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Abstract  

The development of efficient photocatalysts for the photodegradation of organic dyes in 

wastewater is highly worthwhile. Herein, the nanoemulsion tactic was utilized to synthesize 

BixSn6-2xSy (0.33 ≤ x ≤ 2.95) photocatalysts with morphological structures that changed from 

nanowhiskers to quantum dots (QDs). The optical properties of these materials were examined 

by UV-visible absorbance spectroscopy and photoluminescence, while Mott-Schottky analysis 

was utilized to study their electronic properties. BixSn6-2xSy materials exhibit appreciable 

absorption in the UV-visible light range with a direct band gap that increases from 1.23 to 1.46 

eV.  Both crystal structure and composition greatly affect the photocatalytic activity of BixSn6-

2xSy semiconductors. Among the various synthesized photocatalysts, BiSn4S4.5 can efficiently 

photodegrade methylene blue dye (MB) in the shortest time under UV-visible light. The 

photocatalytic activity is positively affected by the change of crystal structure from 

orthorhombic to cubic symmetry. Based on the Mott-Schottky plots, the flat band potential 

(Efb) and the semiconductor behavior of the fabricated BixSn6-2xSy nanomaterials were 

determined. The obtained Efb values for SnS, Bi0.33Sn5.34S5.8, BiSn4S5.5, and Bi2.14Sn1.71S4.7 are 

-0.18 V, -0.42 V, -0.53 V, and -0.51 V (vs. Ag/AgCl), respectively. The Efb value is clearly 

shifted towards more negative potential values with increasing the Bi molar ratio (x).  However, 

Bi2.95Sn0.1S4.5 semiconductor was found to be of n-type character, having a positive Efb value 

of +0.66 V (vs. Ag/AgCl). Photocurrent responses confirm the high stability and photocatalytic 

activity of BiSn4S5.5, which also achieves the lowest charge transfer resistance. The modified 
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electronic properties of the BixSn6-2xSy semiconductors significantly improve their 

photocatalytic activity, rendering them to be promising absorbers for sunlight harvesting 

applications.  

Keywords: Metals chalcogenides; Nanoemulsion tactic; Semiconductor quantum dots;  Direct 

band gap; MB photodegradation; Mott-Schottky plots. 
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Introduction  

Solar energy is known to be the most sustainable source of energy on our planet for being 

renewable, huge, and clean. Nanomaterials such as semiconductors (Xu et al. 2012), metals 

(Gupta et al. 2022), alloys (Nady and Negem 2016), and composites (Negem and Nady 2020) 

are useful for energy conversion. Semiconductors especially are materials having the ability 

to convert solar energy into chemical and electrical energy. The semiconductors absorb 

light across the band gap and convert it into electrical energy and photocatalyzed chemical 

reaction (Xu et al. 2012). The process occurs via three steps including light absorption, 

separation, and transport of photoproduced electrons and holes from bulk to the surface. 

This scenario has an influential role in the efficiency of the semiconductors to harvest 

sunlight energy (Liu and Chen 2014).               

      Nanomaterials display multiple morphological structures among them quantum dots 

(QDs) with a grain size range of 1-10 nm. Semiconductor QDs are those nanomaterials of 

dimensions smaller than the excitation radius of Bohr (an excitation is an electron/hole pair) 

(Huang and Zhu 2013). Furthermore, metals chalcogenides semiconductor QDs have 

great importance as they possess high molar absorptivity and broad absorption (Lim et al. 

2011), tuneable optical properties (Nguyen et al. 2014), exceptional electronic properties 

(Cassette et al. 2010), as well as considerable intrinsic dipole moment (Mora-sero et al. 2009). 

Because of their exceptional properties, they have inclusive applications in photocatalysis since 
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they possess immense surface area among other types of nanomaterials. In addition, they 

can be exploited in optoelectric applications, sensors, and batteries’ electrodes (Chao et 

al. 2012). These semiconductors show a band gap ranging between 0.9 eV and 1.9 eV and are 

appropriate absorbers for sunlight utilized in photovoltaic devices (Gerein and Haber 2006) 

and photocatalysis (Zhang et al. 2022). For that, they have been used in the photocatalytic 

degradation of organic pollutants such as azo dyes, which are actually released by several 

industries and seriously affect the environment and the ecosystems due to their toxic and 

carcinogenic nature. The photodegradation process can seamlessly decompose the organic dyes 

completely and effectively in a very short time.  

      Synthesis of semiconductors using abundant and inexpensive elements is crucial for 

wastewater treatment and other solar energy applications. Our designed BixSn6-2xSy materials 

are a good example characterized by low-cost and low toxicity compared to cadmium sulfide 

CdS), which makes them ideal materials to produce affordable photocatalysts. Likewise, SnS 

attracts great interest because of its widespread applications, for having a high absorption 

coefficient of sunlight, and tuneable band gap that varies between 1.1 eV to 1.6 eV (Li et al. 

2015; Liu et al. 2014; Antunez et al. 2014; Li et al. 2015; Pankove 1971). In the meantime, 

Bi2S3 displays a low band gap ranging between 1.3 eV to 1.7 eV, which renders it to be 

considered an excellent harvester for sunlight in UV-visible and near-IR regions with an 

absorption coefficient of about 104 to 105 cm-1 and tuning light absorbance properties. BixSn6-

2xSy nanomaterials are composed of earth-abundant non-toxic elements and can be used to 

synthesize photovoltaic devices depending on the low toxic substances (Bernechea et al. 

