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Synthesis of lead sulfide nanocrystals via microwave
and sonochemical methods
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Abstract

Lead sulfide nanocrystals have been prepared by two novel routes in microwave heating and ultrasonic irradiation. In the experiments,
lead acetate and thiourea are used as lead source and sulfur source, respectively. Different size and morphology of lead sulfide (PbS)
nanocrystals can be obtained by using ethanol, distilled water, ethylene glycol and polyethylene glycol-200 as solvents. X-ray diffraction
results show that the as-prepared PbS nanocrystals have a cubic structure. Probable mechanisms for the formation of PbS particles are also
proposed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Semiconductor nanocrystals have electronic properties
intermediate between those of molecular entities and macro-
crystalline solids and are at present the subject of intense re-
search[1]. In the past decades, there has been much interest
in the synthesis and physical characterization of nanoscale
sulfide materials. Various new methods for the preparation
of sulfide nanocrystals have been reported in recent years
such as ultrasonic method[2], microwave-assisted heating
[3], ultraviolet irradiation [4], �-ray irradiation [5], the
solvothermal method[6], electrodeposition[7] and micro-
bial method[8].

In recent years, ultrasound and microwave irradiation
have been extensively used to generate novel materials with
unusual properties. Ultrasound irradiation can induce the
formation of particles with a much smaller size and higher
surface area than those reported by other methods[9]. The
effects arise from acoustic cavitations, that is, the forma-
tion, growth and implosive collapse of bubbles in a liquid.
The implosive collapse of the bubbles generates a local-
ized hotspot though adiabatic compression or shock wave
formation within the gas phase of the collapsing bubbles.
The conditions in these hotspots have been experimentally
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determined, finding a transient temperature of about 5000 K,
a pressure of >1800 atm and cooling rates in excess of
1010 K s−a [10]. These extreme conditions during ultrasound
irradiation have been successfully applied to prepare various
nanosized materials including metals[10], metal carbides
[11], metal oxides[12] and metal chalcogenides[2,13].

Microwave irradiation as a heating method, which is gen-
erally quite fast, simple and efficient in energy, has been
developed and is widely used in various fields in chemistry
[14]. It is known that the interaction of dielectric materials,
liquids or solids, with microwaves leads to what is generally
known as dielectric heating. Electric dipoles present in such
materials respond to the applied electric field. In liquids, this
constant reorientation leads to friction between molecules,
which subsequently generate heat. Claimed effects of mi-
crowave irradiation include thermal and non-thermal effects
[14]. The application of microwave irradiation in the prepa-
ration of nanoparticles has been reported in recent years
[3,15–17]. The application of microwave irradiation to ma-
terials science has shown very rapid growth due to its unique
reaction effects such as rapid volumetric heating and the
consequent dramatic increase in reaction rates, etc.

PbS is a typical narrow band gap semiconductor. It is
one of the most attractive metal sulfides for a wide vari-
ety of applications, such as Pb2+ ion-selective sensors and
infrared detectors[18]. Various processes, including sinter-
ing precipitation, vacuum evaporation, and electrochemical
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deposition have been employed to produce PbS bulk mate-
rial or PbS films[19–21].

In this paper, two novel routes for the preparation
of nanocrystalline PbS based on ultrasound-induced and
microwave-induced methods in different solvents have been
studied. The as-prepared PbS nanoparticles have a uniform
spherical or rectangular morphology, narrow size distribu-
tion, and display conspicuous quantum size effects. It is
found that the two routes are convenient and efficient to pro-
duce PbS nanoparticles in only one step. The as-prepared
products were characterized by powder X-ray diffraction
(XRD), transmission electron microscopy (TEM), selected
area electron diffraction (SAED) and ultraviolet–visible
(UV–vis) absorption spectroscopy.

2. Experimental details

2.1. Materials

Lead acetate trihydrate (PbAc2·3H2O) of analytical pu-
rity was purchased from Shanghai Shisihewei Chemical
Reagent Company (China). Thiourea of analytical purity
was purchased from Shanghai Chemical Reagent Company
(China). Absolute ethanol (EtOH), ethylene glycol (EG) and
polyethylene glycol-200 (PEG) of analytical purity were all
purchased from Nanjing Chemical Reagent No. 1 Factory
(China). All the reagents were used without further purifi-
cation. Distilled water used was prepared in our laboratory.

2.2. Instruments

Ultrasound irradiation was accomplished with a high-
intensity ultrasound probe (JY92-2D; 0.6 cm diameter;
Ti-horn 20 kHz, 60 W cm−2; Xinzhi Co., China) immersed
directly in the reaction solution. Microwave-assisted heat-
ing reactions were conducted by using a microwave oven
with 650 W power (Sanle General Electric Corp., Nanjing,
China). A refluxing system was connected to the microwave
oven. XRD measurements were performed on a Philips
X’pert diffractometer at a scanning step of 0.03◦ and a
continue time of 10 s in the diffraction angle range 2θ from
20 to 60◦, with graphite monochromatized Cu K� radiation
and a Ni filter. TEM and SAED images were obtained with
a JEOL JEM-200CX microscope, using an accelerating
voltage of 200 kV. The samples used for TEM observation
were prepared by dispersing some products in ethanol fol-
lowed by ultrasonic vibration for 30 min, then placing a
drop of the dispersion onto a copper grid coated with a layer
of amorphous carbon. A Perkin-Elmer lambda35 UV/VIS
spectrometer was used to record the UV–vis absorption
spectra of the as-prepared particles.

