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Different morphologies of bismuth sulfide (Bi,Ss;) nanostructures including nanoparticles, nanorods,
nanobelts and nanoflowers have been prepared via a simple hydrothermal reaction between bis-
muth nitrate, Bi(NO3);-5H,0, and thioglycolic acid (TGA) at relatively low temperature. Products were
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), ultraviolet-visible (UV-vis) spectroscopy, photoluminescence (PL) spectroscopy,
Fourier transform infrared (FT-IR) spectra. The effect of reactant concentration, molar ratio of TGA to
the bismuth nitrate, temperature and reaction time on the morphology, particle sizes and phases of
nanocrystalline Bi;S; products has been investigated.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

V-VI compound semiconductor materials have drawn much
attention because of their excellent properties such as pho-
toconductivity, photosensitivity, infrared (IR) spectroscopy and
thermoelectric effect [1-5]. Among these materials, Bi,S3, owing
to its high figure of merit (ZT) value, is widely used as a
thermoelectronic-cooling material based on the Peltier effect [6].
It has a direct band gap material with Eg lying between 1.3 and
1.7 eV, which makes it useful in photodiode array and photovoltaic
converters [7]. It also has application in television cameras, opto-
electronic devices and IR spectroscopy [8].

Conventionally, Bi,S;3 is prepared by the direct reaction of bis-
muth and sulfur vapor in a quartz vessel at high temperatures [9].
In the recent several years, many methods have been exploited
to prepare nanostructured Bi;S; with different morphologies,
such as ultrasonic chemistry method [10], microwave-assisted
route [11,12], photochemical synthesis method [13,14], high
temperature thermal decomposition of single-source precursors
[15,16], ionic liquid-assisted templating route [17], hydrother-
mal [18,19] and solvothermal methods [20-22]. However, most
of the techniques mentioned above need relatively higher
temperature and pressure, or the preparation procedures are
complex. Therefore, it remains a challenge to develop a facile
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route to the fabrication of Bi,S; nanomaterials in order to
investigate its unusual properties, such as electrochemical appli-
cations.

Recently Yang et al. have developed a mild hydrothermal route
to synthesize metal sulfides with the use of thioglycolic acids
(TGAs) as nontoxic template [23]. And it is revealed that TGA acts
as the oriented growth reactant during above process. We have
presented a hydrothermal method, which is milder, simpler, more
practical, and more environmental method than other methods.
The trick in hydrothermal synthesis of star-like Bi,S3 nanocrys-
tal presented here is the usage of thioglycolic acid (TGA) as a
sulfur source and stability agents, which was previously used as
the stability agent to prevent the chalcogenide nanocrystals from
aggregating [24]. TGA has important roles in anisotropic growth
of Bi,S3 crystals to rod-like nanostructure during the hydrother-
mal process. Comparative experiments show that TGA is capable of
favoring the erosion reaction and inducing the orientation growth
of the resultant metal sulfide nanocrystals [25].

We have been interested in the synthesis of CdS and ZnS nanos-
tructures, using TGA, via hydrothermal method for a few years
[26-28]. Addressing the above issue, we have used the TGA assisted
hydrothermal process to successfully synthesize Bi;S; nanostruc-
tures with different morphologies including nanoflower, nanorod
and nanobelt, which may have wide potential applications in
the future. We controlled the morphology and particle sizes of
nanocrystalline Bi,S3 at 80-160 °C using bismuth nitrate and thio-
glycolic acid (TGA) as reactants in an aqueous solution. It was found
that the molar ratio of TGA to Bi3*, temperature and reaction time
play key roles in controlling the morphology and particle sizes
nanocrystalline Bi,Ss.
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Fig. 1. XRD patterns of the Bi,S; particles obtained for 5h with 0.06 M TGA at (a)
80°C, (b) 108°C and (c) 160°C.

