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Abstract

:

Herein, SnS and Eu-doped SnS QDs have been synthesized by a facile chemical co-precipitation method for efficient photocatalytic degradation of organic dye molecules. The structural, morphological, and optical properties of QDs were investigated by various physiochemical characterization techniques. The photocatalytic degradation of methylene blue (MB) and crystal violet (CV) dyes have been studied under visible light irradiation under direct sunlight using a spectrophotometer. Enhanced photodegradation efficiency of 87% and 94% were attained for SnS and Eu (4%)-doped SnS, respectively. For CV dye, the pure SnS showed only 70.7% however the Eu (4%)-doped SnS achieved 99% efficiency. The rate constant value of the doped SnS was found to be much higher than that of pure SnS for both dyes. The obtained results from various characterization studies provided the reason for the enhancement of the photocatalytic activity of Eu-doped SnS QDs due to the presence of Eu3+ in the SnS lattice, and also smaller crystallite size with high surface area and its morphological features. Moreover, the Eu3+ plays an essential role in reducing the band gap, hampering recombination, and the generation of free radicals, thus the QDs promoted attractive degradation activity and high stability.
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1. Introduction


All over the globe, environmental pollutants have been considered one of the major risks that cause adverse effects on human health. Recently, surface water contamination and water evaporation, as well as the shortage of drinking water, are being considered significant problems for the world. The main reason for water contamination is several organic pollutants from the pharmacological, chemical, and textile industries, which carelessly dispose of their waste into the environment and water bodies. These organic toxic effluents cause severe damage to the environment and aquatic species [1]. The various dyes and poisonous organic contaminants in aqueous environments have worsened the universal water source’s condition. Further, the rapid development of the textile industries intensifies the concerns of water pollution due to the perseverance and toxicity of these dyes to the human and aquatic species [2]. As compared to primary effluent treatment methods, which are less efficient and also produce secondary pollutants, semiconductor photocatalysis is very efficient, resulting in the complete degradation of organic pollutants without generating secondary pollution.



Dyes are widely used as coloring agents in textiles, fleece, food, plastics, cosmetics, and other industries [3]. The dyes are complex, water-soluble, degradation-resistant, potentially carcinogenic, and mutagenic organic molecules with limited biodegradability. In general, dyes can be categorized into natural and synthetic/artificial dyes. Natural dyes originate from plant sources, including leaves, wood, roots, berries, bark, fungi, and lichens, whereas synthetic dyes are synthesized via chemicals, minerals, and derivatives of petroleum [4,5], which is used as a colorant and printing actions for papers, textiles, and cosmetic industries [6,7,8]. Synthetic dyes are organic compounds characterized by the existence of chromophores in their molecular structures. They are commonly classified according to their chromophore groups into various classes including azo, anthraquinone, indigoide, phthalocyanine, sulfur, and triphenylmethane derivatives [9,10,11]. Organic dyes such as azo and fluorescein dyes are highly cytotoxic for mammalian tissues and rather difficult to naturally decompose. Dyes are also classified into two basic types, based on the change they possess, which are non-ionic and ionic dyes. Ionic dyes consist of cationic and anionic dyes, which carry positive and negative charges, respectively [12]. Organic dyes have caused severe environmental pollution problems due to their poor biodegradation ability. Hence, the removal of dye molecules from industrial effluent is highly significant for environmental protection [9]. At present, various technologies exist to treat dye industrial wastewater that include carbon adsorption, flocculation, ozonization, and activated sludge processes, but these processes are expensive, and in addition, the degradation kinetics are found to be slow and incomplete [13,14]. A promising method to degrade dye pollutants is advanced oxidation processes (AOPs) as they produce reactive oxygen species (ROS), Hydroxyl (OH), and superoxide (O2−) radicals by using photocatalytic reactions. Photocatalysis is an environmentally friendly and green method, which offers great potential for the total abolition of toxic pollutants in the environment through its effectiveness and broad applicability [15] and has several advantages such as (i) degrading contaminants without the use of secondary chemicals, (ii) operating under ambient conditions, and (iii) mineralizing toxic organic pollutants into non-toxic in-organics such as carbon dioxide and water [16].



