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Abstract

A novel sonochemical method for the selective synthesis of a-HgS (cinnabar) and b-HgS (metacinnabar) nanoparticles in

aqueous solutions is reported in this paper. a-HgS and b-HgS nanoparticles have been selectively prepared by choosing sodium

thiosulfate and thiourea as the sulfur source respectively. To study the crystalline structure, size, morphology and composition of the

products, characterization techniques including X-ray powder diffraction, transmission electron microscopy, selected area electron

diffraction, X-ray photoelectron spectroscopy and energy-dispersive X-ray analysis are employed. The optical properties of

the nanoparticles are investigated by UV–visible absorption spectroscopic measurements. The direct band gap of the as-prepared

a-HgS nanoparticles with an average size of 12 nm is calculated to be 2.8 eV according to the absorption spectrum. In the case of the

b-HgS nanoparticles with an average size of 13 nm, a broad absorption peak is observed in theUV–visible absorption spectrum, which

can be ascribed to the special surface state of this sample. Probable mechanisms for the sonochemical formation of a-HgS and b-HgS

nanoparticles in aqueous solutions are presented. The optimum pH value of the stock solutions and the effect of sonication time on the

particle size are also investigated.

� 2003 Elsevier B.V. All rights reserved.

Keywords: Sonochemistry; Nanocrystalline; Mercury sulfide; Cinnabar; Metacinnabar
1. Introduction

Currently, the study on physical and chemical effects

of ultrasound irradiation is a rapidly growing research

area. When liquids are irradiated with high-intensity
ultrasound irradiation, acoustic cavitations (the forma-

tion, growth, and implosive collapse of the bubbles)

provide the primary mechanism for sonochemical ef-

fects. During cavitation, bubble collapse produces in-

tense local heating, high pressures and extremely rapid

cooling rates [1,2]. These transient, localized hot spots

can drive many chemical reactions, such as oxidation,

reduction, dissolution, decomposition, and promotion
of polymerization [2]. One of the most important recent

aspects of sonochemistry has been its applications in the

synthesis of nanodimensional materials [3]. Ultrasound
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irradiation offers a very attractive method for the

preparation of novel materials with unusual properties

and has shown very rapid growth in its application to

materials science due to its unique reaction effects and

ability to induce the formation of particles with much
smaller sizes [2,3]. The advantages of sonochemcial

method include a rapid reaction rate, controllable re-

action conditions and the ability to form nanoparticles

with uniform shapes, narrow size-distributions and high

purity. Up to now, various kinds of nanodimesional

materials have been successfully synthesized sono-

chemically, such as metals [1,4], carbides [5], nitrides [6],

oxides [7], chalcogenides [8], and core/shell nanocom-
posites [9].

Nanoparticles of group II–VI chalcogenides, ME

(M¼Zn, Cd, Hg; E¼ S, Se, Te), have attracted an in-

creasing interest during the recent years due to various

areas of applications. Mercury sulfide (HgS) is a useful

material with wide application in many fields such

as ultrasonic transducers, image sensors, electrostatic
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image materials, and photoelectric conversion devices

[10–12]. HgS crystallizes in three different structures

among which a-HgS (cinnabar, trigonal type, hexagonal

unit cell) and b-HgS (metacinnabar, zincblende type,

cubic unit cell) have been most intensively explored.
However, up to now, most studies on II–VI chalcoge-

nides have been focused on zinc and cadmium chalco-

genides. Reports about the preparation of mercury

chalcogenides are relatively scarce due to the toxicity

problem of mercuride. Conventional methods for the

preparation of mercury chalcogenides include solid-state

reaction [13], reaction of metal cation with hydrogen

chalcogenides in aqueous solution [14], and molecular
precursor methods [15]. However, generally speaking,

these methods usually require high reaction temperature

(�800 K), and/or involve the use of toxic and highly

sensitive precursors (e.g., gaseous hydrogen chalcoge-

nides or organomercury compounds). Over the past few

years, much progress has been made in exploring new

methods to prepare HgS with nanoscale dimensions

with the goals of searching for milder preparation con-
ditions and avoiding the use of toxic reagents or com-

plicated organometallic precursors. Compared with

solid state reactions and gas-phase chemical processes,

solution-based synthesis is regarded as a more promising

approach in terms of much lower cost and potential for

high volume production as well as tight dimension

control. A variety of solution-based procedures, such as

chemical bath deposition [16], room temperature reac-
tions in liquid ammonia [17], ‘‘chemical scissors’’ route