2015). Nanomaterials are commonly synthesized using a variety of techniques, relying on key 

parameters such as cost, simplicity, material recycling, speed, and low power consumption. 

Indeed, nanoemulsion is thought to be the most appropriate technique for possession of all 

these indicators, and can therefore be used to manufacture nanomaterials, especially QDs. 
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The immiscibility of ionic liquid/water and hydrocarbon compounds/oil causes the formation 

of two phases during mixing because of the high value of interfacial tension force between 

water/oil (~ 0.03-0.05 N/m) (Gelbart and Ben-Shaul 1996). The addition of surfactants can 

easily overcome the interfacial tension force between water/oil and forms a single phase from 

the nanoemulsion. The reverse micelles are a well-organized collection of surfactants where 

the ionic head is attracted to water and the long-organic tail is attracted to the oil. The size 

of the reverse micelle changes from 2 to 50 nm (Sanchez-Dominguez et al. 2012) and can be 

used as nanoreactors, which encompass reactants and controlling the product size to produce 

homogenous nanomaterials. Based on this approach, the aim of the present innovative work 

was to synthesize BixSn6-2xSy (0.33 ≤ x ≤ 2.95) QDs photocatalyst and to enhance their 

efficiency by improving their ability to absorb solar light irradiation in the UV-visible region. 

The morphology characterization, optical properties, electronic behavior, and photocatalytic 

activity of the as-prepared nanomaterials were thoroughly investigated by various suitable 

techniques.  

 

Experimental  

Chemicals, Methods, Instruments, and Characterization  

The chemicals 2-methyl pentane 99.9%, acetone, hydrochloric acid, and 1-propanol 99.9% 

were all bought from Fisher Scientific Company. Bi2O3 99%, SnCl2 99%, Na2S 99.5% , 

Na2SO4 99.9%, methylene blue 99.9%, and sodium lauryl sulfate (SLS) 99.9% were 

purchased from Aldrich-Sigma. The composition of the nanoemulsion was 41.67% water, 

41.67% oil phase (2-methyl pentane and 1-propanol), and 16.66% surfactant. Bi2O3 and SnCl2 

were dissolved in the water phase by adding a suitable amount of HCl as depicted in Table 1, 

which also includes the amounts of chemicals and solvents used. Similarly, in a separated 

nanoemulsion, S-2 ions were dissolved in the water phase and a similar amount of solvents 

were added to form a nanoemulsion of metal ions as shown in Table 1. All components of the 
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nanoemulsion were blended to form a single optically isotropic mixture under stirring at room 

temperature of 20 oC. Nanoemulsion of Bi3+ and Sn2+ ions were added to nanoemulsion of S-

2 ions and stirred for 2 h to form nanostructured BixSn6-2xSy. The nanostructured BixSn6-2xSy 

was separated and washed using a mixture of acetone or ethanol and water (2:3) and 

centrifuge, then dried under argon at room temperature, see Fig. 1. 

       Structural features of BixSn6-2xSy nanomaterials were measured using high-resolution 

transmission electron microscopy (HRTEM) and FEI SCIOS dual-beam. XRD patterns were 

obtained for BixSn6-2xSy using a Philips PW 1710 X-ray diffractometer operated in reflection 

mode. The XRD patterns of BixSn6-2xSy were analyzed with STOE WinXPOW software to 

determine the crystal structure and the unit cell parameters. The chemical composition of the 

BixSn6-2xSy was obtained using ionic inductively coupled plasma (ICP) spectroscopy and 

energy dispersive X-ray (EDX) analysis. UV-visible absorbance and band gap of the BixSn6-

2xSy were obtained using the Jasco V-650 spectrometer in the wavelength range of 200 to 900 

nm. Photoluminescence spectra were recorded using a JY Horiba Fluoromax 2 fluorimeter, 

with an excitation wavelength of 550 nm. The dried powders of nanostructure BixSn6-2xSy 

materials were then pressed into pellets (11 mm diameter and 4-6 mm thickness) using a 

pressure of 200 MPa, and silver wire was fitted using silver paste and dried at 70 oC for 10 min. 

Mott-Schottky plots were recorded over a step potential from -0.7 to 0.8 V (vs. Ag/AgCl) using 

Solartron SI 1255 instrument and the pressed pellet in a three-electrode cell system filled with 

0.6 M Na2SO4 electrolyte. Photocurrent and EIS measurements were also recorded using a CHI 

760E workstation at 0.65 V (vs. Ag/AgCl) under dark and UV-visible light. The working 

electrode was always the pressed pellet from each synthesized nanomaterial. All electrochemical 

tests were measured at least three times to achieve the repeatability of the measurements. 

Photocatalytic activity of the as-prepared nanostructure BixSn6-2xSy powder was carried out by 

observing the degradation of methylene blue (MB) dye under UV-visible light and visible light, 
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UV-visible light irradiation was produced by a 250 W iron-doped metal halide ultraviolet-

visible lamp and visible light irradiation was obtained using an ultraviolet cut-off filter (λ > 

420 nm; Borosilicate Coated Glass HM07, UQG (optic), Cambridge UK). For the 

photodegradation of MB (M. W. 320 g/mol), 20 mg BixSn6-2xSy powder was dispersed in a 100 

mL aqueous solution of 1×10-4 M MB under stirring. The photocatalytic activity of the BixSn6-

2xSy was then obtained using a Perkin Elmer Lambda 35 ultraviolet/visible spectrometer by 

monitoring the intensity of the strongest absorption peak of MB at 665 nm along with 

irradiation time. After that 2 mL of solution was withdrawn at various time intervals. The 

temperature during irradiation was stabilized at about 25 oC by means of a water bath.  

