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Vertically aligned Bi2S3 platelets have been synthesized on FTO substrate via a simple hydrothermal
process. X-ray diffraction analysis confirms the orthorhombic structure of the platelets. The results of
scanning electron microscopy show that the Bi2S3 platelets interconnect with each other. The length of
platelets is about 5 mm and the thickness ranges from 50 to 150 nm. The photocatalytic activity studies
reveal that the synthesized Bi2S3 platelets exhibit excellent photocatalytic performance in rapidly
degrading aqueous methylene blue dye solution under UV irradiation. A degradation ratio of 56% was
obtained for the Bi2S3 platelets at 120 min and about 99% at 240 min. These results suggest that Bi2S3
platelets will be an interesting candidate for photocatalytic detoxification under UV light.

© 2015 Elsevier Masson SAS. All rights reserved.
1. Introduction

The energy crisis and environmental pollution are the twomajor
problems for our society and threaten our lives quality seriously.
For the purpose of water purification and release hydrogen from
water for clean energy generation, photocatalysts have received
considerable attention because of their ability to decompose
organic compounds into inorganic ones [1e3]. Most photocatalysts
have been synthesized based onmetal oxides, such as TiO2 and ZnO
[4e7]. In recent years, it is reported that some metal sulfides show
high efficiency in photodegradation [8e12], which indicates that
metal sulfides can also be used as phtocatalysts. Bi2S3, a direct band
gap semiconductor, has been widely used in many fields, such as
photovoltaic material and sensors [13e16]. Now it has attracted
much attention as a novel photocatalyst [17e20].

The photocatalyst used to be nanopowders. However, when the
photocatalyst powder is suspended into liquid phase, the problems
exist since it is difficult to separate the fine particles and recycle.
When immobilizing the semiconductor catalyst film on the solid
support, it is easy to separate and recycle, but it will obviously
04
served.
decrease the contact area between the photocatalyst and solution.
To increase the contact area between the photocatalyst and solu-
tion, some groups immobilize two-dimensional (2D) nano-
structures on solid support. Wang et al. reported that TiO2
nanosheet arrays exhibited superior photocatalytic efficiency un-
der UV illumination as compared with the relevant commercial
products P25 [21]. Mu et al. reported that BiOCl nanosheet arrays
obtained via hydrothermal method exhibited excellent activity and
retained much better photocatalytic stability in durability tests
[22].

Up to now, there have been a few reports on the fabrication of
Bi2S3 2D nanostructures [23e28], but the photocatalytic properties
of this kind of nanostructure have been scarcely reported. Recently,
direct growth of nanostructured thin films on FTO or bare glass
substrates under hydrothermal conditions have been successfully
realized for large quantities of sulfide [29,30]. In this work, verti-
cally aligned Bi2S3 platelets on FTO substrate were synthesized via
simple hydrothermal approach. The effects of the temperature and
reaction time on the growth of the vertically aligned Bi2S3 platelets
have been investigated. Photocatalytic activities in the degradation
of methylene blue (MB) are also studied and the prepared platelets
are found to have high photodegradation efficiency. The new
photocatalyst has potential applications in environmental
remediation.

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:tangchunjuan@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solidstatesciences.2015.11.004&domain=pdf
www.sciencedirect.com/science/journal/12932558
http://www.elsevier.com/locate/ssscie
http://dx.doi.org/10.1016/j.solidstatesciences.2015.11.004
http://dx.doi.org/10.1016/j.solidstatesciences.2015.11.004
http://dx.doi.org/10.1016/j.solidstatesciences.2015.11.004