[18], solvothermal process [19], microwave-assisted

heating [20], Langmuir–Blodgett films [21], sol–gel pro-

cedure [22], polyol mediated synthesis [23], controlled

nucleation/growth in the presence of ligands/surfactant

[24], have been developed to prepare nanoscale HgS in

forms of solid thin films, colloidal quantum dots, or

ultrafine powders.
In this paper, we report a novel sonochemical

method for the selective preparation of a-HgS and b-
HgS nanoparticles in aqueous solutions under ambi-

ent air. It is reported that b-HgS nanoparticles have

been prepared previously by Gedanken and co-workers

using sonochemical reactions in ethylenediamine [25].

This route is not environmentally friendly due to the

toxicity of ethylenediamine. Furthermore, because of
the high affinity for complexation of ethylenediamine,

there is often a relatively high level of carbon impurity

and even incorporation of ethylenediamine in the re-

sulting products [26]. Here, we developed an aqueous

sonochemical method to synthesize pure single-phased

a-HgS and b-HgS nanoparticles selectively. The prod-

ucts have uniform shape, narrow size-distribution and

high purity. It is found to be a convenient, energy effi-
cient and environmentally friendly one-pot method to

the selective synthesis of a-HgS and b-HgS nanoparti-

cles.
2. Experimental

All the reagents were of analytical purity, and were

used without further purification. Mercury acetate and

thiourea were purchased from Guangzhou Chemical
Reagent Factory (China). Sodium thiosulfate, 36%

acetic acid, triethanolamine (TEA) and ammonia solu-

tion were purchased from Nanjing Chemical Reagent

Factory (China). Absolute ethanol and acetone were

purchased from Shanghai Chemical Reagent Factory

(China).

In a typical procedure for the preparation of a-HgS

nanoparticles, 3.2 g Hg(CH3COO)2 Æ 2H2O, 5 ml TEA
and 3.6 g sodium thiosulfate was introduced into 95 ml

distilled water in a 150 ml round-bottom flask. The pH

was measured to be 10. Then the mixture was exposed to

ultrasound irradiation under ambient air for 60 min.

Ultrasound irradiation was accomplished with a high-

intensity ultrasonic probe (Xinzhi Co., China; 0.6 cm-

diameter; Ti-horn, 20 kHz, 60 W/cm2) immersed directly

in the reaction solution. The sonication was conducted
without any cooling, so that a temperature of about 70

�C was reached at the end of the reaction. Nitrogen gas

was bubbled through the reaction solution prior to and

throughout the sonication to expel the dissolved oxygen/

air. Finally a precipitation of red powders was obtained.

To prepare b-HgS nanoparticles, 1.6 g Hg-

(CH3COO)2 Æ 2H2O and 0.5 g thiourea were added into

distilled water. Acetic acid was added to adjust the pH
to 4 and the total volume of stock solution was 100 ml.

The mixture was exposed to ultrasound irradiation

under ambient air for 30 min. The sonication was con-

ducted with nitrogen gas bubbled through the reaction

solution. At the end of the reaction, the temperature of

the bulk solution increased to �70 �C, and a black

precipitate was obtained.

