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One-dimensional (1D) Bi2S3 nanostructures with various morphologies, including nanowires, nanorods,
and nanotubes, have been successfully synthesized through a facile ethanol-assisted one-pot reaction.
It is found that the size, morphology and structure of the products can be conveniently varied or
controlled by simply adjusting the volume ratio of ethanol and water in the reaction system. Further
experimental results indicate that sulfur source also plays the other crucial role in determining the
product morphology. The synthetic strategy developed in this work is highly efficient in producing 1D
Bi2S3 nanostructures with high quality and large quantity. Photocatalysis experiments show the as-
prepared 1D Bi2S3 nanostructures possess significantly enhanced photocatalytic reduction of Cr(VI) when
exposed to visible light irradiation. Especially, Bi2S3 nanowires exhibit the highest photocatalytic activity
and can be used repeatedly after washed with dilute HCl.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

One-dimensional (1D) nanostructures have attracted tremen-
dous research attention owing to their unique optical, electrical,
catalytic and magnetic properties, etc. [1–3]. Especially, the fabri-
cation of 1D semiconductor nanostructures with controllable
shape and size is extremely important from the viewpoints of both
fundamental research and technical applications [4–9]. Bismuth
sulfide (Bi2S3), an important V–VI semiconductor material with a
direct band gap of 1.3 eV [10–13], has aroused extensive research
interest for various potential applications in photovoltaics [14],
X-ray computed tomography imaging (CT) [15], lithium ion battery
[16], hydrogen sensors [17,18], photocatalysis [19,20], and so on.
Benefitting from high aspect ratio, enhanced light scattering and
absorption, rapid transport of free electron along the long axis
and efficient electron–hole utilization, 1D nanostructures exhibit
significantly enhanced catalytic efficiency [21,22]. Thus, the photo-
catalytic activity of 1D Bi2S3 nanostructures is worth investigating
especially in terms of environmental treatment.

To date, 1D Bi2S3 nanostructures with various morphologies,
including nanotubes (NTs) [23], nanorods (NRs) [24,25], nanowires
(NWs) [26], nanoribbons [27], have been prepared by different
methods, among which solution-phase approaches have been
extensively adopted due to the advantages of relatively low-cost
and good scalability. However, the seeking of a facile and scalable
preparation method with high quality and yield has never been a
trivial task. The formation of 1D nanostructures in solution is typ-
ically realized by facilitating the crystal growth along a particular
direction with the assistance of capping agents [28,29].

In this work, we have developed a facile ethanol-assisted one-
pot reaction route to synthesize 1D Bi2S3 nanostructures with var-
ious morphologies, including NWs, NRs, and NTs. In the present
strategy, we found that the size, morphology and structure of the
products can be conveniently varied or controlled by the adjust-
ment of the volume ratio of ethanol and water in the reaction sys-
tem. Further experimental results indicate that sulfur source also
plays a crucial role in determining the morphologies of Bi2S3

products. It should be pointed out that the one-pot reaction
method developed in this work is highly efficient in producing
1D Bi2S3 nanostructures in large-scale. For example, about
0.0801 g of Bi2S3 NWs (using 0.1 g of BiCl3 as reagent) can be
obtained in 40 mL of ethanol, with a yield up to 98%. Further inves-
tigation also shows the as-prepared 1D Bi2S3 nanostructures pos-
sess significantly enhanced photocatalytic reduction of Cr(VI)
under visible-light illumination. Especially, Bi2S3 NWs exhibit the
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best photocatalytic activity due to higher aspect ratio and can be
used repeatedly after washed with dilute HCl.
2. Experimental details

All reagents are of analytical grade, purchased from the Shanghai Chemical
Reagent Factory, and used as received without further purification.

2.1. Synthesis of Bi2S3 NWs

In a typical procedure, 0.1 g of BiCl3 and 0.5 g of polyvinylpyrrolidone (PVP;
MW � 58 K) were dissolved in 25 mL of ethanol with the assistance of ultrasonica-
tion for 20 min to form a clear mixture, which was marked as solution A. 0.038 g of
thioacetamide (TAA) was dissolved in the 15 mL of ethanol with the assistance of
ultrasonication for 10 min, and marked as solution B. Then, the solution B was
added dropwise to solution A under vigorous stirring. The resulting mixture was
then transferred into a 50 mL of Teflon-lined stainless-steel autoclave, and then
kept at 180 �C for 6 h in an electric oven. Finally, after cooled to room temperature,
the Bi2S3 NW products were collected by centrifugation, washed with ethanol and
distilled water for three times, and then dried at 80 �C for 4 h.

