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Monodispersed ultrafine Bi,S3 nanocrystals of ~3 nm were synthesized via a facile and mild method,
in which thioacetamide and bismuth oleate complex were used as the sulfur and bismuth precursors,
respectively. The obtained Bi,Ss nanocrystals possessed a high surface area of 305 m2 g~'. The nanostruc-
tures of Bi,S; nanocrystals were characterized by X-ray diffraction (XRD), high-resolution transmission
electron microscopy (HRTEM) and selective area electron diffraction (SAED) techniques. The optical prop-
erty of the Bi,S; nanocrystals was studied by photoluminescence spectroscopy. A remarkable blue shift
and a band gap of ~1.5 eV were observed. The shape of the Bi,S3 nanocrystals could be tuned by adjusting
the initial Bi/S molar ratio and reaction temperature, respectively. A possible burst nucleation mechanism
for this monodispersed ultrafine Bi,S3 nanocrystals was proposed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The synthesis of semiconductor nanocrystals with controllable
shape and size has been intensively pursued, which is of extreme
importance for both fundamental research and technical applica-
tions [1-9]. Bi»S3 is a photoconducting semiconductor with a direct
band gap of ~1.3 eV [10], which gives promising applications such
as thermoelectricity [11], infrared spectroscopy [12], X-ray com-
puted tomography [13], photovoltaics [14], nonlinear absorption
[15] and biomolecule detection [16]. It is well known that smaller
Bi,;S3 nanocrystals possess larger specific surface area and there-
fore have higher photocatalytic activities on the photodegradation
of rhodamine [17] and better performance in the electrochemical
hydrogen storage [18].

Significant advances have been achieved in the preparation
of BiS3 nanostructures with different shapes, such as nanorods
[17-22], nanowires [23-26] and nanoflowers [27-29]. It is well
known that one-dimensional nanorods are predominantly formed
because the [001] zone axis of Bi;S3 crystal is its preferential
growth direction [30]. Hence, it is difficult to obtain Bi;S3 quantum
dots. Up to date, many synthetic strategies have been developed
to achieve metal sulfide nanocrystals with tunable shape and
size, such as homogeneous phase precipitation [31,32], reverse
micelles method [33-35], thermolysis of organometallic precursors
[36,37,43,44], hydrothermal or solvothermal synthesis [38], and
water/toluene two-phase system reaction [39-41]. Organometal-
lic precursors and capping reagents were reported to be used to
effectively control the Bi,S3 nanostructures [19,20,30]. Notably,
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Malakooti and co-workers synthesized Bi,S3; nanocrystals with
around 10 nm size under a heterogeneous reaction environment by
using oleylamine as a surfactant and reduction agent [42]. Mean-
while, ultrathin necklace-like Bi;S3 nanowires were fabricated by
using bismuth citrate as the bismuth precursor under a relatively
low temperature [23]. However, the synthesis of monodispersed
Bi;S3 nanocrystals with size less than 5 nm has not been reported
so far.

Herein, we developed a facile and mild approach to synthesize
the monodispered ultrafine Bi,S3 nanocrystals by using thioac-
etamide as a sulfur precursor. The bismuth oleate complex was
obtained through the reaction between bismuth oxide and oleic
acid, which was used as a bismuth precursor. Bi,S3 nanocrystals
were formed at the interface between 1-octadecene and water
phase. The monodispered Bi,S3 nanocrystals of about 3 nm could
be obtained. The shape of the Bi,S3 nanocrystals could be tuned
by adjusting the initial Bi/S molar ratio and reaction tempera-
ture, respectively. We have proposed a possible burst nucleation
mechanism for the formation of the monodispersed ultrafine Bi,S3
nanocrystals.

2. Experimental procedures
2.1. Materials

Bismuth oxide, glacial acetic acid, ethanol, thioacetamide, ethyl acetate, and
toluene were purchased from Shanghai Chemical Corp. 1-Octadecene (ODE) and
oleic acid was purchased from Aldrich and Alfa Asear, respectively. All chemicals
were used without further purification.