The post-reaction treatment procedure is the same for
both products. After cooling to room temperature, the

precipitates were centrifuged, washed with distilled

water, absolute ethanol and acetone in sequence, and

dried in air at room temperature. The final products

were collected for characterizations. The yields of the as-

prepared a-HgS and b-HgS powders were about 70%

and 90% respectively. In both cases, the reaction times

(60 min for a-HgS, and 30 min for b-HgS) were enough
for completing the reactions, because the yields did

not increase any more if the reaction time was further

prolonged. The products were characterized by X-ray

powder diffraction (XRD), transmission electron

microscopy (TEM), selected area electron diffraction

(SAED), X-ray photoelectron spectroscopy (XPS) and

energy-dispersive X-ray analysis (EDAX) and UV–visi-

ble absorption spectroscopy.
XRD measurements were performed on a Shimadzu

XD-3A X-ray diffractometer with graphite monochro-

matized CuKa radiation (k ¼ 0:15418 nm) and nickel



Fig. 2. (a) TEM image of the as-prepared a-HgS nanoparticles, the

inset is the corresponding SAED pattern; (b) TEM image of the as-

prepared b-HgS nanoparticles, the inset is the corresponding SAED

pattern.
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filter. The acceleration voltage was 35 kV with a 150 mA

current flux. Scatter and diffraction slits of 0.5 mm and

collection slits of 0.3 mm were used. XRD were taken of

the powders attached to a glass slide and data were

collected in the 2h range from 20� to 60�, with a scan-
ning rate of 4�/min and a sample interval of 0.02�. TEM
images and SAED pictures were recorded on a JEOL-

JEM 200CX transmission electron microscope, using an

accelerating voltage of 200 kV. The samples used for

TEM observations were prepared by dispersing some

products in ethanol followed by ultrasonic vibration for

30 min, then placing a drop of the dispersion onto a

copper grid coated with a layer of amorphous carbon.
XPS patterns were recorded on ESCALAB MK II X-

ray photoelectron spectrometer, using non-monochro-

matized MgKa X-ray as the excitation source and

choosing C1s (284.6 eV) as the reference line. EDAX

measurements were performed on the PV9100 instru-

ment. Shimadzu UV-240 photospectrometer was used to

record the UV–visible absorption spectra of the as-pre-

pared particles. The sample used for UV–visible ab-
sorption measurements were prepared by dispersing

some products in ethanol followed by ultrasonic vibra-

tion to make a homogeneous suspension with concen-

trations of approximate 0.2 mg/ml.
3. Results and discussion

To study the crystalline structures of the products,

XRD measurements were carried out at room temper-

ature. Fig. 1 shows the XRD patterns of the products.

All the reflections in Fig. 1(a) can be indexed to the pure

hexagonal (wurtzite structure) phase a-HgS. The peaks

are corresponding to (1 0 0), (1 0 1), (0 0 3), (1 0 2) and

(1 0 3). . ., which matches literature pattern for a-HgS

[27] very well. The reflections peaks in Fig. 1(b) are
recognized to be a pure cubic (zincblende structure)

phase b-HgS. The peaks are corresponding to (1 1 1),
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Fig. 1. XRD patterns of the as-prepared: (a) a-HgS; (b) b-HgS

nanoparticles.
(2 0 0), (2 2 0), (3 1 1) and (2 2 2), which are in good

agreement with the literature pattern for b-HgS [28].

The broadening of the peaks indicates that the particles

are small in size. The average diameters of the as-pre-
pared a-HgS nanoparticles are estimated to be 12 nm

and that of b-HgS is calculated to be 13 nm by Debye–

Scherrer formula [29] according to the XRD patterns.

The sizes and morphologies of the as-prepared HgS

nanoparticles are observed by TEM measurements. In

the TEM images (Fig. 2) of the products, it is apparently

observed that both a-HgS and b-HgS particles present

spherical morphologies. In Fig. 2(a), agglomeration of
a-HgS nanoparticles with sizes of 10–13 nm is observed.

The as-prepared b-HgS particles are in a better dis-

persed state. The diameter is observed to be 11–15 nm.

