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Abstract

In this work, the microstructures of Bi2S3 single crystal nanorods were investigated by transmission electron

microscopy (TEM), selected area electron diffraction (SAED) and high-resolution transmission electron microscopy

(HREM) in detail. The mechanism of the formation of Bi2S3 nanorods prepared by a sonochemical method is

explored.

� 2003 Elsevier Science B.V. All rights reserved.

PACS: 81.20; 64.14; 07.78

Keywords: Bismuth sulfide; HREM; Sonochemical; Nanorod

1. Introduction

Since the discovery of carbon nanotubes in 1991

[1], the fabrication or synthesis of nanometer-sized
one-dimensional (1D) materials has been the focus

of considerable interest because of their potential

applications in microscopic research, nanostruc-

tured composite materials, and the development of

nanodevices. However, control over both nano-

crystalline morphology and the crystal size of these

1D materials is a new challenge to materials sci-

entists owing to their extremely small size and their
anisotropy.

On the other hand, throughout the history of

research and development of nanomaterials, high-

resolution transmission electron microscopy

(HRTEM) has been widely employed to identify

the microstructures of nanosize materials, such as

nanotubes, nanowires or nanorod, and nano-
quantum dots, etc. Valuable structural informa-

tion often leads to a right direction of development

of these nanomaterials.

Main group metal sulfides, selenides, and tel-

lurides such as AV2 B
VI
3 (A¼ Sb, Bi, As; B¼ S, Se,

Te) group compounds are useful semiconductors

which have applications in television cameras with

photoconducting targets, thermoelectric devices,
electronic and optoelectronic devices, and in IR

spectroscopy [2]. Bismuth sulfide (Bi2S3) is a

semiconductor with a lamellar structure whose

direct band gap Eg is 1.3 eV and is useful for

photodiode arrays or photovoltaics [3]. Bi2S3 also

belongs to the family of solid-state materials with*Corresponding author.
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applications in cooling technologies based on

Peltier effect [4].

Conventionally, Bi2S3 are prepared by some

methods such as direct element reaction in a

quartz vessel at high temperature and thermal

decomposition of various precursors [5]. However,
high temperature is required and the final products

contain some impurities through these synthetic

methods. In the recent years, Yu et al. have suc-

cessfully prepared Bi2S3 nanorods and Bi(Se, S)

nanowires by the hydrothermal and solvothermal

techniques [6]. The size and morphology of the

products can be controlled with applying different

reaction conditions including temperature, reac-
tion time and solvents. However, this method re-

quires relatively high pressure and it takes a long

time for the reaction to be completed.

In this paper, we report the microstructures

studies of Bi2S3 nanorods synthesized by sono-

chemical method in an aqueous solution contain-

ing bismuth nitrate and sodium thiosulfate or

thioacetamide in the presence of complexing agents
such as EDTA, TEA and sodium tartrate. The

details of synthesized method have be reported

separately [7]. According to the microstructure

evidence observed in HRTEM, the mechanism of

this unusual growth behavior on the sonochemical

formation of Bi2S3 nanorods is discussed.

2. Experimental

All the reagents used in our experiments were of

analytical purity, and were used without further

purification. In a typical procedure, Bi(NO3) �
5H2O, TEA and Na2S2O3 were introduced into

distilled water to give the final concentrations of 25

mM Bi (NO3)3, 50 mM TEA and 100 mM
Na2S2O3 and the total volume of the solution was

100 ml. Then the mixture solution was exposed to

high-intensity ultrasound irradiation under ambi-

ent air for 2 h. Ultrasound irradiation was ac-

complished with a high-intensity ultrasonic probe

(20 kHz, 60 W/cm2) immersed directly in the

reaction solution. The sonication was conducted

without cooling so that a temperature of 347 K
was reached at the end of the reaction. When the

reaction was finished, black precipitates were ob-

tained. After cooled to room temperature, the

precipitates were centrifuged, washed with 0.1 M

HCl, distilled water, absolute ethanol and acetone

in sequence, and dried in air at room temperature.

The final products were collected for the phase

analyses carried out with XRD, and XPS. The
samples used for TEM observations were prepared

by dispersing some powder products in ethanol

followed by ultrasonic vibrations for 30 min, then

placing a drop of the dispersion onto a copper grid

coated with a layer of amorphous carbon. The

microstructures observation was carried out in the

JEM-4000EX high-resolution transmission elec-

tron microscope.

