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Abstract: Bismuth vanadate (BiVO,) is a good candidate photocatalyst material with good activity under
visible light exposure. The photodecomposition performance of BiVO, could be enhanced by combining it
with compatible tin sulfide (SnS,). In this work, the synthesis of SnS,/BiVO4 nanocomposite was carried out by
sonochemical process at room temperature with varying concentration ratios of SnS,:BiVO, (0.05:1, 0.10:1,
0.15:1, 0.50:1 and 1:1). The crystallinity and morphological features of as-synthesized powders demonstrate the
majority of BiVO, monoclinic phase accompanying minority of SnS, rhombohedral phase. FE-SEM micrograph
shows the irregular shape with various particle sizes. The optical band gap of the composite inquired by
Kubellka-Munk calculation is about 2.6 eV. The photocatalytic performance of as-synthesized nanocomposite
was evaluated by means of decomposition of organic dye under visible light irradiation. The 0.05:1 ratio of the
SnS,/BiVO,4 sample exhibits superior photocatalytic activity with 60% decomposition of Rhodamine-B organic
dye within 120 minutes.
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1. Introduction

Recently, environmental pollution, including heavy metal toxicity, wastewater, and organic compounds from
industry has become a greatly critical issue to be effectively solved. There are number of practical treatment processes
for curing highly toxic waste to be less or non-toxic, for example, porous carbon as an absorber or photocatalytic
material for larger organic molecules decomposition. Metal oxide semiconductor photocatalyst materials, including
titanium dioxide (TiOy), zinc oxide (ZnO), and bismuth vanadate (BiVO,) based materials, have exhibited good
photocatalytic performance under UV and visible light irradiation [1,2]. Among them, BiVO, becomes a promising
candidate due to considerably high photocatalytic activity under visible light exposure. Furthermore, the development
of functional materials in the form of heterojunction between two or more different materials is an interesting issue
due to the significant enhancement of free carrier transport and photogenerated electron-hole separation leading to
amelioration in photocatalytic activity [3,4]. SnS, material is one of the potential candidate semiconductors for
incorporation with BiVO, because of its narrow band gap energy of 2.4 eV and good ability to generate free radicals
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for organic compound decomposition [5,6]. Generally, BiVO4 and other metal oxide semiconductor materials can be
synthesized via various methods such as the co-precipitation method, solid state reaction, and hydrothermal and
sonochemical processes. Among these processes, sonochemical processes have significant advantages, including
noncomplex, rapid reaction, and needless thermal treatment [7-9].

This article represents sonochemical synthesis of SnS,/BiVO, nanocomposite with various SnS, loading
compositions in BiVO, that can be utilized as visible-light-driven photocatalytic material. Structural, morphological,
optical, and photocatalytic properties of the prepared composites are extensively investigated.

2. Methodology

2.1 Materials

Bismuth nitrate pentahydrate (Bi(NOs);-5H,0, 98% purity) from KemAus chemical company while
ammonium metavanadate (NH4VOs, 99.5% purity) analytical grade from Ajax Finechem were used for bismuth (Bi)
and vanadium (V) starting material, respectively. For tin (Sn) and sulfur (S), tin(IV)chloride pentahydrate (SnCl,-5H,0,
> 98% purity) and thioacetamide chemical reagents purchased from Sigma Aldrich were used, respectively.

2.2 Methods
Preparation of BiVO,

BiVO, nanoparticles were synthesized through a single-step sonochemical process without subsequent
thermal treatment. Initially, Bi(NOs)3-5H,O and NH,VOs, with a stoichiometric mole ratio of 1:1, were separately
dissolved in deionized (DI) water and continuously stirred for 10 minutes at room temperature. Subsequently, the
solutions of Bi and V precursors were combined, and the pH was adjusted to 7 with ammonia solution until a yellow
solution was achieved. The resulting mixed solution was then transferred to a sonochemical flask reactor, where the
process was conducted under 750 W ultrasonic irradiation operating at 20 kHz for 30 minutes at room temperature,
resulting in the formation of a yellowish suspension. The precipitated product was thoroughly washed with deionized
water multiple times until reaching a neutral pH to eliminate any undesirable components. Subsequently, the
precipitate was dried overnight, resulting in the formation of a dark yellow powder.

