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Nesse trabalho, um método sonoquimico de sintese de nanoestruturas de sulfeto de bismuto
em 1D e 3D foi desenvolvido e comparado com uma rota sintética empregando aquecimento sob
refluxo. O método sonoquimico monstrou ser mais rapido e eficiente na obteng@o de nanoestruturas
com alta homogeneidade morfoldgica. A forma e qualidade dos nanocristais foram dependentes
do tipo de solvente empregado na sintese. Superestruturas em 3D semelhantes a flores foram
obtidas quando etileno glicol puro foi utilizado como solvente, enquanto estruturas em 1D na
forma de nanobastdes foram obtidas quando utilizada uma mistura de dimetilsulf6xido e etileno
como solvente.

In this work, a sonochemical method to synthesize nanostructures of bismuth sulfide in
1D and 3D framework was developed and compared with a synthetic route with heating under
reflux. The sonochemical method showed to be faster and more efficient than refluxing method to
obtain nanostructures with high morphological homogeneity. Form and quality of the nanocrystals
were dependent on the type of solvent employed in the synthesis procedure. 3D flower-like
superstructures were obtained when ethylene glycol was used as solvent, while 1D nanorods were

obtained when a mixture of dimethyl sulfoxide and ethylene glycol was used as solvent.
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Introduction

During the last decades, a lot of attention was devoted
to study nanocrystalline materials due to their unusual
properties and potential applications.!> However, the
control over particle size and its morphology is still a
challenge to science. In semiconductor area, bismuth
sulfide (Bi,S,) has been considered a promising material
to be applied in the field of photoelectricity, sensors and
thermoelectricity since its direct band gap (in range of
1.3-1.7 eV) can be tuned by different particle size and
shape, resulting in different properties.®’

Traditionally, Bi,S; is synthesized by reaction of
bismuth and sulfur vapor in a quartz flask under high
temperature.® Several methods have been developed

*e-mail: las@ufba.br

to prepare Bi,S; with or presenting different size and
morphology, such as thermal decomposition,” hydrothermal or
solvothermal methods,'®!! biomolecule-assisted pathways, >
microwave irradiation,'*!* evaporation method'” and ionic
liquid-assisted.'® Nevertheless, these methods usually spend
too much time and use high temperature and pressure,
besides most procedures are complex. In this direction, the
development of fast and simple methods to prepare bismuth
sulfide nanoparticles is still required. Ultrasonic waves have
been successfully used in the synthesis of new materials
since they provide smaller particle size and higher surface
area than reported by other methods."”

Sonochemistry uses high power ultrasonic waves
(20 kHz-10 MHz) to promote chemical reactions.'®!” The
advantages of sonochemical methods are high velocity
rates, controllable reaction conditions, capacity to form
uniform shapes, narrow distributions of particle size and
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high purity. Despite the potential of sonochemical method
in the synthesis of nanomaterials, there is a lack of studies
concerning the preparation of Bi,S, nanostructures using
this method. Wang ef al.*® were the only ones who reported
the application of sonochemical method in the synthesis
of Bi,S, nanostructures. In that work, Bi,S, nanorods were
prepared from bismuth nitrate aqueous solution and sodium
thiosulfate in the presence of a complexing agent, with
ultrasonic irradiation for 2 h.

Structures with specific morphology are of great
interests due to their physical and chemical properties and
potential applications in designing new materials and
devices. Thus, it is reported herein a simple sonochemical
method to synthesize 1D and 3D Bi,S; nanostructures,
using different solvents and 15 min of reaction time, and
the method is compared with a refluxing route. All products
were characterized by X-ray powder diffractometry (XRD),
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM).

Experimental
Materials

All the reagents used in our experiments were
of analytical purity and were used without further
purification. Bi(NO,),.5H,0, sodium thiosulfate and
cetyltrimethylammonium bromide (CTAB) were purchased
from Vetec. Ethylene glycol (EG) and dimethyl sulfoxide
(DMSO) were purchased from Synth. Acetylacetone was
purchased from Aldrich.