Results and Discussion  

 Nanostructure characterization of BixSn6-2xSy   

Figs. 2 and 3 show the HRTEM and SCIOS images for the as-prepared BixSn6-2xSy powders. 

The morphological structure of Bi2.14Sn1.71S4.7, BiSn4S5.5, and Bi0.3Sn5.34S5.8 is the uniform size 

of the QDs with spherical-like grains and size of about 2-5 nm as displayed in Fig. 2(b-e), 

which is confirmed by the broad peaks shown in the XRD pattern. Also, the QDs are single 

crystalline owing to the lattice fringes appearance (Niezgoda et al. 2012), while Bi2.95Sn0.1S4.5 

shows nanowhiskers structure as shown in Fig. 2(a) and Fig. 3(a, b). The formation of 

homogenous grains of QDs or nanowhiskers is due to identical micelles, which work as 

nanoreactors. The change in the morphological structure of BixSn6-2xSy from QDs to 

nanowhiskers can be attributable to a change in the pH of the nanoemulsion and replacing tin 

ions with bismuth ions having larger ionic sizes. This morphological structure would increase 

the photocatalytic activity, as the QDs structure possesses a huge surface area, which facilitates 

the accessibility of additional active binding sites on the adsorbent surface and thus accelerates 

charge transfer. ICP and EDX analyses showed that different compositions of BixSn6-2xSy were 

obtained such as SnS, Bi0.3Sn5.34S5.8, BiSn4S5.5, Bi2.14Sn1.71S4.7, and Bi2.95Sn0.1S4.5 as depicted 
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in Fig. 4(a) and the inset of Fig. 2(b). The lowest value of the molar ratio (x) of Bi is 0.33 and 

the highest is 2.95 (Table 1).  Fig. 4(b) displays the digital images for the as-synthesized 

BixSn6-2xSy nanopowders, which change from brown to dark blue with increasing the Bi molar 

ratio (x) in the nanomaterials. 

     The XRD patterns of the as-prepared BixSn6-2xSy nanopowders are displayed in Fig. 5. All 

peaks are indexed with single-phase cubic-P unit cell for the compositions up to x = 2.14 molar 

ratio, including SnS, Bi0.3Sn5.34S5.8, BiSn4S5.5, and Bi2.14Sn1.71S4.7. The unit cell parameters of 

SnS, Bi0.3Sn5.34S5.8, BiSn4S5.5, and Bi2.14Sn1.71S4.7 were obtained and fitted using WinXPOW 

software. The unit cell of the cubic structure is consistent with a phase of In2S3 ICDD 01-084-

1385 and the length of the unit cell is listed in Table 2. Also, the parameters of the unit cell of 

the cubic structure were calculated using the relation, 

                                                                        (1) 

 where d is the perpendicular distance between (hkl) planes. The unit cell parameters of the 

cubic structure are plotted against the molar percent (x) of Bi, which follows Vegard’s law 

(Jacob et al. 2007) and increases linearly with the Bi atomic ratio owing to replacing the small 

ion size Sn2+ of 0.83 Å with a large Bi3+ ion size of 1.17 Å, as can be seen in Fig. 6. Furthermore, 

Bi2.95Sn0.1S4.5 showed peaks indexing with orthorhombic ICSD 89323, which is consistent with 

Bi2S3 of the PNMA space group with refined unit cell parameters as depicted in Table 2 and 

with an average Δ(2θ o) of 0.018 o.  

Optical properties of BixSn6-2xSy nanopowders  

The spectroscopy of the optical absorption of the BixSn6-2xSy nanopowders is displayed in Fig. 

7(a, b). The spectra were changed from diffuse reflectance spectra and Kubelka-Munk 

transformation was accomplished to determine the band gap energy.  The optical properties of 
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BixSn6-2xSy nanomaterials were obtained by evaluating the optical band gap (Ebg). The optical 

Ebg values for BixSn6-2xSy were estimated using the Kubelka-Munk expression (Pankove 1971):  

    (α h ν)n = K (h ν – Ebg)                                                                             (2) 

where α is the absorption coefficient, h is the Planck constant, ν is the frequency, K is a 

constant, and the exponent 𝑛 has the value of 2 or ½ for direct and indirect transition, 

respectively. The band gap can be detected as direct or indirect via plotting (αhν)2
 or (αhν)0.5 

against the photon energy (hν). Fig. 7(a, b) obtained by plotting the square of Kubelka-Munk 

function (αhν)2
 vs. hν, confirms that as-synthesized BixSn6-2xSy QDs display well-behaved 

linearity. This affirms that all BixSn6-2xSy semiconductors attain the direct transition of the 

energy band and the optical band gap (Ebg) can be obtained by extrapolating the linear segment 

as shown in Fig. 7(a, b). The value of the optical band gap for SnS is 1.25 eV, while its values 

for Bi0.3Sn5.34S5.8, BiSn4S4.5, Bi2.14Sn1.71S4.7, and Bi2.95Sn0.1S4.5 are, respectively, 1.46 eV, 1.44 

eV, 1.42 eV, and 1.41 eV. Indeed, the band gap of BixSn6-2xSy depends greatly on the gap values 

for tin sulfide (1.3 eV) and bismuth sulfide (1.5 eV) (Wang et al. 2009), where they possess 