C. Tang et al. / Solid State Sciences 51 (2016) 24e29 25
2. Experimental

All of the chemical reagents are of analytical grade and used
without further purification. The transparent conductive fluorine-
doped tin oxide (FTO) glass substrate was ultrasonically cleaned
sequentially in acetone, alcohol, and distilled water for 10 min
(min) each and was finally dried in air. In a typical preparing pro-
cess, 0.61 g Bi(NO)3$5H2O was dissolved into 60 mL distilled water,
then 0.25 g thiourea (Tu) was added into the above solution. The
solution became yellow immediately, indicating the formation of
BieTu complex. After being stirred for 10 min, the yellow solution
was transferred to a Teflon-lined stainless-steel autoclave with a
capacity of 100 mL, in which the well-cleaned FTO substrate was
placed at the bottom of the Teflon liner with the conductive side
facing up. The Teflon liner was sealed in an autoclave and main-
tained at 160 �C for 8 h (h). After that, the autoclave was cooled to
room temperature naturally. The FTO substrate was taken out,
rinsed extensively with distilled water and dried in ambient air at
60 �C.

The purity and composition of the as-prepared sample was
examined with X-ray powder diffraction (XRD, Philips X'pert PRO
with CueK line radiation). The morphology and microstructure
were characterized with field-emission scanning electron micro-
scopy (SEM, FEI Sirion-200), transmission electron microscopy
(TEM, JEM-2010), and high-resolution transmission electron mi-
croscope (HRTEM, JEOL 2010) associated with selected-area elec-
tron diffraction (SAED).

The photocatalytic experiments were performed in a Pyrex
photoreactor. The FTO substrate covered with Bi2S3 platelets was
affixed to the inside wall of the photoreactor with the conductive
side facing toward the UV lamp. The photoreactor was filled with
MB solution (1 � 10�5 M, 300 ml) to submerge the substrate. A
125 W UV lamp with a maximum emission at about 365 nm was
used to irradiate the reaction system. After different irradiation
intervals, analytical samples for absorption measurement were
taken out for measurement by UVevis spectrophotometer.
3. Results and discussion

Fig. 1a shows the typical XRD pattern of the resulting Bi2S3
platelets on the substrate. All the diffraction peaks can be indexed
as the orthorhombic structured Bi2S3 (JCPDS NO. 75-1306,
a ¼ 1.111 nm, b ¼ 1.125 nm and c ¼ 0.397 nm). The intense and
Fig. 1. (a) XRD pattern and (b) Nitrogen adsorptionedeso
sharp diffraction peaks suggest that the as-prepared product has a
high crystallinity. No other diffraction peaks of impurity phasewere
observed, indicating a good purity and completed reaction during
the process. Nitrogen adsorptionedesorption shown in Fig. 1b
displays a type IV isotherm with a distinct hysteresis loop. The
BrurauereEmmerreTeller (BET) surface area of the product is
determined to be 23.01m2/g, which is higher than that of Bi2S3 rods
(11.41 m2/g).

Fig. 2a shows the representative SEM image of vertically aligned
Bi2S3 platelets on the FTO substrate grown at 160 �C for 8 h. It can be
seen that the film exhibits a porous architecture, which consists of
interconnected platelets with a length of about 5 mm. The magni-
fied image (Fig. 2b) shows that the platelets grow almost perpen-
dicularly on the substrate and the thickness of the platelets ranges
from 50 to 150 nm. The gap between the platelets was about
500e1500 nm, which indicates that the film has a potentially large
surface area.

The obtained product was further investigated by TEM, as
shown in Fig. 2c. It also demonstrates the formation of platelets,
matching well with the typical morphology of the building blocks
in the film. HRTEM shown in Fig. 2d was carried out for more
detailed structural information. Clear lattice fringes can be
observed and the single-crystalline nature of the platelet is
revealed. The lattice spacing of about 0.311 nm corresponds to the
distance between adjacent (211) planes, while the lattice spacing of
0.355 nm corresponds to the distance between adjacent (130)
planes. The angle between (211) and (130) planes in Fig. 2d is 64�,
which is consistent with the calculated value of 63.88�. The inset in
Fig. 2d is the corresponding SAED images of the platelet, which also
indicates that the platelet is single-crystalline.