3. Results and discussion

The XRD pattern of the powder sample is in

good agreement with the pure orthorhombic phase

of Bi2S3. The analysis of XPS spectrum of the

product showed the Bi:S atomic ratio to be ap-
proximately 2:3. Fig. 1a is a TEM image shown

the size and morphology of the product, which

reveals the needle-shaped nanorods with 10–15 nm

in diameter and 60–150 nm in length. The dif-

fraction rings in the selected area electron diffrac-

tion (SAED) pattern from agglomerated nanorod

products (Fig. 1b) can be measured and matched

the pure orthorhombic phase of Bi2S3. By tilting
the sample holder of HRTEM at angles of )150,
00, and +150, respectively, the diameters of Bi2S3
nanorods in Fig. 1a are not changed, which the

rod-shaped products are confirmed. The HRTEM

photograph of a single Bi2S3 nanorod (Fig. 2) re-

veals clear lattice fringes image, which indicates

good crystallized of the sample. Moreover, the rod

axis of Bi2S3 is [0 0 1] direction deduced from the
(1 3 0) and (2 1 1) planes fringes in Fig. 2, which

implies the fast growth direction is the [0 0 1] di-

rection of the Bi2S3 crystalline. It seems that the

forming of Bi2S3 nanorod may have been origi-

nated from the preferential growth of Bi2S3 crys-

tallites due to its inherent chain type structure [8].

From above results and discussions, the prob-

able reaction process for the sonochemical for-
mation of Bi2S3 nanorods in aqueous solution can

be summarized as follows:
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BiðTEAÞ3þx ! Bi3þ þ 2TEA ð1Þ

H2O! Hþ þOH� ð2Þ

2Hþ þ S2O2�3 ! S2� þ 2Hþ þ SO2�3 ð3Þ

2Bi3þ þ 3S2� ! Bi2S3 ð4Þ

nBi2S3 ! ðBi2S3Þn ð5Þ

Firstly, the complexing actions between Bi3þ and

TEA lead to the formation of Bi–TEA complexes.

Reaction (2) represents the formation of primary

radicals by the ultrasound-initiated dissociation of
water within the collapsing gas bubbles [9]. Reac-

tion (3)–(5) represents the main steps leading to the

formation of Bi2S3 nanorods. The in situ generated

Hþ is a highly reducing radical, and can react with

S2O
2�
3 ions rapidly via reaction (3) to form S2�

ions. Then S2� ions combine with Bi3þ ions, which

are released from the Bi–TEA complexes to yield

Bi2S3 nuclei (it is observed that after sonication for
about 20 min, the mixture solution turned light

brown turbid, which indicated the formation of

Bi2S3 nuclei). These freshly formed nuclei in the

solution are unstable and there are a large number

of dangling bonds, defects or traps on the nuclei

surface [9], which may play an important role in

the Bi2S3 crystalline formation and growth. Fur-

thermore, particularly the inherent Bi–S chain-
type structure (seen in Fig. 3), Bi2S3 presents

preferential directional growth in [0 0 1] direction,

as the result, the rod or needle type morphology is

formed. On the other hand, the reaction solutions

are exposed to strong ultrasound irradiation, bub-

bles in the solutions are continuously generated

Fig. 1. (a) TEM image of Bi2S3 nanorods; (b) SAED pattern

from (a), which match the pure orthorhombic phase of Bi2S3.

Fig. 2. HRTEM photograph of a single Bi2S3 nanorod with

clear lattice fringe image, which indicates well crystallized of the

sample. The rod axis of Bi2S3 is [0 0 1] direction shown by the

arrow.
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and collapsed by acoustic fields, high temperature

and high pressure are produced at the centers of

the bubbles, which is known as acoustic cavitation

effect (the temperature is estimated to be 5000 K,

the pressure reaches over 1800 atm), and the col-

ling rate is over 1010 K/s when the bubbles explode
[10]. Under this reaction condition, good crystal-

lized Bi2S3 nanorods with uniform shapes and

narrow size-distributions as well as high purity are

formed.

4. Conclusion

By means of TEM, SAED and HRTEM, we

have investigated the microstructures of Bi2S3
nanorods, which prepared via a sonochemical

route from an aqueous solution of bismuth nitrate

and sodium thiosulfate in the presence of com-

plexating agents under ambient air. The formation

mechanisms of Bi2S3 nanorods are proposed. It is

expected that some 1D nanostructure materials

can be prepared by the sonochemical method,
which is found to be a fast, convenient, mild, en-

ergy efficient and environmentally friendly route.
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Fig. 3. The crystal structure and atomic arrangements for Bi2S3
shown the inherent Bi–S chain-type structure and preferential

directional directional growth in [0 0 1] direction, therefore, the

rod-shape morphology can be formed.
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