Ebg ranging between the two values for SnS and Bi2S3. Besides, the gap values for BixSn6-2xSy  

linearly increase with the molar ratio (x) of Bi, which may be attributed to:  (i) redistribution 

of orbitals and their electrons caused by the disparity in electronegativity of Sn and Bi ions, (ii) 

change in (Sn/Bi) stoichiometry varies the crystal lattice and influences the band structure, and 

(iii) change of inner structure due to cations-anions arrangement including different located 

elements, the bond angles, and bond length (Khadka and Kim 2014). We have also measured 

the photoluminescence (PL) quantum yield of the two samples BiSn4S5.5 and Bi0.3Sn5.34S5.8 

using an integrating sphere purged with nitrogen. Fig. 8 reveals a clear enhancement in the 

response of the first sample by about four times that of the second one, when the QDs film was 
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excited at 550 nm. This indicates the higher efficiency of the BiSn4S5.5 QDs for absorbing 

incident light whose energy is higher than the band gap energy of the semiconductor. 

       To recapitulate, the absorption spectra of our synthesized BixSn6-2xSy semiconductors were 

measured at room temperature and the spectra are all characterized by a direct band gap with 

an absorption coefficient of 104 - 105 cm−1. The absorption coefficient was calculated according 

to the following equation:  

     α = 2.33A/ϱ                                                                                              (3) 

where A is the absorbance and ϱ is the thickness of the BixSn6-2xSy film. The absorption 

coefficient is greater than 105 cm−1 for photon energy more than 0.5 eV, which is higher than 

those for the reported counterparts CIGS (CuIn1-xGaxSe2) and CZTS (Cu2ZnSnS4) absorbers. 

A thickness of 300 nm from BixSn6-2xSy QDs can absorb ~ 99% of incident photons, which is 

simply greater than the band gap owing to the substantially high absorption coefficient. Such 

values of the band gap are near-optimal harvesting 1.5 eV of solar energy conversion 

(Aldalbahi et al. 2016), likely due to the quantum size effect that produces ideal absorbing 

materials. In addition, the excited electrons can be generated from the sulfide orbitals. The 

absorption spectra of as-prepared BixSn6-2xSy presented in the inset of Fig. 7(b), are covered 

the whole UV-visible wavelength from 200 to 900 nm and thus can offer the opportunity to use 

most of the solar spectrum for photocatalysis or photovoltaic applications. Such results indicate 

enhanced conversions of solar energy by our designed materials. Besides, the lattice disorder, 

change of component arrangement, and inclusion of impurities all have a profound effect on 

the optical absorption of our developed BixSn6-2xSy QDs (Fischereder et al. 2010).  

Electronic behavior of BixSn6-2xSy QDs 

Mott-Schottky analysis was exploited to scrutinize the electronic properties of the as-

synthesized Bixn6-2xSy semiconductors QDs by measuring the interfacial capacitance (C) 

between the semiconductor and sodium sulfate electrolyte over the potential window -0.6 to 
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0.9 V (vs. Ag/AgCl). The mott-Schottky relation (Eq. 4) was applied to estimate the flat band 

potential (Efb) and the n- or p-type fictional character of each semiconductor, as well as its 

charge carrier density (ND) as follows (Breault and Bartlett 2012; Heakal et al. 2018a,b; Heakal 

and Shehata 2020):  

𝟏

𝑪𝟐
=

𝟐

𝜺𝜺𝟎𝑨𝟐𝒆𝑵𝐃
(𝑬 − 𝑬𝒇𝒃 −

𝒌𝑻

𝒆
)                                               (4) 

where E and Efb are the applied potential and flat band potentials, respectively, C is the 

interfacial capacitance, ε is the dielectric constant of the semiconductor, A is the area of the 

working electrode, k is the Boltzmann’s constant, εo is the permittivity of the free space 

(8.854×10-14 F cm-1), e is the electronic charge, ND is the charge carrier density, and T is the 

absolute temperature. By plotting C-2 versus the applied potential E,  the slope of this plot is 

commonly used to calculate the free carrier donors’ concentration: 

 𝑁D =
2

𝜀𝜀0𝐴2𝑒 (slope)
                                                                                   (5)   

The flat-band potential can also be calculated from the intercept of the plot and its slope: 

 𝐸𝑓𝑏 = − [
(Intercept)

(slope)
+

𝑘𝑇

𝑒
]                                                                       (6) 

where the factor (
𝑘𝑇

𝑒
) can be neglected as it has a very small quantity of only 25 mV at room 

temperature (298 K). 

       Fig. 9 shows Mott-Schottky plots for the as-prepared SnS, Bi0.3Sn5.34S5.8, BiSn4S5.5, 

Bi2.14Sn1.71S4.7, and Bi2.95Sn0.1S4.5 nanomaterials. The Efb of these five semiconductors are 

estimated to be,  -0.18 V, -0.42 V, -0.53 V, -0.51 V and +0.66 V (vs. Ag/AgCl), respectively. 

On the one hand, for the four p-type semiconductors, the Efb value is clearly shifted towards a 

more negative potential from -0.18 to -0.53 V with increasing the Bi content owing to the 

upward movements of the Fermi level. The cathodic shift of Efb obtained by the four p-type 

BixSn6-2xSy semiconductors can be attributed to the significant increase in electron density, 
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which moves the Fermi level upward to the conduction band and greatly decreases carrier 

recombination (Jing et al. 2014). Additionally, the cathodic shift of Efb for BixSn6-2xSy 

semiconductors can be attributed to the efficient transport of the hole by Bi3+ dopant, which 

improves the conductivity leading to the high ability of carrier migration and enhances 

photovoltaic activity under UV-visible light irradiation. On the other hand, Efb of the n-type 

Bi2.95Sn0.1S4.5 semiconductor is a positive value of + 0.66 V (see Fig. 9e). 