2.2. Synthesis of Bi2S3 NRs and NTs

1D Bi2S3 NRs were prepared with the same procedures as Bi2S3 NWs, except
that the distilled water was used to dissolve TAA in preparing solution B. 1D
Bi2S3 NTs were obtained with the same experimental conditions as Bi2S3 NRs except
that Na2S�9H2O (0.126 g) was selected as sulfur source. Other Bi2S3 nanostructures
were obtained by simply adjusting the volume ratio of ethanol and water in the
reaction system. The detailed conditions for the preparation of the products with
various morphologies are listed in Table 1.

2.3. Characterization

Powder X-ray diffraction (XRD) measurements of the samples were performed
with a Philips PW3040/60 X-ray diffractometer using Cu Ka radiation at a scanning
rate of 0.06 deg s�1. Scanning electron microscopy (SEM) was performed with a Hit-
achi S-4800 scanning electron micro-analyzer with an accelerating voltage of 15 kV.
Transmission electron microscopy (TEM) was conducted using a JEM-2100F field
emission TEM. Samples for TEM measurements were prepared by dispersing the
products in ethanol and placing several drops of the suspension on holey carbon
net supported on copper grids. UV–vis diffuse reflectance spectra (UV–vis DRS) of
the as-prepared samples were recorded over the range of 200–800 nm with the
absorption mode using a Thermo Nicolet Evolution 500 UV–vis spectrophotometer
equipped with an integrating sphere attachment. The photoluminescence (PL) spec-
tra were recorded on an Edinburgh FLSP920 fluorescence spectrometer with an
excitation wavelength of 462 nm and the absorption spectra were measured using
a PerkinElmer Lambda 900 UV–vis spectrophotometer at room temperature.

2.4. Photocatalytic reduction of Cr(VI)

The photocatalytic activities of the as-prepared Bi2S3 NWs, NRs and NTs were
evaluated by photocatalytic reduction of Cr(VI) under visible-light irradiation of a
500 W Xe lamp (CEL-HXF300) with a 420 nm cut-off filter. The reaction cell was
placed in a sealed black box with a window on the top, and the cut-off filter was
used to select visible-light irradiation. In a typical procedure, 5 mg of as-prepared
Bi2S3 NWs, NRs or NTs as photocatalysts were added into 20 mL of Cr(VI) solutions
(20 mg/L), based on Cr in a dilute K2Cr2O7 solution. After the photocatalyst was dis-
persed in the solution with an ultrasonic bath for 5 min, the solution was stirred for
2 h in the dark to reach adsorption equilibrium before exposed to visible-light
Table 1
Summary of experimental conditions and the morphological properties of the
products.

No. BiCl3

(g)
Sulfur source
(mg)

Solvent Yield
(%)

Bi2S3 product

Ethanol Water

S1 0.1 TAA (35) 40 0 98.2 NWs
S2 0.1 TAA (35) 25 15 90.9 NRs
S3 0.1 TAA (35) 20 20 NRs
S4 0.1 TAA (35) 15 25 Short NRs
S5 0.1 TAA (35) 0 40 Nanosheets
S6 0.1 Na2S (170) 35 5 Nanoparticles
S7 0.1 Na2S (170) 25 15 86.9 NTs
S8 0.1 Na2S (170) 20 20 NTs
S9 0.1 Na2S (170) 15 25 NTs
irradiation. The photocatalysts were removed by centrifugation at given time inter-
vals, and the Cr(VI) reduction was determined at 540 nm by the diphenylcarbazide
(DPC) method using the UV–vis spectroscopy [30,31].
3. Results and discussion

