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High-quality single-crystalline Bi,S; nanobelts were synthesized with Bi(NO;); - 5H,O and thioac-
etamide (TAA) as the raw materials in the polyvinylpyrrolidone (PVP) aqueous solution via a facile
hydrothermal route. The morphology and crystallinity of the nanobelts were characterized by X-ray
powder diffraction (XRD), field emission scanning electron microscopy (FESEM), X-ray energy dis-
persive spectroscopy (EDX), transmission electron microscopy (TEM), and selected area electron
diffraction (SAED). The effects of a series of reaction parameters on the morphology of Bi,S;
were studied. A plausible growth mechanism based on preferred orientation growth is proposed to

address the formation of Bi,S; nanobelts.
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1. INTRODUCTION

One-dimensional (1D) semiconductor nanomaterials have
extensively been studied because they serve as model mate-
rials for understanding fundamental physical phenomena
and also for constructing nanoscale devices with improved
performance.!™ Various strategies, including electrospin-
ing, template method, thermal oxidation, and biomimetic
synthesis, have been developed for the preparation of
different kinds of 1D semiconductor nanostructures.!®2
Among all these semiconductors, chalcogenide semicon-
ductor 1D nanostructures have attracted broad attention
because of their unique shape- and size-dependent phys-
ical and chemical properties that differ drastically from
their bulk counterparts.?">” As an important chalcogenide
semiconductor with a direct band gap of 1.3 eV, bis-
muth sulfide (Bi,S;) has attracted particular interest in
practical applications as photodiode arrays, photovoltaic
converters, and thermoelectric cooling technologies based
on the Peltier effect.®3° Although great effort has been
directed in the synthesis of 1D Bi,S; nanostructures, such
as nanorods, nanowires, nanoribbons, and nanotubes,3!3*
fabrication of high-quality 1D Bi,S; nanostructures in
aqueous solution is still a challenge. In particular, current
synthetic routes for Bi,S; nanobelts were mostly involved
in organic solvents or mixed solvents.’>>’ In this paper,
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high quality single-crystalline Bi,S; nanobelts were pre-
pared by using Bi(NO;),-5H,0 and thioacetamide (TAA)
as the raw materials in the PVP aqueous solution via a
facile hydrothermal procedure. Effects of a series of reac-
tion parameters on the morphology of Bi,S; nanostructures
were studied. In addition, a plausible growth mechanism
of Bi,S; nanobelts was also discussed.

2. MATERIALS AND METHODS
2.1. Materials

Poly(vinylpyrrolidone) (PVP, K30, M,, = 40,000) was pur-
chased from Sigma-Aldrich Chemical Reagent Co., Ltd.
Bi(NO;); - 5SH,0, TAA and other chemical reagents were
of analytical grade and used as received without further
purification. Millipore water (18.2 M cm at 25 °C) was
used throughout all experiments.

2.2. Methods
2.2.1. Preparation of Bi,S; Nanobelts

In a typical process, 5 mL of 30 mmol L~! Bi(NO,), aque-
ous solution and 10 mL of 5 mg mL~! of PVP mixed with
vigorous stirring and a white suspension was formed and
stirred for 3 h. After adding 5 ml of 90 mmol L~! TAA
aqueous solution, the suspension slowly changed to black,
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indicating the formation of colloidal Bi,S; nuclei. After
overnight aging, the suspension was sealed in autoclaves
(volume of autoclaves is 25 mL), and subsequently heated
to 200 °C for 12 hours. The products were collected and
washed at least three times with water and ethanol, then
dried under vacuum before characterization.

In control experiments, the effects of a series of reac-
tion parameters on the morphology of Bi,S; were studied.
In Control A experiment, the Bi(NO;); aqueous solution
mixed with the PVP aqueous solution, which was adjusted
to pH 1 to avoid the hydrolyzation of Bi** into BiONO;.
To investigate the influence of the concentrations on the
morphology of the products, the other two sets of the con-
trol experiments were carried out. Control B was to vary
the initial concentration of Bi(NOs), and TAA in the reac-
tion. Control C was to vary the concentration of PVP. The
rest of the synthesis conditions in each of control exper-
iments were kept the same as in the typical experiment
described above.

