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Abstract

A novel route was developed to prepare PbS and HgS nanocrystals in ethanol solvent in the presence of sodium hydroxide by

microwave heating method. PbS and HgS nanocrystals were obtained with an average size of approximately 10 and 6 nm,

respectively. In the reaction, mercury acetate and lead acetate were used as mercury and lead source; sulfur powder was employed as

chalcogenide source. The products were characterized by X-ray powder analysis (XRD), transmission electron microscopy (TEM),

X-ray photoelectron spectroscopy (XPS) and UV�/Vis absorption spectroscopy. The probable mechanism was presented.

# 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Over the past decades, sulfide semiconductors with

nanometer size dimensions had attracted so much

interest of many researchers because of the quantum

size effect exhibited by these nanosized semiconductors

[1�/3]. Mercury sulfide is a useful material and it could

be widely used in ultrasonic transducers [4,5], electro-

static image materials [6] and photoelectric conversion

devices [4�/6]. Lead sulfide is also an attractive semi-

conducting material due to its multipurpose in potential

photonic material [7] and Pb2� ion-selective sensor [8].

Nowadays, various techniques, such as single molecule

precursors approach [9], gas phase method [10], gamma-

irradiation method [11], electrodepositions in acidic

medium [12], ion exchange colloidal method [13], Ion

beam method [14], ‘‘Chemical Scissors’’ route [15] and

sonochemical method [16] have been employed in the

preparation of lead and mercury sulfides. However,

finding fast and energy-efficient method to produce

metal sulfides are new challenges to synthetic chemists

and material scientists. The microwave-assisted route is

yet another novel method to synthesize lead and

mercury sulfides, [17,18] and is a very rapidly developing

area of research. It is well known that microwave is

electromagnetic waves containing electric and magnetic

field components. The electric field applies a force on

charged particles as a result of which the charged

particles start to migrate or rotate. Due to the movement

of charged particles, further polarization of polar

particles takes place. The concerted forces applied by

the electric and magnetic components of microwave

rapidly change in direction, which creates friction and

collisions of the molecules. Claimed effects of microwave

irradiation include thermal and non-thermal effects [19].

Compared with conventional method, microwave synth-

esis has the advantages of short reaction time, small

particle size, narrow particle size distribution and high

purity. Thus, microwave irradiation as a heating method

has found numerous applications in synthetic chemistry.

In recent years, organic solvents, including formalde-

hyde [18], benzene, tetrahydrofuran, triethylene tetra-

amine [20], ethylenediamine [21,22], etc., have been

introduced into the preparation of lead and mercury

sulfides. Owing to the different viscosity, polarity,

softness of different organic solvents, various synthetic

environments could be presented, which would affect

the solubility and transport behavior of the precursors

and as a result, influence the morphology and size of the

final products [23]. Up to now, only a few literatures
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have reported the synthesis of HgS and PbS nanocrys-

tals in ethanol solvent. Zeng and his co-workers

prepared HgS nanocrystals in ethanol by a solvothermal

method. The reaction was conducted in an autoclave for
12 h and the size of the as-prepared HgS nanocrystals

was about 40 nm in diameter [20]. Qiao et al. reported

the preparation of nanocrystalline PbS in ethanol by

employing gamma-radiation method [24].

Herein, we present a quick, convenient and safe way

to synthesize HgS and PbS nanoparticles in ethanol

solvent in the presence of sodium hydroxide. The

reaction could be preformed in short time. The average
size of as-prepared HgS and PbS was only approxi-

mately 6 and 10 nm. To the best of our knowledge, HgS

and PbS nanocrystals were synthesized in alkali ethanol

by microwave method for the first time. The products

were characterized by X-ray powder analysis (XRD),

transmission electron microscopy (TEM), X-ray photo-

electron spectroscopy (XPS) and UV�/Vis absorption

spectroscopy. The probable mechanism was presented.

2. Experimental sections

2.1. Materials and instruments

All the reagents used in the experiment were of the

analytical purity and were used without further purifica-

tion. Mercury acetate, lead acetate and sodium hydrox-
ide were purchased from Shanghai Second Chemical

Regent Factory (China). Sulfur powder was purchased

from Shandong Chemical Research Institute (China).

Distilled water was used in the experiments.