2. Experimental
2.1. Materials and physical measurements

All the chemicals were of analytical grade and were used and received with-
out further purification. XRD patterns were recorded by a Rigaku D-max CIII, X-ray
diffractometer using Ni-filtered Cu K radiation. Elemental analyses were obtained
from Carlo ERBA Model EA 1108 analyzer. X-ray Photoelectron Spectroscopy (XPS) of
the as-prepared products were measured on an ESCA-3000 electron spectrometer
with nonmonochromatized Mg Ka X-ray as the excitation source. Scanning elec-
tron microscopy (SEM) images were obtained on Philips XL-30ESEM equipped with
an energy dispersive X-ray spectroscopy. Transmission electron microscopy (TEM)
images were obtained on a Philips EM208 transmission electron microscope with
an accelerating voltage of 100 kV. Fourier transform infrared (FT-IR) spectra were
recorded on Shimadzu Varian 4300 spectrophotometer in KBr pellets. The electronic
spectra of the complexes were taken on a Shimadzu UV-visible scanning spectrom-
eter (Model 2101 PC). Room temperature photoluminescence (PL) was studied on
an F-4500 fluorescence spectrophotometer.
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2.2. Preparation of Bi»S3 nanostructures

In a typical synthesis, 1.00 g (0.002 mol) of Bi(NO3);-5H,0 powder is dissolved
in 100 ml distilled water and 100 ml of 0.06 M thioglycolic acid which were mixed
slowly under stirring. After stirring, the reactants were put into a 250 ml capacity
Teflon-lined autoclave. The autoclave was maintained at 80-160°C for 5-18 h and
then cooled down to room temperature naturally. The product was centrifuged,
washed with alcohol and distilled water for several times, and dried in oven at 50°C
for 10h.

3. Results and discussion

The XRD patterns at the different temperatures showed that
the crystallinities of the as-prepared products were continuously
improving with increasing reaction temperature from 80°C to
160 °C. Furthermore, a preferential orientation and a rod-like shape
were observed in the sample obtained at 160 °C. The XRD pattern
(Fig. 1a) of the synthesized product with TGA (0.06 M) for 5h at
80°C and 108°C shows that the majority of the products were
poorly crystallized and diffraction pattern matched with no JCPDS
card No. When the reaction temperature increases from 80°C to
160°C, the crystallinity of the products will improve, as shown
in Fig. 1b. The XRD pattern of as-prepared sample at 160°C was
indexed as a pure orthorhombic phase (space group Pbnm) which
is very close to the values in the literature (JCPDS No. 17-0320 with
cell constanta=11.1300A, b=11.260 A, c=3.960 A). The strong and
sharp reflection peaks in the XRD pattern indicated that Bi,Ss
products were well-crystallized. The significantly intensified (2 0 0)
peaks compared with the characteristic (13 0) diffraction peak of
Bi,S3 reveal that there is a bias of orientations of the (2 0 0) crystal-
lographic plane. The XRD patterns indicate that well-crystallized
Bi,S3 products were obtained through the present hydrothermal
synthetic route. The temperature was found to play a key role in
the formation of nanocrystalline Bi,S3. The temperature also affects
the particle sizes and morphology of Bi,S3 nanocrystals.

The SEM image in Fig. 2a shows that Bi,S; powders obtained
with TGA (0.06 M) for 5h at 80°C consist of irregular particles,
whereas the product obtained at 108°C for 5h possesses a rod-
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Fig. 2. SEM images of as-synthesized product with TGA 0.06 M for 5 h at (a) 80°C, (b) 108 °C, (c) 160°C and (d) 160 °C for 18 h.
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Fig. 3. SEM images of the as-synthesized product at 108 °C for 5 h at different concentration of TGA: (a and b) 0.02 M, (c) 0.04 M and (d) 0.06 M.

like Bi,S3 with diameter of 50-60 nm as shown in Fig. 2b. Upon
raising the temperature to 160 °C, the product was found to con-
sist of Bi;S3 nanobelt with widths ranging from 20 to 40 nm and
lengths up to 10 wm (Fig. 2¢). This illustrates that the nanoparticle
size can be effectively controlled by setting the growth tempera-
ture. The effect of reaction time on the morphology and particle
size of the products was investigated. As shown in Fig. 2d, when
the reaction time was prolonged, from 5 to 18 h at 160°C, mor-
phology changes to a nanorod of increasing average diameter of
400-500nm and length up to 4-5 wm. During preparation there
is generally increasing particle size with time, which is consistent
with an ostwald ripening process.

The effects of the Bi3* to TGA mole ratio in the starting solu-
tion on the morphology and shape of Bi;S3 powders are shown
in Fig. 3. In a series of experiments, the temperature was kept at
108 °C and the reaction time was 5 h. Fig. 3 shows the powder SEM
images of the resultant products obtained with TGA:Bi3* (1:1 to

100 nm

Fig. 4. TEM image of the Bi,S3 nanorod for 5h with TGA (0.06 M) at 160 °C.