The results are in agreement with those estimated by

Debye–Scherrer formula from the XRD patterns. The

crystallinity and crystallography of the products are

proven by SAED results. The inset pictures of Fig. 2

show the SAED patterns of the as-prepared HgS
nanoparticles. The SAED measurements indicate that

both samples are well crystallized. The diffraction rings

are in accord with the corresponding reflection peaks in

the XRD patterns.

The products are characterized by XPS and EDAX

for the evaluation of their composition and purity. The

wide XPS spectrum of the as-prepared b-HgS is shown

in Fig. 3(a). The C1s peak lies at 285.1 eV, which should
be corrected to 284.6 eV. All the other peaks are cor-

rected accordingly. No peaks of impurities such as oxide

or metallic mercury are observed in the spectrum, indi-

cating the high purity of the product. Fig. 3(b) and (c)

show the high-resolution XPS spectra of Hg(4f) and

S(2p) respectively. The two strong peaks taken for the

Hg region at 100.8 and 104.85 eV are assigned to the

Hg(4f) binding energy. The peaks measured in the S
energy region detected at 162.2 and 163.3 eV are at-

tributed to the S(2p) transitions. Peak areas of Hg(4f)



Fig. 3. (a) Wide XPS spectrum of the as-prepared b-HgS nanoparticles;

high-resolution XPS spectra taken for the Hg and S region of the as-

prepared b-HgS nanoparticles; (b) Hg(4f); (c) S(2p).
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Fig. 4. (a) UV–visible absorbance spectrum of the as-prepared a-HgS

nanoparticles; (b) plots of ðaEphotÞ2 vs. Ephot for direct transitions,

where a is the coefficient and Ephot is the photoenergy. The band-gap

Eg is obtained by extrapolation to a ¼ 0. The data are replotted from

Fig. 4(a).
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and S(2p) are measured and quantification of the peaks

gives the ratio of Hg:S to be 56.6:43.4, which indicates

that the surface of the sample is rich in Hg. Similar re-

sults have been reported previously for HgS nanoparti-

cles [20,25]. XPS primarily monitors concentrations at

the surface of the examined samples, which may not be

representative of the sample as a whole. The deviation of
atomic ratio of Hg:S to the expected 1:1 may be at-

tributed to the excessive Hg2þ absorbed on the surface

of HgS nanoparticles. According to the XPS spectrum

of a-HgS, similar results are obtained. The as-prepared

a-HgS nanoparticles also have high purity and the ratio

of Hg to S of the product’s surface is calculated to be
approximately 52.8:47.2. The results of EDAX mea-

surements are consistent with the XPS results.

The study of the optical properties of the materials

provides a convenient and effective method for ex-

plaining some important features concerning the band
structures. The importance of crystal dimensions in the

quantum dot size regime is expressed in the variation of

the semiconductor energy level structure. We have car-

ried out UV–visible absorption measurements in order

to resolve the excitonic or interband transitions of HgS

nanoparticles. The UV–visible absorption spectrum of

the as-prepared a-HgS nanoparticles homogeneously

dispersed in ethanol solution measured at room tem-
perature is shown in Fig. 4(a). The curve ascends sharply

from the wavelength at about 600 nm and the optical

absorption edge is approximately located at 400 nm. An

estimate of the optical band-gap is obtained using the

following equation:
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aðmÞ ¼ Aðhm=2� EgÞm=2

where A is a constant, a is the absorption coefficient and

m equals 1 for a direct transition. The energy intercept of

a plot of ðaEphotÞ2 versus Ephot yields Eg for a direct

transition (Fig. 4(b)) [30]. The direct band-gap of the as-
prepared a-HgS nanoparticles are calculated to be 2.8

eV according to the UV–visible absorption spectrum,

which is larger than the reported value for bulk a-HgS

(Eg ¼ 2:2 eV) [31]. 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 differ-

ence between the position of the conduction band and a
free electron, which leads to a quantization of their en-