Experiments were carried out in a commercial micro-

wave oven (Sanle General Electric Corp., Nanjing,

China). The instrument consisted of a 150 ml reactor

immersed into the resonant cavity, and equipped with
refluxing condenser pipe [25]. The X-ray diffraction

(XRD) patterns were recorded on a Shimadzu XD-3A

X-ray diffractometer (Cu Ka radiation, l�/0.15418

nm). The TEM images were obtained by employing a

JEOL JEM-200CX instrument, working at 200 kV

accelerating voltage. The X-ray photoelectron spectra

(XPS) measurements were performed on ESCALAB

MKII instrument, using non-monochromatized Mg Ka
X-ray as the excitation source. Shimadzu UV-2401

spectrophotometer was used to record the UV�/Vis

absorption spectra of the as-prepared particles.

2.2. Synthesis

Typically, �/1.6 g Pb(AC)2 �/3H2O and �/1.5 g

Hg(AC)2 were added in �/60 ml ethanol, respectively.
About 0.2 g sulfur powders and 0.5 g sodium hydroxide

were introduced into the ethanol solvent. The two

mixtures were placed in the microwave-refluxed system

and the reaction was performed under ambient air for 20

min. The microwave oven followed a working cycle of 6

s on and 24 s off (20% power). In the process of

conventional heating method, the same amount of
reagents and solvent was placed in a round-bottom

flask and the reaction was conducted with constant stir

at approximately 60 8C for about 1 h. After the reaction

finished, the black precipitates were centrifuged, washed

with absolute ethanol and acetone, and dried in the air.

The final products were collected for further character-

izations.

3. Results and discussion

3.1. XRD, XPS and TEM studies

The XRD and XPS were used to investigate the

composition and purity of as-prepared HgS and PbS

nanoparticles. The XRD patterns of as-prepared PbS

and HgS nanoparticles by conventional heating and

microwave heating method are shown in Fig. 1. The

diffraction peaks correspond to the (111), (200), (220),

(311), and (222) planes, which can be indexed to the pure
cubic phase for PbS and HgS. No peak of any other

phase is detected. The intensities and positions of the

peaks are in agreement with the literature pattern

(JCPDF card No. 6-0261 and 5-0592). The average

size of the PbS (Fig. 1a) and HgS (Fig. 1c) nanoparticles

synthesized by conventional heating method is calcu-

lated to be approximately 35 and 10 nm, respectively,

according to Debye�/Scherrer formula. In contrast, the
average size of PbS (Fig. 1b) and HgS (Fig. 1d)

nanoparticles prepared by microwave heating method

is approximately 10 and 6 nm accordingly. The XPS was

employed to investigate the composition and purity of

as-prepared HgS nanoparticles prepared by microwave

Fig. 1. XRD patterns: (a), (c) the PbS and HgS prepared by

conventional heating method; (b), (d) the PbS and HgS prepared by

microwave heating method.
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heating method. In the wide XPS spectrum of as-

prepared HgS (Fig. 3), it can be observed that the C

(1s) peak coming from contaminated carbon lies at

285.35 eV, which should be correctly shifted to 284.6 eV.

All the other peaks are corrected accordingly. No peaks

of impurities are detected, indicating the high purity of

the products. Fig. 2a and b show the high-resolution

XPS spectra of Hg (4f) and S (2p). The two strong peaks

at 100.55 eV and 161.95 eV correspond to Hg (4f) and S

(2p), respectively. The peak areas of the Hg and S cores

are measured and yield a ratio of Hg to S as 53:47,

which shows that the surface of the products are a little

rich in mercury. The morphology of the prepared

nanoparticles was studied by TEM. Fig. 4a and b

show the typical images for HgS nanoparticles prepared

by microwave and conventional heating method, respec-

tively. Because HgS particles are very small as we

observed in XRD pattern, it can be aggregated easily.

But we still observe some very small HgS particles in the

image and the shape of the products are close to

spherical shape. In the images, it is clearly seen that

the size of HgS nanoparticles prepared by conventional

heating method is about 7�/15 nm in diameter and a

little larger than the ones produced by microwave

heating method. In the Fig. 4c and d, we find that size

of PbS nanoparticles is in great difference by employing
different heating method. In conventional method, the

shape of the PbS nanoparticles synthesized is irregular,

but some are of cubic shape (Fig. 4d) and the size is in

the range 20�/60 nm. By comparison, the size of PbS

nanoparticles prepared by microwave heating method is

smaller and the shape is spherical. The particle size

distributions of HgS and PbS produced by microwave

heating method, which are measured directly from TEM
images, are shown as histogram in Fig. 5.

