
Fig. 5. PL spectra at room temperature of ZnS nanoparticles at 140 �C.
½ZnS4�x þ ½ZnS3 � V �s� ! ½ZnS4�0 þ ½ZnS3 � V ��s � ð3Þ

where a [ZnS4] donor, ZnS3 � Vs�½ � is a donor/acceptor and ZnS3 � V ��s
� �

is an acceptor. It is assumed that charge redistribution may lead to
electron–hole recombination of localized excitons. The structural
and electronic reconstructions of all possible combinations of clus-
ters belonging to a specific crystal are essential for the understand-
ing of the CCCT process and its influences on the PL phenomenon
[49]. In this case, the increase in the band gap (as shown by UV–
vis measurements) promotes the formation of intermediary levels
(deep defects) and a shift from blue to red PL emissions as a re-
sponse to the increase in the crystal size. This series of equations
represents complex clusters in structural disordered solids and
illustrates the sulfur vacancy occurrences that facilitates the inter-
action between interclusters. Moreover, this line shape indicates
that the confinement effect cannot be considered as the predomi-
nant mechanism of luminescence. We can attribute the high PL
emission to effects of reduction in the average crystal size, control
of the crystal size distribution and possibly to crystallographic ori-
entation promoted by the surfactant.

4. Conclusions

A MAS method to prepare highly crystalline wurtzite ZnS nano-
particles using different precursors is proposed. XRD, XPS, FE-SEM,
UV–vis and PL measurements were extensively employed and ana-
lyzed to investigate structural and optical properties of the synthe-
sized nanomaterial and to rationalize experimental observations.
Our main results are outlined as follows: (i) The PL phenomenon
in ZnS at room temperature is directly influenced by structural dis-
orders that yield discrete levels in the forbidden band gap. Accord-
ing to different precursors used, the PL behavior of ZnS causes a red
shift which enables the design and control of different colors. The
PL emission intensity depends mainly on the interaction of formed
structural defects (complex clusters) and the excitation wave-
length. These findings confirm that PL is directly associated with
localized states in the band gap. (ii) From results reports in this
work, we suggest that Ostwald-ripening and self-assemble mecha-
nisms can be responsible for the growth process of these nanocrys-
tals. (iii) This synthesis method has low cost effectiveness and
provides high phase purity at a low temperature synthesis in a
short time; it is not limited to the system studied and could possi-
bly be followed to prepare other nanostructures. (iv) ZnS nano-
structures with a controlled synthesis at a short time have high
potential for a low-cost scale-up which facilitates a number of
new applications.
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