Synthesis of nano-sized Bi,S, by sonochemical method
(S1-S3)

In a typical experiment, 1.89 g (3.9 mmol) of
Bi(NO,),.5H,0, 3.70 g (15.5 mmol) of Na,S,0,and 0.18 g
(0.5 mmol) of CTAB were added to 50 mL of different
solvents. This mixture was stirred at 50 °C until all
chemicals were dissolved. Then, the solution was exposed
to high-intensity ultrasound irradiation using a ultrasonic
waves source UP400S, Hielscher. The parameters were
the following: 24 kHz, 400 W ¢m?, 4 cm?, titanium direct

Table 1. Experimental conditions for the preparation of nano-sized Bi,S;
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immersion horn, at 20% of amplitude and 80% of pulse of
duty cycle wave under ambient air for 15 min. When the
reaction was finished, black precipitates were obtained.
After being cooled to room temperature, the precipitates
were centrifuged, washed with distilled water, absolute
ethanol, and acetone in sequence, and dried in air at room
temperature.

Synthesis of nano-sized Bi,S, by refluxing method (R1)

In a typical experiment, 1.89 g (3.9 mmol) of
Bi(NO,),.5H,0, 3.70 g (15.5 mmol) of Na,S,0,and 0.18 g
(0.5 mmol) of CTAB were added to a round-bottom flask
which contained 50 mL of ethylene glycol. The mixture
was stirred until all the chemicals were well-dispersed. This
mixture was heated up to 125 °C under constant stirring and
was kept under reflux in oil bath for 90 min. When the
reaction was finished, black precipitates were obtained.
After being cooled to room temperature, the precipitates
were centrifuged, washed with distilled water, absolute
ethanol, and acetone in sequence, and dried in air at room
temperature.

Table 1 summarizes the experimental conditions
for preparation of the nanomaterials by refluxing and
sonochemical routes.

Characterization

Nano-sized Bi,S, obtained were characterized by
X-ray powder diffraction (XRD), scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). X-ray powder diffraction analyses were carried
out on Shimadzu XRD 6000 diffractometer, using Cu K,
(A = 1.5418 A). The scanning rate is 1 degree min’'
in the 20 range of 10-80°. SEM images were taken in
JSM-6610LV scanning electron microscopy (JEOL)
operated at 20 kV. TEM images were recorded on a FEI
Tecnai transmission electron microscope, operating at
200 kV. The samples used for TEM observations were
prepared by dispersing some products in ethanol followed
by ultrasonic treatment for 5 min and then placing a drop
of dispersion onto copper grid coated with a layer of
amorphous carbon.

Sample Bismuth precursor Sulfur precursor Surfactant Solvent Reaction time / min
R1 Bi(NO,),.5H,0 Na,S,0, CTAB EG 90
S1 Bi(NO,),.5H,0 Na,S,0; CTAB EG 15
S2 Bi(NO,),.5H,0 Na,S,0, CTAB 70% acetylacetone-EG 15
S3 Bi(NO,),.5H,0 Na,S,0, CTAB 70% DMSO-EG 15




282 A Fast Sonochemical Method to Prepare 1D and 3D Nanostructures of Bismuth Sulfide

Results and Discussion

Figure 1 shows the X-ray diffraction patterns of the
samples prepared from refluxing (R1) and sonochemical
(S1) methods. All the diffraction peaks in the X-ray
diffraction patterns for both samples can be indexed to
the orthorhombic phase of Bi,S, (JCPDS 17-0320). The
diffraction peaks in XRD pattern from the R1 sample
(Figure 1b) are sharper than those in XRD pattern from
the S1 sample (Figure 1a), suggesting higher crystallinity
of the sample obtained by refluxing method. On the other
hand, broader peaks in X-ray diffraction patterns of the
sample obtained from sonochemical method could be an
evidence of smaller particle sizes. The crystallite size can
be estimated from XRD data by the Scherrer formula:
D= 0.891

Bcosf
0 is the Bragg diffraction angle and B is the full width at half
maximum (FWHM) of 260.2'?? Crystallite sizes calculated
using the widths of Bi,S; (130) reflecting plane are very
similar for both samples, 11.8 nm for S1 sample and
13.9 nm for R1 sample, suggesting that the difference in
XRD patterns profile is due to an effect of crystallinity.