      Regarding the charge carrier density (ND) of BixSn6-2xSy semiconductors, Fig. 10 reveals 

that its value increases exponentially with the molar ratio of Bi (x) in the semiconductors. The 

charge carrier densities of SnS, Bi0.3Sn5.34S5.8, BiSn4S5.5, Bi2.14Sn1.71S4.7, and Bi2.95Sn0.1S4.5 are 

found to be 2.214 x 1024, 3.16 x1025, 1.455x 1028, 0.6428 x 1029, and 2.084 x1029 m-3, 

respectively. The increase in ND value of BixSn6-2xSy with Bi content in semiconductor can be 

ascribed to the increase of defects density in their nanostructures (Lei et al. 2009). The doping 

with cations of higher oxidation states such as Ti4+ and Bi3+ can develop electron concentration 

by working as donor dopants (Fang et al. 2010). This effect improves the charge carrier density 

and directly increases the conductance of semiconductors and lessens their impedance, as will 

be confirmed by the EIS method in the next part. Therefore, rising Bi content encourages 

electrical conductivity and increases the lifetime of photogenerated hole/electron via effective 

charge separation, which boosts the harvest of solar energy of BixSn6-2xSy semiconductors. 

Mott-Schottky analysis reveals that ND values for p- and n-type semiconductors can be 

estimated, respectively, via Eq. 5 from the negative and positive slopes of the plots in Fig. 9. 

The high ND values are because of the high defect density on the surface of the semiconductors 

QDs (Lei et al. 2009). The increase in charge carrier density may be explained by the higher 

number of sulfide vacancies in the BixSn6-2xSy semiconductors, which are the primary source 

of free conduction band electrons in semiconductors QDs (Kempken et al. 2015). Indeed, the 
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flat band potential and charge carrier density both values prove that BiXSn6-2XSy QDs are the 

most auspicious semiconductors absorbers for photocatalytic applications. 

Photocatalytic Activity and Mechanism of BixSn6-2xSy photocatalysts 

Typically, the photocatalytic activity of a photocatalyst is affected by the efficiency of 

electron/hole pairs separation, charge carriers  transport, and  production of photoinduced 

electrons/holes (Gao et. al. 2018). Bulk electrolysis has been performed to investigate the 

photocurrent-time response, which elucidates the electron/hole separation dynamics. Fig. 11b-

f displays the photocurrent-time characteristics at a potential of 0.650 V (vs. Ag/AgCl) for the 

as-prepared different BixSn6-2xSy QDs electrodes. In general, the photocurrent was found to 

increase more significantly under light than in the dark. Additionally, under UV-vis irradiation, 

Fig. 11a shows that the photocurrent became progressively more negative as the Bi content 

increased in the photocatalyst. This behavior confirms that Bi doping has a substantial effect 

on the improvement of the light harvesting of our photocatalyst material. For Bi0.3Sn5.34S5.8, 

Bi0.4Sn5.5S6, BiSn4S5.5, Bi2.95Sn0.1S4.5, and Bi2.14Sn1.71S4.7 samples, the photocurrent density 

achieves, respectively, the following values -33, -35, -44, -47, and -47.5 mA cm-2. The EIS 

technique was also utilized for further realizing the charge transfer resistance and to illuminate 

processes of photoexcited electron/hole pairs relocation. The Nyquist plots of the 

Bi0.3Sn5.34S5.8, Bi0.4Sn5.5S6, BiSn4S5.5, Bi2.95Sn0.1S4.5, and Bi2.14Sn1.71S4.7 samples are presented 

in Fig. S1. The impedance spectrum of each sample consists of a single semicircle at medium 

and low-frequency regions related to the charge transfer resistance (Rct) and double layer 

capacitance (Cdl) of the specified QD electrode. This behavior confirms a charge transfer 

mechanism, and as found, the BiSn4S5.5 catalyst has the smallest half-circle size compared to 

the others under conditions of darkness and illumination. The experimental EIS data were all 

fitted to the appropriate Randles circuit model displayed as an inset in Fig. S1 and the estimated 

circuit parameters are detailed in Table 4. The equivalent circuit model comprises the solution 
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resistance (Rs) linked in series to the parallel combination of the time constant RctCdl. Indeed, 

the lowest Rct value of 0.69 Ω cm2 obtained by BiSn4S4.5 photocatalyst indicates the lowest 

interfacial resistance for the charge transport (Tian et al. 2015; Tayyab et al. 2022a,b; Liu et al. 

2021;  Djellabi et al. 2021; Liu et al. 2021; Hosseini et al. 2022), hence the fastest transfer of 

the electron/hole pairs. The results generally reveal that the photo-generated charge carriers of 

the BiSn4S5.5 photocatalyst are actually split more than the situation detected by other BiXSn6-

2XSy semiconductors QDs. BiSn4S5.5 photocatalyst material possesses a stable and high 

photocurrent density, characterized by the lowest recombination rate of the electron/hole pairs 

and the highest charge transfer mechanisms. These possessions confirm a great improvement 

in the motion of the photogenerated electron/hole pairs, a high efficiency of photodegradation, 

and a lower kinetic barrier (Hosseini et al. 2022). Likewise, the slow recombination rate of 

electrons/holes in the BiSn4S4.5 photocatalyst is certainly influenced by the d-spacing of planes 

and the arrangement of ions inside its unit cell. The second and third planes in this active 

photocatalyst (Fig. 5c) shifted and their peaks were obviously enlarged, which means a new 

arrangement of ions. The d-spacing of crystal planes can support rapid charge transfer, which 

efficiently slows charge recombination and augment photodegradation efficacy. In addition, 

the intensity of ions in these planes can increase the adsorption of polluting molecules with a 

subsequent improvement in the rate of their photodegradation. 