2.2. Synthesis of bismuth oleate complex

1.0 mmol of Bi; O3 and 2.0 ml of glacial acetic acid were loaded in a three-necked
flask with 25 ml volume, and heated up to 140°C with one neck open. The above
mixture was stirred at 140 °C until a dry powder was formed. The powder was cooled
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Fig. 1. (a) Typical TEM image, (inset of a) the SAED pattern, and (b) the corresponding HRTEM image of the Bi,S; nanocrystals prepared at 80 °C for 10 min with the initial

Bi/S molar ratio of 1/2.

down to 130°C. Then, 10 mmol of oleic acid was added. The solution was stirred at
130°C under an inert gas flow for 6 h. The obtained bismuth oleate complex with
excess oleic acid was cooled down and diluted by adding 50 ml of ODE to form the
bismuth oleate complex precursor solution.

2.3. Synthesis of Bi»S3 nanocrystals

2.5 ml of bismuth oleate precursor solution, 6.5 ml of ODE and 1.0 ml of oleic acid
were loaded together into a 250 ml three-necked flask. The solution was stirred at
80 °Cuntil a transparent solution was formed. Subsequently, 0.5 ml of thioacetamide
aqueous solution (0.4 M) was added. The reactant solution changed to be reddish
brown gradually (the color did not change to dark even after stirring for 1 day). After
10 min of reaction, 20 ml of ethyl acetate was added into the solution. The mixture
was centrifuged at 10,000 rpm for 30 min. The resulted dark precipitate was washed
by ethyl acetate for 3 times and dried at 50°C for 1 day.

2.4. Characterization

X-ray diffraction patterns were recorded with a Bruker D8 X-ray diffractometer
with Ni-filtered Cu Ko radiation (40 kV, 40 mA). The Raman spectra were measured
at room temperature with a Renishaw invar Reflex Raman spectrometer. TEM anal-
ysis was carried out on a JEM JEOL-2100F microscope equipped with a post-column
Gatan imaging filter system (GIF-Tridium) operated at 200 kV. For the TEM mea-
surements, the Bi,S3; nanocrystals were dispersed in toluene, dipped and dried on
a copper grid covered with a holey carbon film. Nitrogen sorption isotherms were
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Fig. 2. Wide-angle XRD pattern of Bi,S; nanocrystals prepared at 80°C for 10 min
with the initial Bi/S molar ratio of 1/2. The standard Bi,Ss diffraction lines (JCPDS:
17-320) are shown as vertical bars.

measured at 77 K with a Micromeritics Tristar 3000 analyzer (USA). By two experi-
mental run, 50 mg of powder samples can be prepared, which was enough for the BET
measurement. Before measurement, the sample was degassed at 120 °C for 12 h. The
Brunauer-Emmett-Teller (BET) method was utilized to calculate the specific surface
area. The pore size distribution was derived from the adsorption branch by using
the Barrett-Joyner-Halenda (BJH) model. The photoluminescence (PL) spectra were
recorded on a Hitachi F-4500 fluorescence spectrophotometer with an excitation
wavelength of 750 nm.
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Fig. 3. (a) Nitrogen sorption isotherms and (b) PL spectrum of Bi,S3 nanocrystals
prepared at 80°C for 10 min with the initial Bi/S molar ratio of 1/2.
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Fig. 4. TEM and HR-TEM images of Bi,S3 nanocrystals prepared at 80 °C for 10 min with the initial Bi/S molar ratio of (a and b) 2/3 and (c and d) 1/4.

3. Results and discussion

TEM image of the Bi;S3 nanocrystals (Fig. 1a) show the uni-
form spherical morphology of ~3 nm, which were prepared at
80°C for 10 min with the initial molar ratio Bi/S of 1/2. The
SAED (inset of Fig. 1a) displays a multi-ring diffraction feature,
which can be attributed to the nature of monodispersed ultrafine
Bi;S3 nanocrystals. Three main atomic lattice fringes are observed,
which including (211), (141) and (130) crystal faces, indicat-
ing the high crystallization degree of the obtained samples. It
can be seen that the size distribution of the as-synthesized Bi,S3
nanoparticles is quite sharp. HRTEM image clearly reveals the well-
defined single-crystal structure of the Bi,S3 nanoparticles (Fig. 1b).
The fringes have been measured to give a d-spacing of about
0.31 nm, corresponding to the (2 1 1) crystal plane of orthorhombic
Bi,Ss.