ergy levels. The phenomena arise when the size of the

particles becomes comparable to the de Broglie wave-

length of a charge carrier. The increase in the band-gap

of the as-prepared HgS nanoparticles is the indicative

of quantum size effects [32]. Though the common HgS

allotrope at room temperature and pressure is a-HgS,

b-HgS, the metastable phase is also of great interest
because of its (bulk) zero energy bandgap [31]. If the

sizes of b-HgS nanoparticles are larger than 10 nm,

the optical absorption edge is theoretically located in

the near-IR and IR region. However, in the present

study, a broad absorption peak centered at about 420

nm is observed in the UV–visible spectrum of the as-

prepared b-HgS nanoparticles (Fig. 5). This band can be

attributed to the surface state of the b-HgS nanoparti-
cles because the absorption lies below the absorption

edge of the particles. The large fraction of surface atoms

present in these nanoparticles leads to the large number

of dangling bonds and stoichiometric or external defects

originating from the surface transition [33]. Similar ab-

sorption peaks related to the surface state of nanopar-
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Fig. 5. UV–visible absorption spectrum of the as-prepared b-HgS

nanoparticles.
ticles have also been observed previously in the case of

some other sonochemically synthesized nanoparticles,

such as ZnS [9a], ZnSe [8c] and HgS [25].

The mechanisms for the formation of a-HgS and b-
HgS nanoparticles are probably related to the radical
species generated from water molecules by the absorp-

tion of the ultrasound energy. It has been known that

during an aqueous sonochemical process, the elevated

temperatures and pressures inside the collapsing bubbles

cause water to vaporize and further pyrolyze into H� and

OH� radicals. Prior to and during the sonication, ni-

trogen gas was bubbled through the reaction solution in

order to get rid of the dissolved oxygen, because H�

radicals can be quickly scavenged by the oxygen mole-

cules in the solutions to form HOO� radicals [34]. The

probable reaction process for the sonochemical forma-

tion of a-HgS nanoparticles in aqueous solution can be

summarized as follows:

H2O ÞÞÞÞÞÞ H� þOH� ð1Þ

2H� þ S2O
2�
3 ! S2� þ 2Hþ þ SO2�

3 ð2Þ

Hg2þ þ S2� ! HgS ð3Þ

nHgS ! ðHgSÞn ð4Þ
Reaction (1) represents the formation of primary

radicals by the ultrasound-initiated dissociation of water

within the collapsing gas bubbles. Reactions (2) and (3)

represent the main steps leading to the formation of a-
HgS nanoparticles. The H� is a highly reducing radical,

and can react with S2O
2�
3 ions rapidly via reaction (2) to

form S2 ions [8g]. Then S2� ions combine with Hg2þ via
reaction (3) to yield HgS nuclei. These freshly formed

nuclei in the solution are unstable and have the ability to

grow into larger HgS particles and become stable finally.

In this process, the as-prepared HgS crystallites exhibit a

pure trigonal phase with the hexagonal structure. The

reason may be that a-HgS is more stable than b-HgS

[35].

The probable mechanism for the formation of b-HgS
nanoparticles can be described as below:

Hg2þ þ thiourea ! Hg–thiourea complex ð5Þ

H2O ÞÞÞÞÞÞ H� þOH� ð6Þ

2H� þ CSðNH2Þ2 ! H2Sþ �CðNH2Þ2 ð7Þ

H2SþHg–thiourea ! HgS ð8Þ

nHgS ! ðHgSÞn ð9Þ
First, the strong complex action between Hg2þ and

thiourea leads to the formation of Hg–thiourea complex

[36]. When exposed to ultrasound irradiation, the ex-

cessive thiourea that has not reacted with Hg2þ is at-

tacked by the in situ generated H� to form H2S. Then the
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released H2S reacts with Hg–thiourea complex to pro-

duce HgS nanoparticles. Similar ideas have been re-

ported by Gedanken and co-workers when they

described the sonochemical reduction of thiourea [8d],

selenourea [8c] and thioacetamide [9a] in aqueous solu-
tions. In this case, relatively unstable zincblende phase

b-HgS was obtained. Maybe the structure of the Hg–

thiourea complex is favorable for the formation of b-
HgS nanoparticles with a cubic structure.