Preparation of SnS,/BiVO, nanocompaosite

The SnS,/BiVO, nanocomposites were synthesized using a procedure analogous to that employed for
BiVO, nanoparticles as following previous work [10]. Specifically, SnCl4-5H,0 was dissolved in a solution of deionized
(DIy water and hydrochloric acid (HCl). In contrast, the sulfur precursor, thioacetamide, was dissolved in DI water at 50
°C under continuous stirring until a clear solution was obtained. Subsequently, the two starting solutions were
combined, and the as-prepared BiVO, powder was introduced into the mixture with designated SnS,/BiVO, ratios of
0.05:1, 0.10:1, 0.15:1, 0.50:1, and 1:1. The resulting suspension was stirred for an additional 10 minutes. Ultrasonic
irradiation (750 W, 20 kHz) was then applied to the sonochemical flask chamber containing the mixed solution for 30
minutes to achieve a yellowish/brownish suspension. The resulting composites, featuring varying SnS, loading
contents, were washed with DI water and dried at 100 °C to obtain the nanocomposite specimens. The samples were
labeled based on the SnS,:BiVO, ratio, signifying the composition of SnS, loading in the composite.

Materials characterization

The crystalline structure of all specimens was examined using the X-ray diffraction (XRD) technique with a
CuKa X-ray source and a Rigaku SmartLab model. Chemical bonding in the as-synthesized samples was analyzed
using a Raman spectrometer (Thermo Scientific, DXR SmartRaman model). Optical properties were assessed through
diffuse reflectance spectroscopy (DRS) using a HITACHI spectrophotometer UH1450 model, with the optical band gap
calculated using the Kubelka-Munk equation. Surface characteristics were observed using field emission scanning
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electron microscopy (FESEM) JSM-7001F model, and the morphology and chemical composition were further analyzed
using an energy dispersive X-ray spectrometer (EDX) Oxford, INCA PentaFETx3 model. Additionally, the specific surface
area was determined through the Brunauer-Emmett-Teller method (BET) using the Quantachrome Autosorb iQ-C-XR-
XR-XR model.

Photocatalytic testing

The photocatalytic efficiency of the composite was assessed by photodegrading Rhodamine B (RhB), an
organic dye considered representative of organic pollution, under visible light exposure. A quantity of 0.1 g of the
photocatalyst was introduced into a 50 ml solution containing 10 uM of RhB. The mixture was stirred in the absence
of light (stored in a dark reactor) for 30 minutes to establish equilibrium in terms of absorption/desorption on the
photocatalyst surface. Subsequently, visible light generated by a cool daylight LED strip was directed onto the reactor
while constant stirring was maintained. Every 10 minutes, 10 mL of the solution was withdrawn and centrifuged to
separate the precipitate from the solution, facilitating the analysis of the remaining RhB in the solution. The
photodegradation rate of RhB by the prepared photocatalyst was determined using the equation: Degradation rate =
A/A; where A represents the absorption intensity of RhB at any given time, and A, denotes the absorption intensity of
RhB at the initiation of the reaction.

3. Results and discussion

Crystalline structure

The diffractograms of all specimens are shown in Figure 1. The X-ray diffraction (XRD) results reveal the
predominant diffraction pattern of the BiVO, monoclinic phase, evident at 28 values of 18.9°, 28.9°, 29.4°, 34.9°, 42.6°,
47.0°, 50.2°, 53.3°, 58.4°, and 59.5° (JCPDS No. 01-083-1699). Conversely, the as-prepared SnS, exhibits diffraction
broad peaks at 26 = 25.9° and 33.5°, corresponding to the SnS orthorhombic phase JCPDS No. 00-053-0526) and
the SnS, hexagonal phase (JCPDS No. 01-089-2358), respectively. During the sonochemical process, the possible
chemical reactions for forming BiVO,4 and SnS; could be explained following Equations 1-3 and 4-7, respectively [11,12].
For the composite sample, the diffraction pattern of the BiVO, monoclinic phase can be observed as the main phase.
As the SnS; loading content in the composite was increased up to 15%, the XRD still remained in the pure monoclinic
phase. Thereafter the appearance of secondary phase of BiVO, tetragonal phase located at 20 = 24.4° and 32.6° could
be observed. This feature suggests that the higher loading content of SnS, could induce the phase transformation of
BiVO,. Based on the XRD results, it is evident that the nanocomposite, formed through a sonochemical process,
comprises coexisting phases of BiVO, and SnS..

Bi(NOs); + H,O - BiONO3 + 2HNO; M
NH4VO; + H,O - HVO, + NH,OH 2
BIONOs; + HVO, - BiVO, + HNO3 (3)
SnCl, + 5H,0 - SnO, + 4HCl + 3H,0 (4)
SnO, + 4HCI - Sn** + 4ClI- + 2H,0 (5)
CH3(C=S)NH, + H,0O - CH3(C=0O)NH, +H,S (6)
2H,S + Sn** - SnS; + 4H* (7)
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Figure1  X-ray spectra of nanocomposite with different composition ratios of SnS, and BiVO.,.