Wide-angle XRD pattern of the Bi,S3 nanoparticles is shown
in Fig. 2. The diffraction peaks could be well indexed to the
orthorhombic phase of Bi,S; (JCPDS: 17-320). The XRD peaks
are relatively broad, further confirming the ultrafine size of the
nanoparticles. The energy-dispersive spectroscopy (EDS) is per-
formed to further determine the chemical composition of the
nanoparticles (SI: Fig. S1). The presence of Bi and S elements with
molar ratio of ~2:3 demonstrates the formation of Bi;S3 nanocrys-
tals. The peaks in the Raman spectra further indicate the formation

of the Bi;S3 nanocrystals (SI: Fig. S2), which match well with the
reported results [13].

The BET surface area calculated from the nitrogen adsorption
isotherms (Fig. 3a) is up to as high as 305m?g-1!, which may
be attributed to the stacking spaces of ultrafine Bi;S3 nanopar-
ticle. Fig. 3b depicts the PL spectrum of the Bi;S3 nanocrystals
excited with a wavelength of 750 nm. The PL spectrum shows an
emission peak centered at around 825 nm with an impressive full
width at half-maximum (FWHM) as small as 17 nm, which could
be attributed to the narrow size distribution of the Bi,S3 nanocrys-
tals. The emission peak exhibited a remarkable blue shift relative to
bulk Bi,S3 (Eg=1.3 eV), implying that the photoconducting behav-
ior of Bi»S3 nanocrystals belongs to a typical quantum-confinement
effect.

To investigate the influences of the initial Bi/S molar ratio on
the shape of the obtained nanocrystals, the initial Bi/S molar ratio
was varied from 2/3 to 1/4, while the other experimental conditions
were maintained. The reaction rate can be examined by monitoring
the color change of the reaction solution. In the case of Bi/S=2/3, it
took ~15 min for the solution to change from light yellow (bismuth
oleate complex precursor) to reddish brown (Bi,S; nanocrystals)
(SI: Fig. S3). When the Bi/S ratio is 1/2, it took ~5 min for the solu-
tion to change to be reddish brown color. When the Bi/S is 1/4,
the solution color immediately turned reddish brown and became
dark black (bulk Bi,S3) after 5 min, followed by the precipitation of
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the black Bi;S3 solids. According to the above observations, it could
be concluded that the reaction rate of thioacetamide and bismuth
oleate complex increases with the increasing initial Bi/S molar ratio.

Furthermore, there are a lot of nuclei with “magic size”, except
a portion of nanoparticles with ~3 nm size, as shown in the TEM
images of Bi,S3 materials obtained at 80°C for 10 min with the
initial Bi/S molar ratio of 2/3 (Fig. 4a and b), which are clusters
with no more than one unit cell of the bulk crystal and close-shell
structures in the size range between 1 and 2 nm [45]. Remarkably,
nanofibers with diameters of about 2 nm and length of several hun-
dred nanometers are also observed. When the initial Bi/S molar
ratio is 1/4, the Bi,S3 nanocrystals aggregate severely, as shown in
the TEM image (Fig. 4c). The HRTEM image (Fig. 4d) reveals that
the size of individual Bi,S3 nanocrystal is still comparable to that
of the typical BiS3 nanocrystals with the initial Bi/S molar ratio of
1/2, suggesting that the Bi/S ratio may have little influence on the
particle size.