2.2.2. Characterization

FE-SEM images and EDX spectra were obtained using
Hitachi S-4800 Field Emission Electron Microscope at an
accelerating voltage of 10 kV. TEM images and SAED
patterns were taken using a JEOL JEM-2100 Transmission
Electron Microscope at an accelerating voltage of 200 kV.
XRD measurements were performed on a Japan Shimadzu
XRD-6000 Diffractometer with Cu K« radiation; a scan-
ning rate of 0.05 deg/s was applied to record the patterns
in the 20 range of 10°-80°.

3. RESULTS AND DISCUSSION
3.1. Characterization of as-Prepared Bi,S; Nanobelts

The crystal structures were studied by XRD analyses. As
shown in Figure 1, the strong and sharp diffraction peaks
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Fig. 1. XRD pattern of Bi,S; nanobelts obtained in the typical
experiment.
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in the pattern show that the as-obtained product was well
crystallized. All the diffraction peaks and positions can be
indexed to orthorhombic phase of Bi,S; (cell constants:
a=11.150 A, b=11.300 A, ¢ =3.9817 A, JCPDS card
No. 43-1471).

The morphology and size of the products were inves-
tigated by SEM and TEM analyses. Figure 2(a) reveals
that the product presents the belt-like structure and the
nanobelts have the sizes of a few micrometers in length
and tens of nanometers in width. The corresponding EDX
spectra in Figure 2(b) show the significant presence of Bi
and S, besides the peaks for Cu and C arise from the
copper base used in the sample preparation. Based on the
relative area under the peaks, the atomic ratio of Bi and
S is evaluated to be approx. 2:3, in good agreement with
the stoichiometric molar ratio of Bi,S;. The TEM image
in Figure 2(c) confirms the belt-like geometry of Bi,S,
nanostructures. Its SAED pattern recorded on an individ-
ual nanobelt reveals the single crystalline nature of the
material (inset of Fig. 2(c)). More evidence on its structure
and crystallinity was obtained from high-resolution TEM
image (HRTEM) (Fig. 2(d)). The interplanar d spacings
are 0.56 nm, corresponding to the (200) lattice planes of
Bi,S;. The corresponding Fast Fourier Transform (FFT)
pattern (inset of Fig. 2(d)) indicates that the nanobelts are
single crystallines with the [100] growth direction.

3.2. Possible Formation Mechanism of
Bi,S; Nanobelts

To investigate the growth process of these nanobelts, sev-
eral sets of control experiments were performed and the
products were studied by using SEM, as discussed below.
In a typical experiment, Bi(NO,), firstly hydrolyzed in
the PVP aqueous solution to produce a white suspension
of BiONO;. Once S>~ ions were introduced and released
from TAA solution, the suspension slowly changed to
black, indicating the formation of Bi,S; nuclei at the
expense of BIONO;. The reason is that the solubility con-
stant of Bi,S; (1% 107%7) is extraordinarily smaller than
that of BiONO, (2.82 % 107%).® The product obtained
after overnight aging and without hydrothermal treat-
ment are mainly nanospheres with a lot of short rod-like
nanowhiskers on the surface (Fig. 3(a)). In Control A
experiment, otherwise, the Bi(NO;); aqueous solution was
mixed with the PVP aqueous solution and adjusted to
pH 1, in which the clear solution presented and no
white precipitate appeared, suggesting Bi** ions instead
of BiONO; exist in the reaction solution. Here, Bi3*
ions may coordinate with some groups of PVP. After the
addition of TAA, the clear solution slowly changed to
black, indicating the formation of Bi,S; nuclei. In spite of
the same following hydrothermal treatment, the nanobelts
were obtained in the typical experiment while the stout
rod-like products appeared in Control A. When with-
out hydrothermal treatment in another control experiment,
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Fig. 2. (a) SEM image; (b) EDX spectra; (c) low-resolution TEM (inset is the SAED patterns); and (d) HRTEM images (inset is the corelative FFT

patterns) of the Bi,S; nanobelts obtained in the typical experiment.

there are not belt-like nanostructures but some urchin-like
and sphere-like nanostructures in appearance (Fig. 3(b)).
In the absence of PVP, only irregular bulk particles were
formed (Fig. 3(c)). These results indicate that the inter-
mediate product of BIONO; and the hydrothermal treat-
ment as well as PVP are crucial in the formation of the
nanobelts.

