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 Bismuth sulfide (Bi2S3) nanostructures with various morphologies, 

including nanowires, nanorods and nanoflowers, have been successfully 

fabricated via a facile hydrothermal method. The results show that the 

sulfur source plays a crucial role in determining the product 

morphology. Photocatalysis experiments show Bi2S3 nanowires exhibit 

the highest photocatalytic reduction of Cr(VI) when exposed to visible 

light irradiation. 
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Introduction  

As an important A2B3 metal chalcogenide 

semiconductor with a narrow band gap of 1.3-1.7 eV [1-

2], bismuth sulfide (Bi2S3) nanostructures have attracted 

the attention of many scientists around the world 

because they have potential wide-ranging applications, 

including photocatalytic [3], thermoelectric [4], gas 

sensor [5], etc... Among them, one-dimensional (1D) 

nanostructures are very attractive due to their unique 

optical, electrical, catalytic and magnetic properties, 

etc. [6-7]. The synthesis of the semiconductor 

nanostructures with the controlled size, shape, and 

morphology is very important from both basic and 

applied research point of view. 

With the advantages of high shape ratio, enhanced 

light scattering and absorption, fast transport of free 

electrons along their length and efficient use of 

electron-hole pairs, the one-dimensional 

nanostructures exhibited a superior photocatalytic 

efficiency to others. Therefore, the one-dimensional 

Bi2S3 materials are expected to be applied for 

environmental treatment. 

As industry developed, wastewater from industrial 

factories was considered the main source of water 

pollution [8-9]. Hexavalent chromium - (VI) is an 

extremely toxic heavy metal ion that affects the human 

body and even the ecosystem because of a high ability 

to cause cancer and high mutation [10]. Therefore, the 

removal of Cr(VI) from wastewater is an urgent matter 

in environmental treatment. Some works have been 

carried out to deal with Cr(VI)-containing effluents, 

including chemical precipitation, ion exchange, 

adsorption... [11]. Among all of these methods, 

photocatalytic reduction of toxic Cr(VI) to less 

poisonous Cr(III) is one of the most attractive methods 

due to its cost-effective and efficient [12]. Cr(VI) - 

adsorption and conversion are an effective and 

expected direction in wastewater treatment 

technology. Bi2S3 nanostructures have both adsorption 
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capacity and photocatalytic reduction of Cr(VI)  under 

visible light irradiation, so they are promising in 

wastewater treatment applications. In this work, we 

present some nano/micro Bi2S3 structures synthesized 

by a simple hydrothermal method. The results showed 

that the crystal structure and morphology of the Bi2S3 

nanostructures depend on the original sulfur source. 

The photo-reduction experiments of Cr(VI) under 

visible light irradiation also show the high potential of 

nano/micro Bi2S3 structures in polluted wastewater  

treatment. 

Experimental 

Synthesis of Bi2S3 nano/micro-structures: 

All the chemical reagents are analytical reagents 

including: bismuth nitrate pentahydrate 

(Bi(NO3)3·5H2O), thioglycolic acid (HSCH2COOH), 

thiourea ((NH2)2CS), thioacetamide (CH3CSNH2), and 

ethanol. 

In a typical synthesis procedure for obtaining sample 

M1: 0,0005 mol bismuth nitrate was dissolved in 50 mL 

distilled water under magnetic stirring. A white 

precipitate appeared immediately. After stirring for 

about 10 minutes, 0,0015 mol thioglycolic acid was 

added to the above solution. After stirring for 30 

minutes, the yellow transparent solution was 

transferred into a Teflon-lined stainless steel autoclave, 

sealed and heated at 180oC for 16 h. After the reaction 

was completed, the autoclave was cooled to room 

temperature naturally. The black precipitates were 

centrifuged, washed several times with distilled water 

and ethanol and then dried at 60oC for 8 h in air.   

Similar experiments were performed but with different 

sulfur sources - thioglycolic acid, thioacetamide, 

thiourea, and obtained samples were denoted as M1, 

M2, M3, respectively. 

The crystalline structures of the products were 

analyzed by a powder X-ray diffractometer (XRD, 

Siemens D5005). The morphologies of the obtained 

sample were characterized by field-emission scanning 

electron microscopy (FESEM, Hitachi S4800). 