      The removal of organic pollutants is essential for environmental sanitation and this can be 

done simply by using photocatalytic degradation via nanostructured semiconductors under 

absorption of the solar spectrum. Aqueous media used in cotton, wool, and silk industries are 

usually contaminated with the highly water-soluble MB, which is considered a potentially 

hazardous and carcinogenic organic dye (Biacchi et al. 2013), and hardly degrades using visible 

light (Khan et al. 2022). The photoelectrochemical activity of BixSn6-2xSy photocatalysts was 

assessed using photodegradation of MB under UV-visible and visible light irradiation. Fig. 12 
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shows the absorption spectra of MB at different decomposition times using BixSn6-2xSy 

semiconductor QDs. The intense absorption of MB is at about λmax of 663 nm and the height of 

the peak is drastically decreased by prolonging the irradiation time. Under UV-visible 

irradiation, the synthesized  BiSn4S5.5 semiconductor QDs with a dose of 20 mg/100 mL were 

found to photodegrade 10-4 M MB solution within 10 min only (Fig. 12c), which is considered 

the shortest photodegradation time in comparison to the reported results in the literature, as 

shown in Table 5 (Liu et al. 2014; Fu et al. 2021; Kumar et al. 2021; Ajithkumar et al. 2020; 

Demir et al. 2020; Baytar et al. 2018; Horoz et al. 2018; Gao et al. 2018; Gayathri et al. 2019; 

Ramki et al. 2020; Zhang et al. 2020; and Raju et al. 2021). This is because the BiSn4S5.5 

photocatalyst possesses efficient separation of electrons/holes. However, the MB’s 

photodegradation time increased to 60 min when using the same BiSn4S5.5 photocatalyst 

irradiated with visible light. In addition, the other two photocatalysts SnS and Bi0.3Sn5.34S5.8 

showed a photodegradation time for MB that increased to 210 and 390 min under UV-visible 

irradiation, respectively (Fig. 12a, b). The better capability of BiSn4S5.5 photocatalyst may be 

caused by the intrinsic arrangement of ions in its grains, the huge surface area of quantum dots, 

and their electronic properties, which all facilitate the separation of holes/electrons to produce 

large numbers of superoxide and hydroxyl radicals in the degraded MB molecule (Sun et al. 

2012). However, Bi2.14Sn1.71S4.7 and Bi2.95Sn0.1S4.5 showed relatively slow photodegradation 

properties for MB due to their low absorption of UV-visible irradiation, decrease in their 

surface area, and crystal system, as well as the rapid combination rate of electron/hole pairs.  

       The mechanism of photodegradation of MB with the as-synthesized BixSn6-2xSy 

photocatalysts under UV-visible irradiation can involve the excitation of the electrons from the 

valence band (VB) of BixSn6-2xSy photocatalysts into the conduction band (CB) leaving holes 

in the VB. The holes react with hydroxy ions and produce highly active hydroxy radicals. 

Moreover, electrons react with the adsorbed oxygen and generate O2
* radicals. Also, electrons 
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can react with adsorbed oxygen and H+ to form the highly oxidative H2O2, which can initiate a 

series of oxidation reactions and radicals. Photogenerated radicals and superoxide free radicals 

play an influential role in the photodegradation behavior of MB with BixSn6-2xSy photocatalysts. 

The actively generated OH* rapidly degrades MB due to the large numbers of electron/hole 

pairs produced in the BixSn6-2xSy photocatalyst. The mechanism of MB photodegradation can 

thus be summarized by the following equations (Khan et al. 2022; Seneviratne et al. 2021), 

BixSn6-2xSy + hν → h+ + e- 

e- + O2 → O2
* 

hole + OH- → OH* 

2 e- + O2 + 2H+→ H2O2 

                                              O2
* + H2O2 → OH- + OH* + O2 

MB + OH* → Intermediate → CO2 + H2O 

       During the photodegradation steps, MB is converted to H2O, CO2, Cl-, and sulfate. The 

different photodegradation periods of MB on our various BixSn6-2xSy photocatalysts are 

probably ascribed to the different arrangement of ions in the planes of the unit cell, their band 

gap values, light absorbance, the recombination rate of charge carriers, and their different 

electronic properties, as well as their composition. The small grain size of BixSn6-2xSy 

photocatalysts increases the lifetime of hole/electron pairs by decreasing the travel distance to 

the surface which prevents the recombination of the hole/electron more than bulk 

semiconductors. Moreover, the high photocatalytic activity may be due to the creation of intra-

gap states in the nanostructure (Shen et al. 2014). The photocatalytic activity behavior of 

BixSn6-2xSy photocatalysts is shape-dependent and this has been confirmed previously by the 

nanostructured semiconductors (Negem et al. 2023).  In addition, the ability of the photocatalyst 

to separate the hole/electron is an important factor. BixSn6-2xSy semiconductors are considered 

potentially promising photocatalysts. The combination of a high Efb and huge surface area in 

BiSn4S4.5 QDs leads to superior photocatalytic activity. It is noteworthy that the Sn added Bi2S3 

material demonstrates enhanced photocatalytic efficiency than a single Bi2S3 photocatalyst 
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(Sharma and Khare 2018). Our BiSn4S5.5 QDs exhibit higher photocatalytic activity to degrade 

MB than the other most known semiconductors as shown in Table 5. Globally, the results 

display that the BixSn6-2xSy photocatalysts can significantly increase the photodegradation 

efficiency of the MB dye. 