To make a comparison, we have carried out control

experiments in the absence of the inducement of ultra-

sound irradiation. In case of a-HgS, when the reaction

were carried out with vigorous electromagnetic stir in-
stead of ultrasound irradiation at room temperature

(around 20 �C), a-HgS powder could not be obtained

even for a sufficient length of time (over 5 h). It shows

that ultrasound irradiation provides higher energy than

vigorous electromagnetic stir to promote the reactions

to form a-HgS nanoparticles. The elevated temperatures

and pressures produced during acoustic cavitation may

play a major role in the formation of a-HgS nanopar-
ticles. However, b-HgS powder could be obtained after

the reaction was carried out with vigorous stir at about

20 �C for over 90 min. The reaction rate became much

slower and it took longer period of time for the reaction

to be complete. The final precipitate obtained was found

to be poorly crystalline according to the SAED pattern

(inset in Fig. 6). As observed in the TEM image (Fig. 6),

this sample is composed of aggregated particles, and
therefore it is difficult to discriminate single particles and

measure the individual particle size. These results show

that ultrasound irradiation is favorable for the forma-

tion of HgS nanoparticles with uniform shape and high

crystallinity. It has been known that during the sono-

chemical process, three different regions [37] are formed:

the inner environment (gas phase) of the collapsing
Fig. 6. TEM image and SAED pattern (the inset picture) of b-HgS

nanoparticles prepared with vigorous electromagnetic stir for 90 min.
bubbles, the interfacial region between the cavitation

bubbles and the bulk solution, and the bulk solution,

which is at ambient temperature. Among the three re-

gions mentioned above, it appears that the current so-

nochemical reaction occurs within the interfacial region,
yielding nanoparticles, because of the very high

quenching rate experienced by the products. If the re-

actions take place inside the collapsing bubbles, the

temperature inside the bubbles depends on the vapor

pressure of the solvents. If water is used as the solvent,

the maximum bubble core temperature that can be at-

tained is approximately 4000 K [38]. The product is

amorphous as a result of the cooling rates (>1010 K s�1)
which occur during the collapse [2]. On the other hand,

if the reactions take place within the interfacial region

where the temperature has been measured to be 1900 K

[39], one would expect to obtain nanocrystalline prod-

ucts. In the present study, water is used as the solvent

and the product is nanocrystalline, which is proven by

the results of XRD and SAED measurements. Fur-

thermore, the precursors are ionic in aqueous media,
and their vapours are not likely to exist inside the cav-

itation bubbles due to their low vapour pressure.

Though the formation of nanocrystals may also occurs

in the bulk solutions, the formation rate is much more

rapid in the interfacial region because of the elevated

temperature and pressure. Therefore, we propose that

the formation of HgS predominantly takes place within

the interfacial region.
The pH value of the stock solution plays a critical

role in the process. To prepare a-HgS nanoparticles, the

optimum starting pH should be kept in the range of 9–

11. Owing to hydrolysis, aqueous solution of mercury

(II) acetate is acidic and if it is mixed with an aqueous

solution of sodium thiosulfate, a precipitate is immedi-

ately formed as a result of the following reactions [16b]:

Hþ þ S2O
2�
3 ! SþHSO�

3 ð10Þ

2S2O
2�
3 ! 2eþ S4O

2�
6 ð11Þ

Sþ 2e ! S2� ð12Þ

Hg2þ þ S2� ! HgS ð13Þ
We found that when this immediate precipitate forms

via the above reactions, the product is a-HgS bulk ma-

terial. In our experiments, TEA was used to adjust the

starting pH to 10 to prevent the immediate precipitate.