Chemical bonding

The chemical bondings of the SnS,/BiVO, composite were determined by the Raman scattering technique
(Figure 2). The as-prepared SnS, powder exhibits the vibration peaks at Raman-shift of 311 cm™ relating to the Aig
vibration mode of SnS; [13,14] and the broad peak at 553 cm™. The bare BiVO, and all composite samples with different
compositions express the same feature of Raman-shift located at 812 cm™ correlating to the V-O symmetric stretching
mode and peak positions at 368 cm™ and 327 cm™, indicating a coexistence of symmetric and asymmetric bending
modes of VO,* tetrahedral group. The deformation and overlapping of these two peaks of the VO,* bending mode
with decreasing intensity could be due to the different formation and shapes of particles that can be observed in the
FESEM photograph (Figure 4). Other couple peaks positioned at 197 cm™ and 115 cm™ are ascribed to typical external
modes of BiVO, monoclinic crystal [15,16].

Optical property

The diffuse reflectance spectrum of the bare BiVO, sample in Figure 3(a) shows the prominent absorption
edge at 450 nm. In comparison, the as-prepared SnS, powder exhibits the lowering reflection spectra covering the
broad visible wavelength region of 450-600 nm, reflecting higher absorptivity in this wavelength region. For
SnS,/BiVO,4 nanocomposite specimen with SnS;:BiVO, ratios of 0.05:1 - 0.15:1, a similar absorption edge to bare BiVO,
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sample is noticed due to the dominant absorption of BiVO, matrix material. As the component of the SnS,:BiVO, ratio
increases to reach 0.5:1 and 11, the absorption edge of the sample exhibits a slight redshift to 475 nm, as observed in
Figure 3(a). The optical band gaps of all samples were calculated via the Kubelka-Munk equation as following

(1-R)?

F®) = —51

where R referring the reflectance value, and the corresponding results are depicted in Figure 3(b). The calculated
optical band gap of as-prepared BiVO, and SnS, powder are approximately 2.55 eV and 2.34 eV, respectively. The
small loading of SnS; (0.05-0.15) in composite samples exhibited a slight shift in the optical band gap, approximately
2.55 eV. On the other hand, higher SnS; content (0.5-1.0) revealed a redshift towards a smaller band gap, approximately
2.5 eV. However, band gaps of the composites are determined to be approximately 2.5 eV, positioned between the
individual band gaps of the two materials. This observation signifies a modification in the band gap of the BiVO4 matrix
due to the incorporation of SnS,. Furthermore, the composite structure with SnS, indicates an enhancement in visible
light absorption for BiVO,, suggesting its suitability as a visible light-driven photocatalyst bridging the properties of
these two materials [17].
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Figure 2 Raman spectra of as-prepared SnS,, bare BiVO, and x-SnS,/BiVO, composites.
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Figure 3  (a) Diffuse reflectance spectra of as-prepared SnS,, BiVO, and SnS,/BiVO, composite sample and (b)

optical band gap of all specimens calculated by using Kubelka-Munk equation.
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Morphology

Figure 4(a-b), (c-d), (e-f), and (g-h) illustrate the lowly and highly magnified FE-SEM images of bare BiVO,,
0.05:1, 0.10:1 SnS,:BiVO, samples and as-prepared SnS,, respectively. The appearance of bare BiVOy, is found in a small
particle feature with an irregular shape with a particle size of 70-80 nm, as shown in Figure 4(a-b). For the sample with
a 0.05:1 ratio of SnS;:BiVO,, the particles with various sizes and shapes are formed and agglomerated to become a big
cluster of 0.5-1 pm. Further increasing SnS; content in the composite to a ratio of 0.10:1, its morphology, as shown in
Figure 4(e-f) reveals the greater aggregation of tiny particles surrounding the large flake-like structure. Otherwise, the
FE-SEM micrograph of pristine SnS, (Figure 4(g-h)) demonstrates the larger crystal with observable fracture. The cluster
of particles surrounding the large crystal, as shown in the sample with a ratio of 0.05:1and 0.10:1, indicates the formation
of small BiVO, particles firmly adhered to the SnS; crystal surface, suggesting the possible formation of heterojunction
between two materials in the form of composite. The chemical elements present in the composite sample were
analyzed using EDX, as illustrated in Figure 4(i). The EDX spectrum of the 0.05:1 SnS,/BiVO, sample confirmed the
presence of various chemical elements in the composite, including Bi, V, O, Sn, and S components. This analysis
confirms the formation of a heterojunction between SnS, and BiVO, in the samples. The junction could enhance the
photogenerated electron and hole during illumination and retard the recombination of electron-hole due to the
difference of conduction and valence band levels as proposed in the schematic energy band diagram (Figure 5) of
hetero-photocatalyst material including SnS,/BiVO, nanocomposite [18].
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Figure 4  FESEM micrograph of (a,b) bare BiVO,, (c,d) 0.05:1, (e,f) 0.10:1, (g,h) as-prepared SnS, samples and (i) EDX
spectrum of 0.05:1 composite sample.
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Figure 5 Photocatalytic activity of all nanocomposite photocatalysts under visible light irradiation in terms of A/A;
and irradiation time.