To investigate the growth process of Bi2S3 platelets on the
substrate, time-dependent experiments were carried out, in which
samples were collected at different reaction time while keeping
other experimental conditions the same. A series of interesting
morphological evolutions of products were obtained. It can be seen
clearly that FTO conductive substrate was covered by block-shaped
particles (Fig. 3a). In the early stages, the FTO particles might act as
seed crystals for the growth of Bi2S3. As soon as the reaction began,
Bi2S3 nucleated on the FTO particles. After hydrothermal for 30min,
a dark-grey sparse precipitate with irregular particle shape was
formed on the substrate (Fig. 3b). With a prolonged reaction time of
90 min, the nuclei rapidly developed into many regimental petals
based on their layered graphene-like structure (Fig. 3c). The
rption isotherm of vertically aligned Bi2S3 platelets.



Fig. 2. (a) low and (b) high magnification SEM images of vertically aligned Bi2S3 platelets, (c) TEM image of the Bi2S3 platelet, (d) HRTEM image of the platelet, the inset is the
corresponding SAED.

Fig. 3. (a) SEM image of FTO surface, SEM images of the as-products: (b) 30 min, (c) and (d) 90 min, (e) and (f) 12 h.
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regimental petals were composed of several thin slices, which can
be seen clearly in the magnified image (Fig. 3d). With the reaction
proceeding, the thin slices developed to grow into platelet. When
the reaction time was 8 h, the growing platelet touched each other
and evolved into a net-like film. Vertically aligned Bi2S3 platelets
were formed on the FTO substrate. Prolonging the reaction to 12 h,
some region of the filmwas covered by fiower-like microstructures
(Fig. 3e). The magnified SEM shown in Fig. 3f revealed that the
flowers were composed of sheets.

Furthermore, experiments with different temperatures were
executed. Fig. 4a and b shows the SEM images of the product ob-
tained at 120 �C for 8 h. The FTO substrate is covered with vertically
aligned Bi2S3 platelets. It is noted that the side and the top surfaces
of the platelets are very rough (Fig. 4a). Magnified SEM image
shown in Fig. 4b presents that the top surface was composed of
some tiny slices. When the temperature was increased to 190 �C,
the FTO substrate is covered by uniform platelets with higher
density compared with those of 160 �C. The platelets are thicker
and stacked each other. The thicker sheets occupied more space
between them, which might decrease the active area for photo-
catalytic degradation of organic compounds. This result indicates
that 160 �C is the optimal reaction temperature for the formation of
vertically aligned Bi2S3 platelets.

It is generally accepted that Tu can coordinatewithmetal ions to
form metal-Tu complex, preventing the existence of large free
metal ions and sulphur ions, and thus is favourable for the oriented
growth of final product. Based on the structure and morphology
prepared at different conditions, a possible formation mechanism
of vertically aligned Bi2S3 platelets is proposed.

The growth rate of nuclei was slower because of the decom-
position rate of the BieTu complex ions. At the beginning of reac-
tion, heterogeneous nucleation was much more preferential than



Fig. 4. SEM images of the products prepared at different temperatures: (a) and (b) 120 �C, (c) and (d) 190 �C.
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the homogeneous nucleation due to the lower interfacial energy
between substrate and solution, which resulted in the aggregation
of nanoparticles on the FTO substrate [29]. With the consuming of
the reactants, the process of the crystal growth continued and a
layer of regimental petals composed of little nanosheets adhered to
the substrate. Crystalline Bi2S3 belongs to the intrinsically aniso-
tropic orthorhombic phase, and the crystal growth tends to obtain a
match between the symmetry of the crystals and uniaxial geometry
of one-dimensional species [31,32], which leads to the formation of
little nanosheets. With the reaction time increasing, the building
units of the precipitate on the substrate could grow larger into
slices, which began to combine together and form vertically aligned
Bi2S3 platelets.