Meanwhile, TEA was a complexing agent which ad-

justed the concentration of free Hg2þ in the solution and

was favorable for the formation of particles with small

size. We also tried to use ammonia solution to adjust the

starting pH to 10. In this case, a-HgS nanoparticles
could also be obtained. However, the average particles

size increased to ca. 35 nm as observed in the TEM

image (Fig. 7).



Fig. 7. TEM image of a-HgS nanoparticles prepared sonochemically

when ammonia solution was used to adjust the pH to be 10.
Fig. 8. TEM image of b-HgS nanoparticles obtained after sonication

for 1 h.
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In the case of b-HgS, the reaction should be carried

out in acidic media with pH value in the range of 3–5. In

our experiments, we used HAc to adjust the starting pH

to 4. In alkaline media, thiourea would react with OH�

to give S2�. As a result, an immediate precipitate would

occur, which leads to the formation of b-HgS bulk

material. This can be explained as below:

2OH� þ CSðNH2Þ2 ! S2� þ CNNH2 þ 2H2O ð14Þ

Hg2þ þ S2� ! HgS ð15Þ
It is also found that the sonication time has influence

on the particle size. In the case of b-HgS, we found that
after sonication for 30 min, the average diameter of the

particles obtained was about 13 nm. If the sonication

time was prolonged to 60 minutes, the size of the par-

ticles increased to �20 nm as can be observed in the

TEM image (Fig. 8). We also found that after sonication

for over 120 min, the size remained at �20 nm. The

change of the particle size versus sonication time can be

explained by the effect of acoustic cavitation on HgS.
The implosive collapse of a cavity on an extended solid

surface in a liquid has been recognized to be different

from the symmetrical implosion of cavities observed in

homogeneous, pure liquids [40]. In the former case,

asymmetric implosion results in the formation of high-

speed microjets of liquids as well as shock waves that

drive the solid particles to high velocities, which leads to

interparticle collisions. The collisions between the HgS
particles at high velocities result in increased local

heating and condensation to form larger particles [41].

The increase in size of the HgS nanoparticles can also

involve the crystal growth process. When the HgS

nanoparticles formed, smaller particles had a large
number of dangling bonds, defect sites, or traps [33a].

After the nucleation of the HgS nuclui, a liquid–solid

heterogeneous system forms. In such a system, the

presence of ultrasound can enhance the reactions. The

effects of interparticle collisions, microjets and shock-
waves can drive high-speed jets of liquid to impinge

upon the surface which act to create a localized erosion

to produce a newly exposed and highly active surface.

Meanwhile, the ultrasound improves mass transport,

and causes particle fragmentation which substantially

increase the surface activity of the solid products which

have a large number of dangling bonds, defects or traps

on their surface. During the reaction time, the surface
states changed. Dangling bonds, defect sites or traps will

decrease gradually, and particles will grow. After a pe-

riod of time under ultrasound irradiation, the surface

states become stable gradually. As a result, the size of

the b-HgS nanoparticles does not increase any more.

The change in surface state of the b-HgS nanoparticles

was proven by the disappearance of the absorption peak

in the UV–visible absorption spectrum. However, in the
case of a-HgS, we did not observe a conspicuous growth

process of the as-prepared particles. The probable rea-

son is that the surface state of the a-HgS nanoparticles

get stable immediately after the nucleation of a-HgS.
4. Conclusion

In summary, the selective synthesis of a-HgS and b-
HgS nanoparticles via a sonochemical route in aqueous

solution under ambient air has been established. The

products have regular shape, narrow size distribution

and high purity. The average sizes of as-prepared
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spherical a-HgS and b-HgS nanoparticles are 12 and 13

nm respectively. The mechanisms for the sonochemical

formation of a-HgS and b-HgS nanoparticles in aque-

ous solution are presented. The optimum pH value of

the stock solutions and the effect of sonication time on
the particle size are also discussed. It is found to be a

convenient, mild and efficient route to the synthesis of

the HgS nanoparticles with controllable phases.
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