The specific surface area of the products were 

estimated using the Brunauer–Emmett–Teller (BET) 

equation based on the nitrogen adsorption isotherm 

(77 K) by using an Autochem II 2920 (Micromeritics). 

The photocatalytic activities of the as-prepared Bi2S3 

nanostructures were evaluated by photocatalytic 

reduction of Cr(VI) under visible-light irradiation of a 

300 W halogen lamp (Philips) at 20 cm of distance 

from the surface of the solution to the bulb. In a typical 

procedure, 50 mg of Bi2S3 photocatalysts were 

dispersed into 50 mL of K2Cr2O7 solutions (40 mg/L). 

The suspensions were stirred for 1 h in the dark to 

ensure the adsorption-desorption equilibrium before 

exposed to visible-light irradiation. The solution was 

then shined under magnetic stirring, ensuring that the 

catalyst was evenly dispersed in the K2Cr2O7 solution. 

At each given irradiation time interval, 3 mL of the 

suspension was collected and centrifuged to remove 

the photocatalyst, then analyzed by recording UV-vis 

spectra (Shimazu 2600) used diphenylcarbazide as 

indicator [13]. Based on the decrease of the  absorption 

maximum (I) at 540 nm, the remaining amount of 

Cr(VI) (X%) was determined from the expression: X% = 

(C/C0) x 100% = (I/I0) x 100%, in which C0 and C are 

initial concentration of Cr(VI) and the concentration at 

reaction time t, respectively; I0 and I are the absorption 

maximum at 540 nm of the solution at the beginning 

and after illumination. To evaluate the reusability of the 

catalyst, after each photocatalytic test cycle, we 

collected Bi2S3 samples, washed many times with 

diluted HCl solution, distilled water and ethanol, and 

finally dried at 60oC for 8 h in air. Then the Bi2S3 

samples were reused in the next experimental cycle.  

Results and discussion  

Crystalline structure analyse  

 

Figure 1: XRD patterns of Bi2S3 samples synthesized 

with different sulfur sources. 

The XRD patterns of Bi2S3 samples synthesized with 

different sulfur sources were shown in Fig. 1. All of the 

diffraction peaks at 15.7o, 17.7o, 22.4o, 24.8o, 25.1o, 

28.7o, 31.6o, 46.4o, và 52.6o… can be well indexed to the 

lattice planes (020), (120), (220), (130), (310), (021), (221), 
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(002), and (351)... of the standard profile of 

orthorhombic phase Bi2S3 structure (JCPDS No. 17-

0320), respectively [14]. No peaks due to impurity or 

other phases are detected, implying that the final 

products are of pure phase. However, sample M1 with 

the highest intensity of diffraction peak at 25.1o 

compared with the remaining peaks, suggest the 

preferred orientation in the (310) plane. 

Morphology  properties of the samples 

 

Figure 2: FESEM images for Bi2S3 samples synthesized 

with different sulfur sources. 

FESEM images of Bi2S3 samples synthesized with 

different sulfur sources are shown in Fig 2. The results 

clearly demonstrated that the morphology of the 

obtained Bi2S3 material depends on the sulfur source 

used initially.  

When thioglycolic acid is used, Bi2S3 nanowires (M1) are 

obtained with lengths about several micrometers and 

widths ranging from 70 to 100 nm. Meanwhile, Bi2S3 

short nanorods with lenghs of 100-200 nm, widths of 

30-50 nm are formed in sample M2 prepared with 

thioacetamide.  

And when the sulfur source is thiourea, the obtained 

M3 sample possessed a hierarchical structure in which, 

every hierarchical unit is actually  a flowerlike assembly 

of several nanoparticles and nanoplates, whose size 

about 3-4 m. This result shows that the nature of the 

sulfur source plays an important role in controlling the 

morphology of Bi2S3 nano/micro materials. 