In the case of Bi/S=2/3, the reaction rate (nucleation and
growth) was relatively slow, as confirmed by the TEM image of
Bi,S3 materials obtained at 80 °C for 5 min (SI: Fig. S4a). At the early
stage, besides some nanoparticles of ~3 nm, the “magic size” nuclei
were found. These “magic size” nuclei could assemble together
and form nano-necklaces to decrease the surface free energy of
the reaction system [46]. There are no more sulfur sources to sup-
ply the “magic size” nuclei to grow and form larger nanoparticles.
Therefore, the nuclei would assemble and form nanofibers with
prolonging the reaction time of 10 min (Fig. 4a and b). While in the
case of Bi/S=1/2, most of the Bi,S3 nanocrystals would grow and
form large nanoparticles (~3 nm in size) (SI: Fig. S4b). When the
Bi/S was 1/4, the Bi,S3 nanocrystals would grow large (~3 nm in
size) and aggregate easily (Fig. 4c and d). Thus the initial Bi/S molar
ratio could affect the morphology of final Bi,S3 products.

The effect of the sulfur precursor of thioacetamide on the Bi,S3
products is also studied [47]. In the water/toluene two-phase sys-
tem, thiourea was generally used as the sulfur precursor to slow
down the nucleation and growth rate [38-40]. Both the nucleation
and growth stages are expected to be quite long as the releasing rate
of H,S gas from thiourea is low. When thiourea was used as the sul-
fur precursor, no Bi,S3 product was obtained at 80 °C after reaction
for 24 h.In contrast thioacetamide is unstable and easily decompose
to release H;S even at room temperature. In the case of our experi-
ment with thioacetamide as the sulfur precursor, most of the Bi,S3
nanocrystals were formed at the beginning of 5 min (SI: Fig. S4b),
indicating that the nucleation period was short and the growth rate
was fast. Since only 0.5 ml of thioacetamide aqueous solution was
introduced into 10 ml of ODE solution under vigorous stirring, the
released H,S gas from thioacetamide could immediately migrate
and reach the interface between ODE and water. The size of the
Bi,S3 nanoparticles would not change obviously even after 2 h (SI:
Fig. S4c and d). Therefore, the whole process can be divided into two
stages. At the early stage, a fast growth takes place after a burst of
nucleation which is completed within a rather short time (several
minutes). At the latter stage, the growth process is extremely slow
and extends to a long time (up to several days). A higher tempera-
ture can accelerate the latter stage, which could be proved by the
TEM images of products obtained when the reaction temperature
and time were increased to be 90°C and 30 min, respectively (SI:
Fig. S5). Interestingly, some by-product of nanorods of ~3 nm in
diameter and ~12 nm in length were formed.

According to the above results, we propose a burst nucleation
mechanism to explain the formation of the Bi;S3 nanocrystals. As
shown in Fig. 5, the quickly released H,S gas from thioacetamide
could reach the interface of the two solutions of water and toluene
immediately. The H,S reacts with the bismuth oleate complex
to trigger the formation of a large amount of Bi,S3 nuclei. The
OA-capped nuclei are hydrophobic and re-diffused into the ODE

@  Bi2S3 nanocrystals

}bismuth oleate complex

s
ii
CH:CNH:—2 1Y

Fig. 5. The scheme of the formation mechanism of Bi,S3; nanocrystals.

solution after the nuclei grow and form larger Bi,S3 nanocrystals.
The growth of nanocrystals slow down and stops as the excess H,S
gas escapes from the interface of water and toluene.

4. Conclusions

Highly crystalline and monodispered Bi;S3 nanocrystals of
about 3 nm have been synthesized via a facile and mild method for
the first time. The as-prepared nanocrystals show a high BET sur-
face area of 305 m? g~1. The Bi,S3 nanocrystals exhibit PL emission
peaked at 825 nm. The band gap is measured to be 1.5 eV, showing
a remarkable blue shift relative to bulk Bi;S; due to the quantum
size effects. The initial molar ratio of Bi/S and sulfur precursor could
affect the formation of Bi;S3 nanocrystals. A possible burst nucle-
ation mechanism has been demonstrated for the formation of the
monodispersed ultrafine Bi,S3 nanocrystals. Our findings may pro-
vide new insight for the convenient synthesis of other ultrafine
metal sulfide nanocrystals.
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