The as-prepared vertically aligned Bi2S3 platelets have been
tested for the applicability in photodegradating MB. Fig. 5a shows
the absorption spectra of aqueous solution of MB in the presence
vertically aligned Bi2S3 platelets irradiated by a UV lamp at different
period of time. The intensity of the absorption peak corresponding
to theMBmolecules gradually decreases with the prolonging of the
exposure time, and disappears completely at 240 min. To investi-
gate the photocatalytic activity of vertically aligned Bi2S3 platelets,
another two experiments were carried out: (i) Bi2S3 rods with the
same area; (ii) adsorption experiments in darkness to examine
whether the physisorption/chemisorption of vertically aligned
Bi2S3 platelets plays important role on the fast decrease of the MB
concentration. It could be observed that the absorption peak of the
MB molecules still exists after 240 min exposure time for the Bi2S3
rods (Fig. 5b). For the adsorption experiments in darkness, very
little MB is degraded. Because after being stirring in darkness for
240min, the absorption peak corresponding to theMBmolecules is
still very strong (Fig. 5c).

The variations of MB concentration (C/C0) with irradiation time
are shown in Fig. 5d. It is found that the adsorption of MB was
negligible without UV irradiation (less than 5% within 240 min).
The addition of catalyst irradiated by the UV lamp leads to obvious
degradation of MB. The comparative results shown in Fig. 5d also
demonstrate that the degradation rate of MB for the vertically
aligned Bi2S3 platelets [curve (1)] is higher than that for Bi2S3 rods
[curve (2)]. A degradation ratio of 56% was obtained for the verti-
cally aligned Bi2S3 platelets at 120 min and about 99% of the dye
was degraded at 240 min. For the Bi2S3 rods, 42% MB was degraded
after 120 min and 62% after 240 min. The photocatalytic activity of
vertically aligned Bi2S3 platelets is also higher than that of Bi2S3
nanorods reported byWu et al. For MB only about 40% degradation
efficiency could be obtained at 120min and less than 80% of the dye
was degraded even after 240 min [17].

The reusabitlity and durability of the photocatalytic activity of
the vertically aligned Bi2S3 platelets were also studied by reuse of
the catalysts under the UV light irradiation, as shown in Fig. 6. After
ten cycles of photodegradation process of MB, the loss of activity is
not significant. It means the 2D nanostructure is very stable during
the photocatalytic process.

Base on the traditional photocatalytic theory, the decomposition
of the dye is believed to be initiated by the radicals of �OH and O$

2�.
It is very important to avoid the recombination of the electron and
hole for the continuous formation of �OH and O$

2�. Due to the small
size of platelet, the photoinduced electronehole pairs will diffuse
to its surface rapidly and the recombination chance of electro-
nehole pairs inside the material will be largely reduced. More
photogenerated electrons and holes can be used in photocatalytic
reactions and MB can be degraded more rapidly. In addition, the
larger specific surface area of vertically aligned Bi2S3 platelets is
also beneficial to its excellent photocatalytic performance. Larger
specific surface area will provide more active sites for the degra-
dation reaction of organic compounds and effectively improve the
separation efficiency of electronehole pairs.
4. Conclusions

Vertically aligned Bi2S3 platelets on FTO substrate have been
synthesized via simple hydrothermal process. It is found that the
reaction time and temperature play key roles in driving the



Fig. 5. Adsorption spectra of MB solutions in the presence of (a) vertically aligned Bi2S3 platelets, (b) Bi2S3 rods and (c) without UV irradiation, (d) photodegradation efficiency of MB
in the presence of curve (1) vertically aligned Bi2S3 platelets, curve (2) Bi2S3 rods, curve (3) without UV irradiation.

Fig. 6. Ten cycles of the photocatalytic reduction of MB using vertically aligned Bi2S3
platelets as the photocatalyst under UV irradiation for 240 min (4 h).
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nucleation and the growth of vertically aligned Bi2S3 platelets. The
Bi2S3 platelets exhibit excellent photocatalytic activity for degra-
dation of MB under UV irradiation. It shows that Bi2S3
nanostructures have potential applications in the photocatalytic
degradation of organic pollutants. The growth of Bi2S3 platelets on
the substrate facilitates heterogeneous photocatalysis, which may
be extended to the other catalysts.
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