3.2. Optical measurement

The UV�/Vis absorption spectrum of HgS nanopar-

ticles is shown in Fig. 6a. The solution used in UV�/Vis

experiment was obtained by dispersing 10.70 mg HgS in

100 ml ethanol. A broad absorption peak at approxi-

mately 360 nm is observed in the spectrum. Probable
optical band-gap could be calculated by utilizing the

following equation:

a(n)�A(hn=2�Eg)m=2

where a is the absorption coefficient and m�/1 for a

direct transition. The energy intercept of a plot of
(aEphot)

2 versus Ephot yields Eg for a direct transition

(Fig. 6b) [26]. The band gap of this sample is calculated

to be 2.60 eV from the UV�/Vis absorption spectrum,

which is larger than the reported value for bulk HgS (Eg

2.0 eV) [27], indicating the size quantization effects [28].

3.3. Discussion

To fully understand the role of the ethanol solvent in
the formation of HgS and PbS, several control experi-

ments were carried out. Firstly, the reactions were

performed in the absence of sodium hydroxide, no
Fig. 2. The high-resolution XPS spectra taken for the Hg and S region

of HgS prepared by microwave heating method: (a) Hg (4f) (b) S (2p).

Fig. 3. The wide XPS spectrum of the HgS prepared by microwave

heating method.
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expected HgS and PbS nanoparticles were generated,

which indicated that sodium hydroxide played an

important part in the synthesis. Secondly, in the

experiments, we tried to use other solvents, such as

water, ethyl ether and toluene, to replace ethanol. It was

found when water and toluene was acted as solvent, no

expected HgS and PbS was obtained. The final color of

solution was nacarat and milky white in the preparation

of HgS and PbS by using water as solvent, which is

indicative of the formation of HgO and Pb(OH)2, while

in toluene, the reaction did not proceed at all. In

contrast, in ethyl ether, black HgS and PbS could be

obtained, but most of the reactants, such as sulfur

powder, still remained in products. It is well known that

the behavior of solvent under microwave irradiation has

a close relationship with its polarity; the increasing

polarity resulted in the increasing absorptive ability of

microwave energy [29]. Dielectric constants could be

used as criterion to judge the absorptive ability of

microwave energy. The dielectric constants of water,

ethanol, ethyl ether and toluene at 25 8C are 78.5, 24.3,

4.3 and 2.4 correspondingly. Although the dielectric

Fig. 4. The TEM images of as-prepared HgS and PbS nanoparticles: (a), (c) the HgS and PbS nanoparticles prepared by microwave method; (b), (d)

the HgS and PbS prepared by conventional heating method.
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constants of water is much more larger than that of

ethanol, the formation of HgO and Pb(OH)2 make it

hard to convert them to final products.

In our experiments, conventional heating method was

used as a control experiment. It was found that pure PbS

and HgS nanoparticles were also obtained by conven-

tional heating method, but the average size of HgS and

PbS was large and the reaction time was apparently long

in comparison with microwave heating method. The

reaction was also conducted by constant stir without

heating, but no expected products could be synthesized.

We proposed that the temperature played an important

role in accelerating the reaction. Berlan [30] demon-

strated that due to the delicate balance between dis-

sipated energy and heat losses, there was an over-heated

phenomenon in ethanol solvent by using microwave-

heating method, while the same phenomenon was not

observed in conventional heating method. It would be

one of the reasons that microwave-assisted heating

method could greatly improve the rate of the reaction.

With microwave irradiation in polar solvents, high and

uniform heating could be provided and temperature

Fig. 4 (Continued)
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gradients could be avoided, providing a uniform envir-

onment for the nucleation [26]. In this way, uniform and

small HgS and PbS nanosized particles could be formed.

We speculated that the reactions take place as follows:

4S�6NaOH 0
microwave heating

ethanol solvent
2Na2S�Na2S2O3�3H2O

(1)

Na2S�Hg2� 0 HgS�2Na�

Na2S�Pb2� 0 PbS�2Na� (2)

In the first reaction, ethanol solvent was heated to a

certain temperature by the absorption of microwave

irradiation and sulfur powder reacted with sodium

hydroxide to generate S2�. Then S2� combined with

Hg2� or Pb2� to form the final HgS or PbS nanopar-

ticles (Fig. 6).

4. Conclusions

In summary, HgS and PbS nanocrystals have been

successfully prepared in alkaline ethanol solvent by

microwave-assisted heating method. This method is
proved to be simple and efficient. It may also be

extended to the preparation of some other sulfide

nanocrystals.
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