3:1) at 108°C for 5h. With the increase in molar ratio, TGA:Bi3*,
from 1:1 to 3:1, morphologies of the as-synthesized Bi,S3 products
change.In 0.02 M TGA (Fig. 3a) flower-like assemblies of nanosheets
were formed (Fig. 3a). A high magnification image of a single cluster
shown in Fig. 3b revealed the interpenetrating growth of some of
the constituent nanosheets of the clusters. The widths of the indi-
vidual sheets were of the order of 1 wm. Thickness of the individual
nanosheets was less than 100 nm, but in 0.04 M irregular particles
with some non-uniform microrod were observed (Fig. 3c). Upon
increasing the TGA:Bi3* mole ratio to 3, all the sample changes to
nanorods with diameter of about 30-40 nm (Fig. 3d). This data indi-
cates how reactant concentration could change the morphology of
the product.

The typical TEM image of the Bi, S3 nanorodsisindicated in Fig. 4.
Bi,S3 nanorods with length varying from 0.5 to 1 wm can be seen
in Fig. 4.

The purity and composition of the as-prepared sample are
reflected by XPS analysis. No obvious impurities were detected in
the XPS survey spectrum of BiyS3 (Fig. 5a). The two strong peaks in
Fig. 5b at 158.1 and 163.4 eV correspond to the Bi 4f;, and Bi 4fs,,
respectively, and the peak at 225.2 eV (Fig. 5¢) can be attributed to
the S (2s) binding energy. The XPS result coupled to the above XRD
result further confirmed that pure Bi,S3 can be obtained under the
current synthetic conditions [29].

The UV-vis absorption spectra of the as-synthesized Bi;S3
nanocrystals with different morphology were recorded as shown in
Fig. 6. Compared with bulk Bi,S3, which has an absorption onset at
953 nm [30], the absorption edge of Bi,S3 nanostructures obtained
here exhibit a large blue-shift, which is attributed to the quantum
confinement of charge carriers in the nanoparticles [31]. It can also
be seen that the absorption peak value of Bi;S3 nanobelts is smaller
than those of other Bi, S3 nanostructures, indicating the smaller size
of the Bi,S3 nanobelts.

Photoluminecsence (PL) measurement of Bi;S3 nanobelts was
carried out at room temperature with excitation wavelength of
462 nm that is laid out in Fig. 7. The PL spectrum consists of one
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Fig.5. XPS analysis of Bi;S3 nanobelts: (a) survey scan, (b) Bi region and (c¢) S region.

strong peak at 613 nm that can be ascribed to a high level transi-
tion in Bi,S3 semiconductor crystallites. It has been reported that
this kind of band edge luminescence arises from the recombination
of excitons and/or shallowly trapped electron-hole pairs [32].

The composition and quality of the product were analyzed
by the FT-IR spectroscopy. Fig. 8 shows the FT-IR spectra of
samples obtained. Curves (a) and (b) were the result of the sample
obtained at 80°C and 108°C, respectively. In the curve (a), the
typical absorbance at 3318, 2900, 2800 and 1550cm~! were
revealed, which proved the presence of the thioglycolic acid at
the sample [28]. Different from pure liquid-state thioglycolic
acid, the IR vibration peaks of Bi,S; obtained at 80°C is much
sharper and stronger, which signals weaker interactions and
ordered arrangements of thioglycolic acid molecules existing in
the reactant. This phenomenon could be explained by periodic
intercalations of a relatively small amount of thioglycolic acid
molecules into the inorganic frameworks composed of Bi,Ss,
which minimizes the interaction between neighboring thiogly-
golic acid molecules and results in fixed orientations of these
thioglycolic acid molecules. In the IR spectra of Bi,S3 precursors,
the stretching vibrations at frequencies above 3000cm~! related
to pure thioglycolic acid shift towards lower frequency, which
might result from the chemical bonding action between Bi3*
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Fig.6. UV-vis absorption spectrum of Bi,S; prepared with (a) TGA (0.06 M) at 160 °C
for 5 h (nanobelt), (b) TGA (0.06 M) at 108 °C for 5 h (nanorod) and (c) TGA 0.02 M at
108 °C for 5 h (nanoflower).

and S atom. In addition, at frequencies below 1600cm™1!, the IR
spectra of the Bi,S; obtained at 80°C exhibit many differences
with the pure thioglycolic acid, which should be due to the
ordered alignment and regular conformation of thioglycolic acid
molecules in the precursors, while in liquid-state thioglycolic acid
the orientation and conformation of the molecules are randomized
due to thermal perturbation. On the other hand, for the curve (c),
the corresponding bands intensity markedly disappears, so pure
Bi,S3 sample was synthesized without any thioglycolic acid. Since
Bi,S; has no absorption peaks in the range of 4000-500cm™!