Conclusions 

In summary, we have used the nanoemulsion approach to synthesize the highly uniform BixSn6-

2xSy semiconductor QDs with a grain size of 2-5 nm, which possess high absorbance of UV-

visible light irradiation. The molar ratio of Bi inside the BixSn6-2xSy QDs varied between 0.33 

and 2.95 nm. BixSn6-2xSy sQDs can be arranged in crystalline structures of cubic or 

orthorhombic. The optical, photocatalytic activity and electronic properties of BixSn6-2xSy 

semiconductors greatly depend on the composition and morphological structure of the QDs. 

All BixSn6-2xSy semiconductor materials display the direct band gap (Ebg) and Efb values. The 

most active photocatalyst is BiSn4S5.5 which can photodegrade 10-4 M MB solution in only 10 

min. The Efb values of BixSn6-2xSy semiconductors are greatly affected by composition and 

structure and increased by doping with Bi ions. As anticipated, the enhanced transport of 

photogenerated electron/hole pairs has been achieved as a result of the nanostructure, band gap 

energy (i.e. trap density), as well as internal resistance minimization, which is responsible for 

the high photocatalytic performance. The synthesized BixSn6-2xSy semiconductors can harvest 

the most solar spectrum using low-cost elements which are promising for potential applications 

as photocatalysts. 
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Table 1 The amounts of different chemicals utilized in the synthesis of BixSn6-2xSy nanomaterials 

Metal  

Sulphide 

SnCl2 

(g) 

Bi2O3 

(g) 

Na2S 

(g) 

H2O 

(mL) 

HCl 

(mL) 

Isohexane 

(mL) 

Propanol 

(mL) 

SLS 

(g) 

SnS 2.24 - 2.30 125 5 75 50 75 

Bi0.33Sn5.34S5.8 1.42 0.08 1.63 125 5 75 50 50 

Bi0.4Sn5.5S6 1.53 0.12 1.86 125 5 75 50 50 

BiSn4S5.5 1.62 0.13 2.43 125 5 75 50 50 

Bi2.14Sn1.71S4.7 0.18 0.77 2.01 125 10 75 50 50 

Bi2.95Sn0.1S4.5 0.13 1.19 1.58 125 13 75 50 50 

 

 

 

Table 2 Parameters of the unit cell of nanostructured BixSn6-2xSy 

Metal Sulphide a /Å b / Å c / Å υ / Å 3 

SnS 5.997 - - 215.67 

Bi0.3Sn5.34S5.8 6.012 - - 217.29 

BiSn4S5.5 6.021 - - 218.27 

Bi2.14Sn1.71S4.7 6.037 - - 220.02 

Bi2.95Sn0.1S4.5 11.179 11.276 3.970 500.43 

 

 

Table 3  values for charge carrier density, optical band gap, photodegradation time,  

 and flat band potential obtained for BixSn6-2xSy semiconductor QDs.  

Metal 

sulphide 

Optical 

band gap   

(Ebg) / eV 

Photodegradation 

time/ min 

Flat band 

potential 

(Efb) / V 

Charge carrier 

density 

(ND) / m-3 

SnS 1.25 210 -0.18 2.214 ×1024 

Bi0.3Sn5.34S5.8 1.46 180 -0.42 3.160 ×1025 

BiSn4S5.5 1.44 10 -0.53 1.455 ×1028 

Bi2.14Sn1.71S4.7 1.42 480 -0.51 6.428 ×1028 

Bi2.95Sn0.1S4.5 1.41 580 +0.66 2.084 ×1029 

*The estimate error of Ebg ± 0.1 eV and of Efb ± 0.1 V.  



Table 4 Equivalent circuit data of the EIS measurements recorded at 

0.65 V on the different cathodes in 0.6 M Na2SO4 at room temperature 

photocatalysts Rs/ Ω Rct/ Ω cm2 Cdl/ mF cm-2 

Bi0.3Sn5.34S5.8 1.69±0.001 0.83±0.0005 2.85±0.007 

Bi0.4Sn5.5S6 4.23±0.006 2.42±0.003 1.84±0.008 

BiSn4S5.5 1.89±0.007 0.69±0.006 7.17±0.003 

Bi2.14Sn1.71S4.7 3.24±0.002 1.17±0.004 3.15±0.004 

Bi2.95Sn0.1S4.5 2.21±0.002 0.82±0.0069 6.65±0.001 

 

 

 Table 5 The comparison of different photocatalysts for photodegradation of methylene blue   

   Photocatalyst 
Amount of 

photocatalyst/volume 

of the dye  

Mass of 

MB 

(mg/L) 

Photodeg-

radation  

time (min) 

                     Reference 

        Zn1−xCdxS  20 mg / 50 mL 20 120 (Liu et al 2014) 

     ZnO/ZnS/MoS2 10 mg / 50 mL 10 50 (Fu et al 2021)   

rGO/BiVO4 50 mg / 50 mL 5 180 (Kumar et al 2021) 

CuyZn1−yFe2−xYxO4  10 mg / 50 mL 10 180  (Ajithkumar et al 2020) 