On the other hand, the concentrations of reagents usu-
ally play an important role in the formation of the
nanostructures.’**' In Control B experiment, when the
concentration of Bi(NO;); was decreased to 5 mmol
L~!, as shown in the Figure 4(a), the nanowires were
obtained with the sizes of several micrometers in length
and ca. 50 nm in diameter. When the concentration of
Bi(NO;), was increased to 50 mmol L', as shown in the
Figure 4(b), the nanosheets appeared with shorter lengths
and lower aspect ratios compared to the nanobelts; they
are assembled to be a hierarchical nanostructure, just like a
bunch of firecracker. Further increasing the concentration
of Bi(NO;); up to 100 mmol L' results in the irregular

morphology, in which nanobelts, nanosheets and nanorods
coexist (Fig. 4(c)). The results suggest the more the ini-
tial concentration of Bi(NO;);, the lower aspect ratio the
product exhibit with an increase in morphological diver-
sity. On the other hand, with increasing the concentration
of PVP from 1 mg mL™! to 10 mg mL™!, the products
exhibit 1D nanotructures with a decrease in the aspect
ratio. The results indicate that PVP is beneficial to the
formation of nanobelts or other 1D nanostructures in this
reaction system.

On the basis of the above observations and discussion, a
plausible mechanism based on preferred orientation growth
is proposed to address the formation of Bi,S; nanobelts.
The process might be involved in two stages: nucleation at
low temperature and subsequent growth at high tempera-
ture. Bi(NO,), firstly hydrolyzed in the PVP aqueous solu-
tion to produce BiONO,. Once S?~ ions were introduced,
Bi,S; nuclei come into being at the expense of BiONO;.
In the second stage, the higher temperature and pressure
as well as PVP are important for the nucleis growth.

Fig. 3. SEM images of the Bi,S; nanostructures prepared at different conditions. (a) The pH of the mixed solution was adjusted to 1 with 6 M HNO,,

(b) without hydrothermal treatment, and (c) without PVP.
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Fig. 4. SEM images of the Bi,S; prepared at different concentration of reagents. (a) 5 mmol L' Bi(NO,),, (b) 50 mmol L~' Bi(NO,);, and (c)
100 mmol L~" Bi(NO;),. (The corresponding concentration of TAA was 15, 150, and 300 mmol L', respectively, with keeping the same stoichiometric
molar ratio of Bi to S); (d) 1 mg mL~' PVP, (¢) 3 mg mL~' PVP, and (f) 10 mg mL~' PVP. All the scale bar are 2 um.

The orthorhombic Bi,S; has a highly anisotropic layered
structure. It consists of infinite ribbon-like Bi Sy poly-
mers, which are linked together by inter-molecular attrac-
tion between Bi and S atoms.” The chain-like building
blocks are parallel to the c-axis. Therefore, the orthorhom-
bic phase Bi,S; has a tendency toward 1D growth along
the [100] direction, which then led to the formation of 1D
nanostructures. Under the hydrothermal process and also
with the help of PVP, the relative high nucleis concentra-
tion will grow into the belt-like structures driven by the
anisotropic growth tendency of Bi,S;.

4. CONCLUSIONS

In summary, high-quality single-crystalline Bi,S; nano-
belts were synthesized with Bi(NO;), - 5SH,O and thioac-
etamide (TAA) as the raw materials in the PVP aqueous
solution via a facile hydrothermal procedure. The effect
of a series of reaction parameters on the morphology of
Bi,S; were studied. A plausible growth mechanism based
on preferred orientation growth is proposed to address the
formation of Bi,S; nanobelts. The aqueous solution syn-
thetic route is cost-effective and easy to maintain and con-
trol without using organic solvent, which may be used in
the preparation of other 1D nanostructures.
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