Photocatalytic performance

The photocatalytic activities of the prepared samples were evaluated by the decomposition of Rhodamine B
(RhB), an organic dye that acts as organic pollution under visible light exposure. The photocatalytic decomposition
graph in terms of A/A; versus irradiation time is shown in Figure 5. After irradiation with visible light for 120 minutes,
pure BiVO, exhibits a 40% decreasing dye concentration. While pure SnS, demonstrated an almost 70% reduction in
concentration after stirring in dark conditions, complete dye decomposition was achieved within 120 minutes of
irradiation. This remarkable performance in absorption capability on the catalyst surface is evident from the 70%
reduction in RhB concentration without any light irradiation, attributed to the highest specific surface area of the bare
SnS; sample, as illustrated in Table 1. The surface absorption on the SnS, sample resulted in a significant reduction in
RhB dye concentration, leading to the complete degradation of RhB after 120 minutes of light exposure. The decrease
in concentration, correlated with the dose ratio of catalyst and organic compound, is identified as a crucial parameter
influencing photocatalytic performance [19].

The decrease in dye concentration under dark conditions is due to the excellent physical adsorption behavior
of SnS, material, which can be interpreted by the high specific surface area of the as-prepared SnS, photocatalyst of
approximately 170 m?/g, as shown in Table 1. Meanwhile, the BET surface area of bare BiVO, is about 40 m?/g, resulting
in smaller dye adsorption under dark conditions. The photodecomposition of the SnS,:BiVO, sample with a ratio of
0.05:1 indicates increasing photocatalytic activity of almost 70% degradation of RhB dye after 120 minutes under visible
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light exposure even its low specific surface area of 38 m?/g. The further increase in SnS, content to the ratio of 0.1:1
exhibits inferior catalytic performance of approximately 40% in dye degradation.

Table 1 Specific surface area measurement by N, absorption-desorption technique

Samples Specific surface area (m?%/g)

pure BiVO, 40
0.05:1 SnS;,:BiVO, 38
0.10:1 SnS,:BiVO, 35
0.15:1 SnS,:BiVO, 37
0.50:1 SnS;,:BiVO, 44
11 SnS,:BiVO, 75
as prepared SnS; 170

Moreover, further increasing SnS, content beyond this content (0.5:1 - 1:1) results in excellent dye adsorption
of SnS, instead of decomposition. From the results, incorporating SnS; into BiVO, matrix with certain loading content
can significantly enhance photocatalytic performance of the BiVO, and SnS, content plays a significant role in the
photocatalytic activity and surface absorption behavior. With small SnS; loading, well-defined heterojunctions between
SnS, and BiVO, can be formed, as proposed in Figure 6, accompanying the high surface area of the composite. This
formation could effectively inhibit the recombination of electron-holes generated during light illumination [20,21].
Under illumination, BiVOy is responsible for generating holes that can be directly transported to the valence band of
SnS,, where the hydroxyl radical (*OH-) can be produced by reacting with water molecules. Whist, the excited electron
on the conduction band of SnS, could migrate to the conduction band of BiVO,. At this stage, the electron and hole
are well separated so that the electron has enough time to react with O, to generate O, radicals for dye decomposition.
[22-25]. However, overloading of SnS; could lead to the dominance of dye absorption rather than photodegradation.

V vs NHE (eV)

b

= T " 02/+02(-0.33)

*OH/H20 (2.72)

Figure 6  Schematic energy band diagram structure of SnS,/BiVO, nanocomposite.
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4. Conclusion

The effort of this article is made to synthesize SnS,/BiVO, nanocomposite material via a facile sonochemical
process with different SnS, loading content to enhance the photocatalytic performance of BiVO,4 under visible light
illumination. The crystalline structures of all specimens exhibit the major BiVO, monoclinic phase and the SnS;
hexagonal phase. It is found that different SnS, loading content exhibits significant influence on not only structural and
morphological properties but also relevant optical properties of the BiVO, matrix in the form of a well-defined
composite between two materials and increased specific surface area, leading to photocatalytic performance. The
enhancement in photocatalytic performance is acknowledged by incorporating certain 0.05:1 ratio of SnS, loading
content that could be due to the formation of heterojunction of the composite hindering the electron-hole pair
recombination.
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