The crystallographic structure and phase purity of the as-
obtained ultralong Bi2S3 NWs (sample S1) were first examined by
XRD analysis, as shown in Fig. 1. All the diffraction peaks can be
well indexed to the orthorhombic phase of Bi2S3 (JCPDS card No.
17-0320, a = 11.14 Å, b = 11.30 Å, c = 3.98 Å). No peaks due to
impurity or other phases are detected, implying that the final prod-
ucts are of pure phase. Additionally, the XRD patterns of the as-
prepared Bi2S3 NRs (sample S2) and NTs (sample S7) all show a
similar profile to that of Bi2S3 NWs. The morphology and structure
of the Bi2S3 NWs (S1) were studied by SEM and TEM images. Fig. 2a
and b shows the SEM images of a panoramic view of the as-pre-
pared NWs (S1) obtained by using ethanol as solvent and TAA as
sulfur source, which reveal that the samples are entirely composed
of uniform ultralong Bi2S3 NWs, 10 nm in diameter and dozens of
micrometers in length, without any impurity particles or aggre-
gates. The morphology and structure of these Bi2S3 NWs were fur-
ther elucidated by TEM and high-resolution TEM (HRTEM) images.
Fig. 2c is a TEM image of Bi2S3 NWs and the inset is an individual
Bi2S3 NW, which are in good agreement with the SEM observation.
A representative HRTEM image (Fig. 2d) reveals two interplanar
distances of 0.37 and 0.55 nm, which match well with that of
(101) and (200) lattice of orthorhombic phase Bi2S3, respectively
[32].

To investigate the effect of the relative volume of ethanol and
water in the mixed solvent on the product morphology (the total
ethanol/water volume is fixed at 40 mL), a series of experiments
were carried out with varied the volume of ethanol added in the
reaction system while keeping other conditions unchanged.
Fig. 3a–c displays the structure of the samples synthesized with
a decreasing of the volume of ethanol from 25 mL to 15 mL in
the reaction solution. From these images, with the decrease of
the amount of ethanol, the as-obtained products become shorter
and wider, indicating a gradual conversion of NWs to NRs. How-
ever, when the ethanol was absent, only Bi2S3 nanosheets were
formed in water (Fig. 3d). Based on these observations, it might
be apparent that the volume ratio of ethanol and water plays a crit-
ical role in the formation of 1D Bi2S3 NWs and NRs in the reaction
system. The use of TAA as the sulfur source to control the morphol-
ogy of 1D Bi2S3 in the solution phase has been previously investi-
gated [33,34]. It was suggested that Bi2S3 material has a lamellar
structure composed of Bi2S3 bands elongating along the c-axis
and kept together through van der Waals interactions, which
Fig. 1. XRD patterns of the as-prepared Bi2S3 NWs (S1), NRs (S2) and NTs (S7).



Fig. 2. (a, b) SEM images and (c) TEM image and (d) HRTEM image of the as-prepared Bi2S3 NWs obtained in ethanol.

Fig. 3. SEM images of the as-prepared Bi2S3 nanostructures using TAA as sulfur source obtained with different amount of water: (a)15 mL, (b) 20 mL, (c) 25 mL, and (d) 40 mL.
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resulted in a strong tendency toward 1D growth along the [001]
direction [35]. On the other hand, it is well known that solubility
is one of the most important factors affecting single crystal growth
in a solution [36]. In our experiment, the formation of ultralong
NWs can readily occur in a metastable, supersaturated solution
by controlling the volume of ethanol and water. Due to lower sol-
ubility of Bi3+ ions salts in ethanol, a metastable, supersaturated
solution could be obtained, and the growth of ultralong Bi2S3

NWs presumably took place, similar to the transformation of poly-
crystalline selenium powder into single-crystal NWs [37]. There-
fore, with the increasing volume of water, the NWs were
gradually converted into NRs. When the pure water is used as
solvent, there is a dynamic equilibrium among Bi2S3 solid particles
(or nuclei) and Bi3+ and S2� ions in the hydrothermal process. Bi3+

and S2� ions tend to dissolve away from the small particles into the
solution and precipitate onto the surfaces of large particles at the
same time. Due to the special layered structure and weak bonds
of Bi2S3, the nucleation can be confirmed by the appearance of tiny
thin crystals in the solution [38]. In the hydrothermal treatment,
the rate of crystal growth is greater than that of crystal nucleation,
leading to the growth of Bi2S3 nanosheets [39].

When Na2S was used instead of TAA as sulfur source, neither
NWs nor NRs can be obtained in the final products. The morphol-
ogies of the as-prepared samples S6–S9 obtained with the different
volumes of ethanol and water in the reactive system are shown in
Fig. 4. Fig. 4a shows a SEM image of the products obtained with the
use of 5 mL of water, it can be seen that only some Bi2S3 conglom-
erations are formed. When the volume of water increases to 15 mL,
the products (sample S7) exhibit a tubular-like morphology with a
lateral diameter of 200–300 nm and a length of 1 lm (Fig. 4b).