2.3. Preparation of PbS nanocystals

In a typical procedure for the ultrasound-induced prepara-
tion, 0.8 g PbAc2·3H2O and 0.2 g thiourea were introduced

into 80 ml EtOH, distilled water, EG and PEG, respectively.
Then the mixture was exposed to high-intensity ultrasound
irradiation under ambient air for 30 min. The sonication was
conducted without cooling so that a temperature reached the
boiling points at the end of the reaction.

To prepare PbS nanoparticles via the microwave-induced
route, 0.8 g PbAc2·3H2O and 0.2 g thiourea were introduced
into 80 ml EtOH, distilled water, EG and PEG, respectively.
Then the mixture was placed into the microwave reflux sys-
tem and refluxed under ambient air for 30 min. The mi-
crowave oven followed a working cycle of 9 s on and 21 s
off (30% power).

The post-reaction treatment procedure is the same for both
methods. After cooling to room temperature, the precipitates
were centrifuged, washed with distilled water and acetone
repeatedly, and dried in air. The final products were collected
for characterizations.

3. Results and discussion

3.1. XRD, TEM and SAED analysis

The XRD patterns of as-prepared PbS are shown inFig. 1.
The diffraction peaks correspond to the (1 1 1), (2 0 0),
(2 2 0), (3 1 1) and (2 2 2) planes, which can be indexed to
the pure cubic phase for PbS (CCID File No. 05-592). No
peak of any other phase is detected. The broadening of the
peaks indicates that the crystal sizes are small. The aver-
age crystal sizes of the particles can be estimated by the
Debye–Scherrer formula[17].

TEM images show the size and morphology of the
nanocrystals (Fig. 2). It is clear that the nanocrystals pre-
pared are spherical, rectangular and cubic particles, respec-
tively. The size of the produces was shown inTable 1. The
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Fig. 1. XRD patterns of as-prepared PbS under microwave irradiation
in different solvents: (a) EtOH, (b) H2O, (c) EG, (d) PEG, and under
ultrasonic irradiation in different solvents: (e) EtOH, (f) H2O, (g) EG,
(h) PEG.
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Fig. 2. TEM image of the as-prepared PbS nanocrystals under microwave irradiation in different solvents: (a) EtOH, (b) H2O, (c) EG, (d) PEG, and
under ultrasonic irradiation in different solvents: (e) EtOH, (f) H2O, (g) EG, (h) PEG.

SAED pattern of as-prepared PbS (sample H) is shown in
Fig. 3. The image measurements show that the particles are
crystallized and the diffraction rings match the XRD peaks
very well.

Table 1
The diameter of the particles determined from TEM images

Sample Method Solvent Size (nm)

A Microwave EtOH 150–200
B Microwave H2O 30–50
C Microwave EG 15–35
D Microwave PEG 100–150
E Ultrasound EtOH 10–15
F Ultrasound H2O 80–100
G Ultrasound EG 100–150
H Ultrasound PEG 20–30

3.2. Optical properties

The UV–vis absorption spectrum of as-prepared PbS
nanoparticles (sample F) is shown inFig. 4. In the spectrum,

Fig. 3. SAED image of PbS nanocrystals in PEG under ultrasonic irradi-
ation (sample H).



152 Y. Zhao et al. / Materials Chemistry and Physics 87 (2004) 149–153

200 300 400 500 600 700 800

A
b
s
o
rb

a
n

c
e
 /

a
.u

.

Wavelength / nm

Fig. 4. The UV–vis absorption spectrum of PbS nanocrystals prepared in
PEG under ultrasonic irradiation (sample F).

a broad absorption peak whose center is at about 208 nm is
observed. An estimate of the optical band gap is obtained
using the following equation for a semiconductor:

α(ν) = A(1
2hν − Eg)

m/2

whereα is the absorption coefficient,A a constant related to
the material properties,hν represent the energy of a photon,
Eg the optical band gap andm equals 1 for a direct transi-
tion. The energy intercept of a plot of (αEphot)2 versusEphot
yields Eg for a direct transition (Fig. 5) [22]. The band gap
energy of the nanoparticles was calculated to be 3.49 eV by
direct transition method from the UV–vis absorption spec-
trum, which is 3.08 eV larger than that of bulk PbS (Eg =
0.41 eV) [21]. Light absorption leads to an electron in the
conduction band and a positive hole in the valence band. In
small particles they are confined to potential wells of small
lateral dimension and the energy difference between the po-
sition of the conduction band and a free electron, which
leads to a quantization of their energy levels. The phenom-
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Fig. 5. Plot of (αEphot)2 vs.Ephot for direct transitions of PbS nanoparticles
(sample F), whereα is absorption coefficient andEphot is photo energy.
Band gapEg is obtained by extrapolation toα = 0.

ena arise when the size of the particles becomes comparable
to the de Broglie wavelength of a charge carrier. The in-
crease in the band gap of the as-prepared PbS nanoparticles
is an indicative of size quantization effects[21].