Cu-doped Bi2S3 10 mg / 50 mL 20 110 (Demir et al 2020) 

Fe-alloyed CdZnS 30 mg / 50 mL 25 90 (Baytar et al 2018) 

Co(5%):CdZnS NPs 30 mg / 50 mL 25 100 (Horoz et al 2018) 

CdS/rGO 50 mg / 50 mL 12 140 (Gao et al 2018) 

FeZnS2 20 mg / 20 mL 20 60    (Gayathri et al 2019) 

Tin‑doped ZnS 100 mg / 100 mL 20 180 (Ramki et al 2020) 

CdS-decorated TiO2 30 mg /100 mL 20 200 (Zhang et al 2020) 

CdO0.89ZnO0.1Ni0.01S 10 mg / 50 mL 25 180 (Raju et al 2021) 

BiSn4S5.5 20 mg / 100 mL 32 10                    Present work     
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Fig. 1. Graphical representation of the synthesis scheme. 
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Fig. 2. TEM images of as-synthesized BixSn6-2xSy 

nanomaterials: (a) Bi2.95Sn0.1S4.5, (b,c) 

Bi2.14Sn1.71S4.7,   (d) BiSn4S5.5, and (e) 

Bi0.3Sn5.34S5.8. The inset in (a) displays the fast 

Fourier transform  (FFT) diffraction patterns for the 

orthorhombic structure of Bi2.95Sn0.1S4.5. 
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Fig. 3. SCIOS images of as-synthesized Bi2.95Sn0.1S4.5 with different magnifications. 
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Fig. 4a. EDX spectra of as-synthesized BixSn6-2xSy nanomaterials.  

 

Sn 
Bi 

S 

Sn 

Bi 

S 

Sn 

Bi 

Bi S 

S 

Bi2.14Sn1.71S4.7 

Bi2.95Sn0.1S4.5 

BiSn4S5.5 

Bi0.3Sn5.34S5.8 



5 

 

 

 

 

Fig. 4b.  Digital image for as-synthesized BiXSn6-2XSy; (1) SnS, (2) Bi0.3Sn5.34S5.8,  

(3) BiSn4S5.5, (4) Bi2.14Sn1.71S4.7, and (5) Bi2.95Sn0.1S4.5 nanomaterials. 
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Fig. 5. XRD patterns at room temperature for as-obtained BiXSn6-2XSy:  (a) SnS, (b) 

Bi0.3Sn5.34S5.8, (c) BiSn4S5.5, (d) Bi2.14Sn1.71S4.7, and (e) Bi2.95Sn0.1S4.5 nanomaterials. 
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Fig. 6. Obtained parameters of the refined unit cell vs. Bi molar ratio (x). 
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Fig. 7. Kubelka-Munk plots for the absorption of BixSn6-2xSy: (a) SnS, Bi0.3Sn5.34S5.8, and 

BiSn4S5.5, (b)  Bi2.14Sn1.71S4.7 and Bi2.95Sn0.1S4.5. The inset displays UV-visible absorbance 

spectra (changed from diffuse reflectance spectra) for BixSn6-2xSy.  
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                Fig. 8. Photoluminescence (PL) spectra for BiSn4S5.5 and Bi0.3Sn5.34S5.8 QDs. 
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Fig. 9. Mott-Schottky plots for as-prepared 

BixSn6-2xSy electrodes in 0.6 M Na2SO4 

electrolyte from -0.6 to +1.0 V (vs. Ag/AgCl): 

(a) SnS, (b) Bi0.3Sn5.34S5.8, (c) BiSn4S5.5, (d) 

Bi2.14Sn1.71S4.7, and (e) Bi2.95Sn0.1S4.5 QDs. 

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.1

0.2

0.3

0.4

0.5

0.6
 c

1/
C

2 
 

(1
0

3 
/ 

(
F

)2

E  /V (vs. Ag/AgCl)

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

 d
1/

C
2 

 
(1

0
2 

/ 
(

F
)2

E  /V (vs. Ag/AgCl)

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

0

5

10

15

20

25
 e

1/
C

2 
  

/(


F
)-2

E  / V (vs. Ag/AgCl)

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 a

1/
C

2 
  

/



(

F
)-2

E /V (vs. Ag/AgCl)

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

0.00

0.05

0.10

0.15

0.20

0.25

0.30
 b

1/
C

2 
  

/



(

F
)-2

E /V (vs. Ag/AgCl)



11 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Charge carrier density (ND) dependence on the molar ratio (x) of Bi3+ for different 

BixSn6-2xSy semiconductors QDs.  
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Fig. 11 (a) Photocurrent responses of all BiSnS-prepared electrodes under light conditions. (b) 

Bi0.3Sn5.34S5.8, (c) Bi0.4Sn5.5S6, (d) BiSn4S5.5, (e) Bi2.14Sn1.71S4.7, and (f) Bi2.95Sn0.1S4.5 photocurrent 

responses under dark and light conditions. All are measured at an applied potential of 0.65 V (  vs. 

Ag/AgCl) in 0.6 M Na2SO4 electrolyte. 
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Fig. 12. UV-visible absorption spectra of the MB aqueous solution during the photodegradation 

under UV-visible irradiation using BixSn6-2xSy: (a) SnS, (b) Bi0.3Sn5.34S5.8, and (c) BiSn4S5.5 and 

containing digital images of the changing color of MB aqueous solutions during its 

photodegradation. 
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Fig. 13. Schematic mechanism for photodegradation of MB using  

BixSn6-2xSy semiconductor QDs. 
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