Fig. 4. SEM images of the as-prepared Bi2S3 nanostructures using Na2S as sulfur source obtained with different amount of water: (a) 5 mL, (b) 15 mL, (c) 20 mL, and (d) 25 mL,
(e) TEM image and (f) HRTEM image the as-prepared Bi2S3 NTs (S7).
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From the inset of SEM image in Fig. 4b, the tip structure of a single
NT display the obvious hollow characteristic in the end of the NT.
Fig. 4c–d shows that the as-prepared Bi2S3 NTs become longer and
wider with the increase of the volumes of water in the reaction
system. The NTs may be obtained by self-rolling of nanosheets
under an appropriate solvothermal synthesis condition [40]. This
result indicates that the nature of sulfur sources also plays an
important role in the morphology control of Bi2S3 besides the vol-
ume ratio between ethanol and water in the present synthetic
strategy. The tubular structure of the Bi2S3 NTs (S7) was further
elucidated by TEM and HRTEM images, as shown in Fig. 4e and f.
This result is in good agreement with the SEM observation.

To investigate the optical properties of the as-prepared 1D Bi2S3

nanostructures and their potential applications as photonic mate-
rials, UV–vis diffuse reflectance spectra of the different 1D Bi2S3

nanostructures (NWs, NRs, and NTs) were carried out, as shown
in Fig. S1a (in the supporting information). All of the spectra exhi-
bit the strong adsorption in the UV–visible region and had a broad
peak between 650 and 800 nm [41]. The optical bandgap (Eg) of the
semiconductor material can be calculated from the equation of
(ahm)n = A(hm � Eg), where a, m, Eg, and A are the absorption coeffi-
cient, light frequency, band gap energy, and a constant, respec-
tively. Among them, n depends on the characteristics of the
transition in a semiconductor (i.e., n = 2 for direct transition or
n = 1 for indirect transition). Herein, n is 2 as the material is a
direct-gap semiconductor [42,43]. From the plot of (ahv)2 vs. (hv)
(Fig. S1b), the Eg of Bi2S3 NWs is calculated to be 1.3 eV. In addition,
the estimated band gap energies of the other samples are about 1.5
and 1.75 eV for Bi2S3 NRs (S2) and NTs (S7), respectively. The
absorption of the Bi2S3 NRs and NTs show a blue shift compared
with the band gap of 1.3 eV for the Bi2S3 NWs, which could be asso-
ciated with the morphology, size and structure. The PL spectra of
the as-prepared 1D Bi2S3 nanostructures were further investigated
to understand the separation efficiency of the photogenerated car-
riers [44], as shown in Fig. S2 (in the supporting information). The
higher the PL intensity will lead to the bigger probability of charge
carriers recombination. The strong peak at 577 nm may be ascribed
to a high level transition in Bi2S3 semiconductor crystallites [45].
The intensity for the Bi2S3 NWs (S1) is much weaker than that
for the other samples, indicting the enhanced separation efficiency
of the electron–hole pairs.

Recent studies have suggested that 1D nanostructures exhibit
significantly enhanced catalytic efficiency due to high surface-to-
volume ratio, enhanced light scattering and absorption, rapid
transport of free electron along the long axis and efficient elec-
tron–hole utilization [46–50]. As a proof-of-concept demonstration
of the functional properties of the as-prepared 1D Bi2S3 nanostruc-
tures, the photocatalytic activities were evaluated by photocata-
lytic reduction of Cr(VI) under visible-light irradiation in the
present work. Fig. 5a presents the visible-light photocatalytic
reduction of Cr(VI) in the presence of different photocatalysts,
where C stands for the concentration of Cr(VI) after light irradia-
tion for a certain period, and Co is the initial concentration of the
Cr(VI). In the absence of the catalysts, there is no obvious change
in the Cr(VI) concentration after visible-light irradiation. When
the 1D Bi2S3 samples are present, remarkable reduction of Cr(VI)
is observed. After irradiation for 60 min, nearly 85.1% of Cr(VI) is
photocatalytically reduced by the Bi2S3 NWs, whereas the other
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Fig. 5. (a) The photocatalytic reduction of Cr(VI) in the absence (the blank test) and
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photocatalyst under visible-light irradiation for 60 min.
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samples such as Bi2S3 NRs and NTs exhibit lower activities with
removal rates of about 69.9% and 66.1%, respectively. This result
indicates the higher aspect ratio is beneficial for inhibition of
photogenerated electrons and holes, and therefore the as-prepared
ultralong Bi2S3 NWs (sample S1) exhibits the highest photocata-
lytic activity among the three samples. Additionally, the surface
area of the as-prepared Bi2S3 NWs, NRs, and NTs was measured
by the Brunauer–Emmet–Teller (BET) method using an ASAP2020
sorptometer. The Bi2S3 NWs have a specific surface area of about
32.3 m2 g�1, and it is only about 27.1 or 10.3 m2 g�1 for the NRs
or NTs, respectively. Thus, the enhanced photocatalytic activity
might be related to the unique Bi2S3 NWs, which gives a large
surface area.
Fig. 6. (a) SEM image and (b) XRD pattern of the Bi2S3 NWs
The reusability and stability of the 1D ultralong Bi2S3 NWs (S1)
were also investigated by collecting and reusing the same photo-
catalyst for 3 cycles (Fig. 5b). After the photocatalytic reduction
of Cr(VI), the Cr(OH)3 would be deposited on the surface of Bi2S3