613
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Fig. 7. Room temperature photoluminescence (PL) spectrum of Bi,S; nanobelts.
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Fig. 8. FT-IR spectrum of as-synthesized products with 0.06 M TGA for 5h at (a)
80°C, (b) 108°C and (c) 160°C.

those peaks (positioned at 3318, 2900, 2800 and 1550cm™!)
must be caused by the thioglycolic acid molecule absorbed on
the surface of Bi,S3. We believe that these absorption peaks are
close to those of (BiyS3)m(BiSHCH,COOH),2* [33]. Considering all
of these results, the whole process can be expressed as follows [33]:

3HSCH,COOH + 2Bi3'———== Bi,(HS)," + 3CH,COOH"
Biy(HS); ¥ —= Bi,S; + 3H'

mBi,S; + kHSCH,COOH + kBi** — = (Bi,8,),(BiSCH,COOH),*" + kH

l

Complexed Bi,S;

According to above mechanism, the TGA acted as a ‘soft tem-
plate’, leading to the anisotropic growth of Bi,S3 nanocrystals.

Previous report [33] suggests that the formation of Bi,Ss3
nanorods can be explained as follows: prior to the hydrother-
mal process, the dissociation of S2- from TGA is signifi-
cantly slow, and the formation of complexed Bi,S3; clusters,
(Bi»S3)m(BiCH,COOH),2* is fairly limited. Meanwhile, during the
hydrothermal process, the formation of (Bi,S3 ), (BiCH,COOH), 2",
is remarkable due to the enhanced dissociation of S~ from TGA
at high temperature and pressure. In this case, it is invisible that
the complexed Bi,S3 clusters aggregate somewhere because they
are formed at a high rate. Therefore, Bi,S3 nanorod bundles were
formed in this sample. Moreover, the growth of Bi,S; nanorods
with a preferential direction of c-axis can also be ascribed to its
particular structure. Bi;S3 has a lamellar structure with linked
Bi,S3 units forming infinite chains parallel to the c-axis [34]. The
stronger covalent bond between the planes perpendicular to the c-
axis facilitates higher growth rate along the c-axis (along the (1 00)
orientation). The much weaker van der Waals bonding between
the planes perpendicular to the a-axis limits the growth of the

fiber in the horizontal direction and facilitates their cleavage to
form one-dimensional nanostructures [35]. Prior to the hydrother-
mal process complexed Bi,Ss cluster i.e. (BiyS3 )m(BiSCH, COOH), 2*
were formed via above reactions. Here almost all the Bi3* ions were
complexed by TGA. But some residual Bi3* ions transformed into
Bi,S3 clusters. These Bi,S; clusters would further be complexed
by TGA giving negligible amount of Bi;S3 clusters prior to the
hydrothermal process. Pure Bi;S3 nanorods were formed at the end
of the reaction. There are Bi3* ions exposed to the S2~ jons exist-
ing in the solution. Therefore formation of Bi,S3 proceeds along
a certain direction giving specific shaped crystals. So the forma-
tion of Bi;S3 nanorods in the TGA assisted hydrothermal process
is through cluster-to-cluster attachment mechanism. During the
hydrothermal process, S2~ ions could be gradually dissociated from
TGA. Therefore numerous Bi,S3 complexed clusters were generated
during hydrothermal process. It is believed that the Bi;S3 nucleus
is a microcrystal, therefore, strictly speaking, the bonding between
the Bi;S3 nucleus and TGA is anisotropic. Accordingly, it is plausible
that the dissociation of SCH,COOH™~ occurs at local regions of the
complexed Bi,Ss clusters, where the Bi3* ions exposed to the $2~
existing in the solution. Therefore, during the hydrothermal pro-
cess, the formation of Bi,S3 proceeded along specific directions. In
a way, the TGA acted as a ‘soft template’, leading to the growth of
Bi;S3 nanobelts.

4. Conclusions

Nanocrystalline Bi,S3 with different morphologies and particle
sizes was obtained via a simple hydrothermal reaction between
Bi(NO3)3-5H,0 and thioglycolic acid (TGA). The effect of different
parameters such as the molar ratio of TGA to Bi3*, temperature,
reaction time, which are known as the key parameter on the mor-
phology and particle size of products were investigated.
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