Proposed formation mechanisms for the Bi2S3 

nano/micro structures are as follow: 

When using thioglycolic acid, the obtained product is 

Bi2S3 long nanowires. Here, thioglycolic acid as the role 

of a complexing agent, controls the nucleation and 

growth of Bi2S3 nanowires. The reactions related to the 

Bi2S3 nanowire formation can be expressed as follows: 

Bi(NO3)3 + H2O ↔ BiONO3 + 2HNO3 (1) 

2BiONO3 + 3S2– + 2H2O ↔ Bi2S3+ 4OH– + 2NO3
– (2) 

mBi2S3 + kHSCH2COOH + kBi3+ ↔ 

(Bi2S3)m(BiSCH2COOH)k2+ + kH+ 

(3) 

(Bi2S3)m(BiSCH2COOH)k2+ ↔(Bi2S3)m(Bi3+)k + 

kSCH2COOH– 

(4) 

(Bi2S3)m(Bi3+)k +lS2– ↔ (Bi2S3)n (nanowires) (5) 

The reaction (1) shows the hydrolysis of bismuth nitrate 

Bi(NO3)3, which leads to a white precipitate of BiONO3. 

Since Bi2S3 has a much smaller solubility product than 

BiONO3, when S2- ions are introduced, Bi2S3 

precipitates will be formed as the reaction (2). They are 

the seeds to form Bi2S3 nanowire in the next 

hydrothermal process. 

Since Bi2S3 has a typical lamellar structure with strong 

chemical bonds along the c-axis and weak van der 

Waals bonds between layers, this leads to a tendency 

of preferential growth along the c-axis [15]. Therefore, 

it can be understood that the formation of Bi2S3 

nanowires in the conventional hydrothermal process 

includes reactions (1) and (2). According to reported 

paper [16], reactions (3) - (5) are proposed. 

The formation of (Bi2S3)m (BiSCH2COOH)k2+complex 

clusters through reaction (3) reduces free Bi2S3 seeds 

in solution. Reactions (4) and (5) take place during the 

hydrothermal process. Thus, thioglycolic acid acts as a 
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"soft template" for the growth of Bi2S3 nanowires 

(sample M1 - Figure 2). 

In an aqueous solution, acetamide hydrolyzes to yield 

S2- ions (reaction (6)). When it is added into the 

bismuth nitrate solution, an amorphous precipitate is 

formed (similar to reactions (1) and (2)). With the 

increasing of hydrothermal temperature, the 

amorphous precipitates turns into Bi2S3 crystal seeds in 

the reaction system. In the hydrothermal process, Bi2S3 

seeds grow along the favorable direction (ie, the 

direction of the c-axis) to form Bi2S3 nanorods (reaction 

(7)) (sample M2 - Figure 2). 

The chemical reactions that occur during the synthesis 

process are (1), (2) and: 

CH3CSNH2 + H2O→CH3CONH2 + 2H++ S2- (6) 

nBi2S3 → (Bi2S3)n (nanorods) (7) 

When thiourea (NH2)2CS is used, due to thiourea can 

form a Bi-thiourea complex, prevent uncontrollable 

formation of Bi2S3 (because Bi2S3 has a much smaller 

solubility product than BiONO3, when S2- ions are 

introduced, Bi2S3 precipitation occurred, as described 

in reaction (7)). The whole forming mechanism is 

represented by the following reactions: 

Bi3+ + n(NH2)2CS ↔ [Bi((NH2)2CS)n]3+ (8) 

(NH2)2CS + 2H2O ↔ 2NH3 + CO2 + 2H+ + S2- (9) 

nBi2S3 ↔ (Bi2S3)n (hierarchical structures) (10) 

Before the hydrothermal process, the dissociation of 

S2- ion from thiourea is significantly slow, so the 

formation of Bi2S3 complex seeds is quite limited. After 

that, the hydrothermal process is started, the 

dissociation of S2- ions is enhanced at high 

temperature and high pressure resulting in the 

formation of many Bi2S3 crystal seeds. Because of 

being formed at a high rate, it is inevitable that the 

Bi2S3 crystal seeds agglomerate somewhere, formed 

Bi2S3 hierarchical structure as shown in Figure 2 

(sample M3). 

The results of the Cr(VI) photocatalytic reduction 

experiments under visible light irradiation  

The catalytic performances of the samples were 

estimated through photocatalytic reduction of Cr(VI) to 

Cr(III) under visible light irradiation. Figure 3 reveals the 

results of the photocatalytic test under the visible light 

irradiation of 3 Bi2S3 samples. 

The blank test (without photocatalyst) showed too 

small photolysis under 90 min’s visible light exposure, 

indicating that Cr(VI) solution was quite stable under 

visible light irradiation  

All of three Bi2S3 samples had adsorption phenomena. 