NWs, which occupies the photocatalytically active sites, resulting
in serious deactivation of the photocatalyst for reusability
[51,52]. To overcome this obstacle, the washing treatment with
dilute HCl aqueous solution (0.5 M) was used in the present strat-
egy. Fig. 6 displays the SEM image and XRD pattern of the sample
S1 photocatalyst after three cycles of photodegradation testing,
indicating the intact morphology and stable structure. The results
show that there is only an insignificant loss in the photocatalytic
activity, which might be partly caused by loss of the photocatalyst
during each round of collection and rinsing. In addition, the photo-
catalytic performances of the as-obtained Bi2S3 NWs and several
typical photocatalysts for the reduction of Cr(VI) under visible-
light illumination reported previously are summarized in
Table S1 (in the supporting information).

The effect of pH on the photocatalytic reduction of Cr(VI)
using the as-prepared Bi2S3 NWs (S1) as photocatalysts was also
investigated, as shown in Fig. S3. The various values of pH have
an obvious influence on the reduction of Cr(VI), and the photo-
catalytic reduction would be more efficient at acidic conditions.
For example, the reduction efficiency is nearly 99.9% at pH = 3
after visible-light irradiated for 20 min, while only about 75%
for pH 10 and 85.1% for pH 7 are reduced after 60 min, respec-
tively. The similar result concerning the beneficial effect of
decreasing solution pH on Cr(VI) photocatalytic reduction have
been reported elsewhere [53]. To further understand the photo-
catalytic mechanism, the identification of the main active oxidant
(reactive oxygen species) in the photocatalytic reaction process
was also carried out. Fig. S4 reveals the photocatalytic activity
for the reduction of Cr(VI) by the radical-trapping experiments
conducted by the addition of 7 mg of disodium ethylenediamine-
tetraacetate dehydrate (EDTA-Na2, hole scavenger) or 2 mL of
tert-butyl alcohol (TBA, radical scavenger) [54] using the as-pre-
pared Bi2S3 NWs (S1) as photocatalysts, indicating these scaveng-
ers have no obvious influence on reduction efficiency. Thus, the
photogenerated electrons are the dominant reactive species con-
tributing to reduction of Cr(VI) in this system. Additionally, ther-
mogravimetric analysis (TGA) experiment (Fig. S5) was
investigated to understand the thermostability of the as-prepared
Bi2S3 NWs (S1) in air with heating rate of 10 �C/min. The loss of
mass between 400 �C and 680 �C is about 8.01%, which nearly
agree with calculated weight loss from molecular formula
9.40%. The thermal event starting near 400 �C and ending neat
450 �C corresponds to an small increase in residual mass, which
may be ascribed to the formation of Bi2O2(SO4) [55].
(sample S1) after three cycles of photodegradation test.
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4. Conclusions

In summary, we have developed a facile ethanol-assisted one-
pot reaction route to synthesize 1D Bi2S3 nanostructures (NWs,
NRs, and NTs) with high productivity and yield. We found that
the size, morphology and structure of the products can be conve-
niently varied or controlled by simply adjusting the volume ratio
of ethanol and water in the reaction system. Additionally, further
experimental results also indicate that sulfur source also plays
another crucial role in determining the morphologies of Bi2S3 prod-
ucts. Due to higher aspect ratio, the as-prepared ultralong Bi2S3

NWs exhibits the best photocatalytic activity among all the 1D
Bi2S3 nanostructures, as well as good reusability and stability after
washed with dilute HCl. Therefore, the 1D Bi2S3 NWs may be
applied as a promising photocatalyst for the treatment of waste-
water. It is also believed that the synthesis method reported here
can be easily extended to the preparation of a wide variety of
functional 1D nanostructures for different applications.
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