3.3. Probable mechanism

We also investigated the effect of reaction time on the
formation of the PbS nanocrystals. It was found that PbS
nanocrystals were formed via microwave irradiation for
5 min, after 15 min the reaction was completed. If the reac-
tion was prolonged to 30 min, the size and morphology of
the products did not change. In the case of the ultrasonic
irradiation process, when the ultrasonic power reached
1 kW, the full reaction time can be similar as in the case of
microwave heating at 650 W.

We speculated that the reactions take place as follows:

Pb(CH3COO)2 + thiourea
solvent−−→ Pb–thiourea complex (1)

Pb–thiourea complex
microwave heating or ultrasonic irradiation−−−−−−−−−−−−−−−−−−−−−−→ PbS(nanoparticles)

(2)

Firstly, the strong complex action between Pb2+ and
thiourea leads to the formation of Pb–thiourea complexes.
Secondly, the complex undergoes a decomposition process
under the irradiation. Thiourea reacts with Pb2+, Hg2+,
Ag+ and Bi+ and other metal ions to form complexes[3].
These complexes have the ability to decompose at suit-
able temperature and pressure to produce metal sulfides.
Yu et al. [23] studied the solvothermal decomposition pro-
cess of the Bi–thiourea complex in polar solvents to pro-
duce Bi2S3 nanowires. Our group had also prepared HgS
nanoparticles by thermal decomposition of Hg–thiourea
(Hg–thioacetamide or Hg–rubeanic acid) complex by mi-
crowave irradiation[3]. In this article, PbS nanocrystals are
the product of the decomposition of Pb–thiourea complexes
by microwave and ultrasonic irradiation.

The formation of uniform nanoparticles demands a uni-
form growth environment, and microwave irradiation or ul-
trasonic irradiation affords this. With microwave irradiation
of reactants in polar solvents, temperature and concentration
gradients can be avoided, providing a uniform environment
for the nucleation[24]. During the process, microwave irra-
diation not only provides the energy for the decomposition
of the complexes, but also greatly accelerates the nucleation
of PbS and depress the straightforward growth of the new-
born PbS nuclei due to the intense friction and collisions
of the molecules created. It was found that solvents play a
critical role in the formation of the products. In different
solvents, the properties of the complexes, the collision rate
between the reactants molecules, the heating rate of reaction
and the temperature of reaction are different. As a result, in
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different solvents nanocrystalline PbS particles with differ-
ent sizes are obtained. In our experiments, the best disper-
sion condition of the as-prepared PbS can be obtained in EG
(sample C). There are two main modes of EG action in mi-
crowave irradiation. The first occurring in the liquid phase is
a coupling between the oscillating electric field (2.45 GHz)
and the permanent dipole moment of the molecule result-
ing in molecular rotations, which bring to rapid volumetric
heating of the liquid phase. The ethylene glycol is an ex-
cellent susceptor of the microwave radiation because of its
high permanent dipole. In the second mode, metallic par-
ticles produced as intermediates in the polyol reaction are
also good susceptors of the microwave radiation and cause a
rapid heating of these particles. The temperature in the reac-
tion container will, therefore, be much higher than the sur-
rounding liquid. In addition to being an excellent susceptor
of the microwave radiation, ethylene glycol serves also as a
solvent and protection agent; all this enhance the dispersion
of the PbS nanoparticles.

On the other hand, the chemical effect of ultrasound arises
from acoustic cavitation, that is, the formation, growth and
implosive collapse of bubbles created in the liquid. Ultra-
sound waves that are intense enough to produce cavitations
can drive chemical reactions such as oxidation, reduction,
dissolution and decomposition[10]. The equation, dictating
the conditions resulting from the adiabatic implosion, show
that the final temperature is inversely proportional to the
vapor pressure inside the collapsing bubble. In the case of
nonvolatile solutes the only gas inside the collapsing bubble
will be the solvent vapor. Therefore, ethylene glycol is an
excellent solvent for sonochemistry. However, we have to
take into account that perhaps because of the high viscosity
of EG and the hydrogen bonds, a transient bubble will not
develop under these conditions. In other words, to separate
ethylene glycol molecules and to form a cavity will require a
much higher threshold than those for water, ethanol or other
favorite solvents. Ethylene glycol in this respect is not a fa-
vorable solvent for sonochemistry[25]. As it is investigated,
under ultrasonic irradiation, PbS nanoparticles prepared in
EG solvent (sample G) did not show such a good dispersion
as microwave irradiation.

4. Conclusions

Two novel routes for the preparation of PbS nanocrystals
have been established, based on ultrasound and microwave
irradiation. They are found to be convenient and efficient
routes to the synthesis of nanocrystalline PbS with a nar-
row size distribution. A possible mechanism was proposed.

Further studies may extend the method for the preparation
of other nanocrystalline metal sulfides.
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