After 60 minutes of stirring in the dark, 33% Cr(VI) has 

been adsorbed onto Bi2S3 wires (M1), while the rod 

sample, this amount was 21.4% and the hierarchical 

structure, 15.9%. After irradiation for 90 minutes, nearly 

95% of Cr(VI) is photocatalytically reduced by Bi2S3 

nanowires (M1), whereas the other sample as nanorods 

(M2) and hierarchical structures (M3) exhibit lower 

activities with a removal rate of about 62 and 48%, 

respectively. It means the remaining amounts of Cr(VI) 

in the solution were 5, 38 and 52% corresponding to 

M1, M2 and M3 samples. 

 

Figure 3: The results of the Cr(VI) photocatalytic 

reduction experiments under visible light irradiation: 
(a): UV-visible absorption spectra for photocatalytic 

reduction of 40 mg/L Cr(VI) using Bi2S3 (M3 sample); 

(b): Photocatalytic reduction of Cr(VI) under visible light 

irradiation with Bi2S3 samples; 

(c): Remaining amount of Cr(VI) (%) under visible light 

irradiation within 90 min at reusability experiments of 

the regenerated Bi2S3 photocatalysts. 

This result shows that Bi2S3 in form of long wire has the 

highest photocatalytic efficiency among the three 

samples. The photocatalytic properties are related to 

the surface area of the catalyst. The BET surface areas 
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of three Bi2S3 samples (M1, M2, M3) are 15.6, 6.9 and 4.3 

m2/g, respectively. Therefore, the enhanced photocatalytic 

activity may be related to the uniqueness of the ultra-long 

Bi2S3 wire structure, resulting in larger porosity and larger 

surface area than the rest of the samples. Furthermore, 

nanowires exhibit a very high respect ratio, enhance light 

scattering and absorption, rapid transport of free electron 

along the long axis and efficient electron-hole utilization [17]. 

The stability of the photocatalyst is one of the key factors to 

limit the application of photocatalytic technology. The 

reusability of Bi2S3 samples has also been studied by 

collecting and reusing the same photocatalyst after 5 cycles 

(Figure 3c). 

After the photocatalytic reduction of Cr(VI), formed Cr(OH)3 

would be deposited on the surface of the Bi2S3 materials, 

which occupied photocatalytic sites, resulting in a decrease in 

photocatalytic activity when it has been reused. To overcome 

this, we washed the sample several times with diluted HCl 

solution (0.5 M), distilled water, ethanol and then, dried at 

60oC for 8 h in air.  After refreshing the material’s surface, 

continuing the other test. Figure 3c shows that there is an 

insignificant change in the photocatalytic activity, the results 

relatively repeated after each cycle. This shows that Bi2S3 

material has optical stability and long-term usability. 

A mechanism can be proposed based on the optical 

characteristics of the Bi2S3 photocatalyst. With an optical 

band gap of 1,3-1,7 eV, Bi2S3 [1] absorbs easily visible light to 

generate an electron-hole pair: electrons in the valence band 

are excited to the conduction band, while created holes in 

the valence band (equation (11)). Photogenerated electrons 

and holes migrate to the surface’s material to participate in 

redox reactions. Reaction of photogenerated electrons with 

surface adsorbed chromate on the photocatalyst surface 

leads to the formation of Cr(III) (equation (12)) and 

photogenerated holes oxidize to oxygen as equation (13):  

Bi2S3 + h → hVB
+

 + eCB
- (11) 

Cr2O7
2- + 14H+ + 6e- → 2Cr3+ + 7 H2O (12) 

2H2O + 4 hVB
+ → O2 + 4H+ (13) 

Conclusion 

By using a simple hydrothermal method, we have fabricated 

Bi2S3 nano/micro structures in form of wires, rods and 

hierarchical flower. Experimental results also indicate that 

sulfure source plays important role in determining the 

morphologies of Bi2S3 products.  

Bi2S3 nano/micro samples were tested in photo-catalytic 

reduction of Cr(VI) under visible light irradiation. The results 

showed that the Bi2S3 nanowires have the best photocatalytic 

activity. These nanowires show optical stability and long-term 

usability. 

With these initial results, we will develop further ideas on Bi2S3 

nanostructures to apply them in the field of photocatalysis 

for environmental treatment. 
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