The morphology of Bi,S, prepared by refluxing and
sonochemical methods, R1 and S1, respectively, was
investigated by SEM imaging. Figure 2 shows that in both
cases flower-like superstructures are formed. However,
sonochemical method yields flower-like superstructures
with better morphological homogeneity (Figures 2c and 2d)
when compared with refluxing method (Figures 2a and 2b).

Figure 3 shows TEM images of the products obtained
from sonochemical and refluxing methods. TEM images
showed in Figure 3a corroborate the flower-like Bi,S,
superstructures formation with diameter around of 500 nm.
Figure 3b indicates that flower-like Bi,S, superstructures
are formed by rods with diameter of 11-15 nm. Analyzing
Figure 3c, which shows TEM image of Bi,S; obtained
by refluxing method, it is possible to see an aggregation
of particles with predominance of rods larger than those

, where A is the X-ray wavelength of 1.5418 A,

————i 50 nm
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Figure 1. Powder XRD patterns of nano-sized Bi,S, obtained by
(a) refluxing method at 90 min (R1) and (b) sonochemical method at
15 min (S1).

Figure 2. SEM images of the products obtained for (a) and (b) refluxing
method (R1); (¢) and (d) sonochemical method (S1).

obtained from sonochemical method. Lu et al.? reported a
similar morphology of Bi,S, prepared using Bi(NO,), and
thiourea in ethylene glycol by microwave irradiation
method.

To understand the role of solvents play in the synthesis
of flower-like Bi,S, superstructures, nano-sized Bi,S,
was prepared by sonochemical method in the presence of

Figure 3. TEM images of the products obtained for (a) and (b) sonochemical method, and (c) refluxing method.
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Figure 4. Powder XRD patterns (a) and TEM images of nano-sized Bi,S, prepared by sonochemical method in different solvents: (b) EG (S1),

(c) acetylacetone-EG (S2) and (d) DMSO-EG (S3).

different solvents, such as EG (S1), 70% acetylacetone-EG
(S2) and 70% DMSO-EG (S3), keeping the same
experimental conditions.

Figure 4a displays the XRD patterns of nano-sized Bi,S,
prepared using different solvents (S1-S3). In each case,
Bi,S, formation can be confirmed by comparison with the
pattern JCPDS 17-0320. No peaks of any other phases are
detected, indicating the high purity of the products.

The morphologies of the samples S1-S3 were depicted
by TEM images. As shown in Figure 4b, a large quantity of
Bi1,S, nanorod aggregates in 3D flower-like superstructures
was obtained when EG was used as a solvent (S1).
However, smaller rod-like nanoparticles were obtained
in acetylacetone-EG (S2) showed in Figure 4c, while 1D
nanorods were obtained in DMSO-EG (S3), as can be seen
in Figure 4d. The above results showed that the blend of
DMSO-EG induces the formation of Bi,S; nanorods (1D),
without formation of flower-like superstructures (3D).

With the procedure proposed in this work, it is possible
to obtain nanomaterials in only 15 min with morphological

homogeneity similar to nanostructures obtained by
Wang et al.* that spends 2 h in the synthesis procedure.

Conclusions

A fast and simple sonochemical method for the
preparation of nano-sized Bi,S, was developed. 3D
flower-like Bi,S; superstructures can be successfully
prepared via a sonochemical route from an EG solution of
bismuth nitrate and sodium thiosulfate in the presence of
CTAB, while the use of DMSO-EG mixture leads to the
formation of 1D Bi,S, nanorods. The developed method is
a fast, simple, convenient and efficient route for preparing
Bi,S; nanomaterials and it can be a good alternative to
control the morphology.
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