Sulfide-based catalysts are extensively used for the decolorization of textile dyes. Tin sulfide is a narrow-bandgap IV–VI group semiconductor. SnS has interesting properties and potential applications, such as photovoltaic [17], photocatalytic [18,19], field emission [20], lithium-ion batteries [21], photodetectors [22,23], and gas sensing [24,25] applications. It is an eco-friendly substance with a band gap of approximately 1.3 eV, with promising optical and electrical features together with a large conversion efficiency of the photoelectric and a large absorption coefficient. Besides, SnS nanomaterial has advantages such as cost-effectiveness and a tunable band gap in the visible region, which can be achieved by the size effect based on the synthesis process and factors such as crystallinity and chemical composition, etc. [18]. In the synthesis process, the phase of SnS can be shared with other materials including SnS2, Sn2S3, and Sn3S4. The most stable phases are SnS and SnS2 with band gaps of approximately 1.3 eV and 2.3 eV, respectively [26]. To further improve the properties of SnS, the strategy of doping rare earth metals is found to be an effective way to tune the bandgap for enhanced photocatalytic reactions [15,27], To prevent the recombination of photo-induced electron-holes and the reduction of the band gap, and shift the absorption band to the visible region in photocatalysis [28]. Past years, researchers reported that rare earth metals (such as Eu, Sm, La, and Nd) can be used as a dopant for enhancing the catalytic properties [29,30,31,32,33,34]. Quantum dots (QDs) have been attracting widespread interest as zero-dimensional nanostructures because of their low harm, outstanding chemical stability, excellent water solubility, noteworthy electrical conductivity, efficient degradation and photostability, and simple functionalization. Particularly, semiconductor quantum dots have favorable optical characteristics so as to be used as a photocatalyst, fluorescent probes in the field of medicine, biosensors, and bioimaging. Furthermore, QDs possess extraordinary catalytic properties owing to their quantum confinement effects, small size, high surface area, efficient charge transportation, etc. In this work, highly uniform Eu-doped SnS quantum dots were synthesized. To the best of our knowledge, Eu-doped SnS quantum dots (QDs) and their photocatalytic behavior have not been reported before. In this manuscript, Eu-doped SnS QDs are prepared by a simple co-precipitation method. The addition of the Eu dopant modifies the properties of SnS QDs. The prepared pure SnS and Eu-doped SnS QDs were used for the degradation of the organic dyes MB and CV under the irradiation of visible light.




2. Results and Discussion


2.1. Structural Analysis


The SnS has two structural phases, namely zinc blende and orthorhombic structures [35]. A weak indirect band gap at ~1.1 eV [36] and a strong direct gap at ~1.43 eV [37] were observed for orthorhombic SnS, and the zinc blende SnS had a bandgap at ~1.2 eV [33]. Figure 1 represents the XRD patterns of pristine SnS and different concentrations of Eu-doped SnS QDs. The diffraction peaks for pristine SnS (2θ) appeared at 27.2°, 31.1°, 51.4°, 54.1°, and 66° corresponding to the planes of (0 2 1), (1 1 1), (1 5 1), (2 3 1), and (1 5 2), which confirms the orthorhombic structure of SnS (JCPDS Card no. 39-0354). Among the diffraction peaks, the peak at 2θ = 31.1° corresponding to the (1 1 1) plane seems to be the dominant one. For Eu-doped samples, there were no analogous diffraction peaks that appeared, which confirms that the Eu ions are well-incorporated into the SnS lattice. As the doping concentration increases, the full width half maximum (FWHM) of the diffraction peaks becomes broader due to the quantum size effect. It is quite common for dopants to act as nucleation sites in nanoparticle syntheses, reducing the energy required for particles to start forming, resulting in a greater number of smaller particles growing. It is mainly due to the dopant atoms exerting a drag force against the crystallite size growth. It eventually leads to a smaller crystallite size. The average grain size of the samples is determined by the Scherrer formula [38].


D = 0.9λ/βcosθ



(1)




where D is the average crystallite size, λ is the wavelength of the X-ray, and β and θ are the full width at half maximum and angle of diffraction, respectively. The calculated average grain size of pristine SnS and different concentrations of Eu-doped SnS QDs were measured, expected to be in the 3–5 nm range.




2.2. Morphological Analysis


Microstructure and surface morphology play very significant roles in different optoelectronic applications. The size and morphology of the as-prepared Eu-doped SnS QDs were characterized by FESEM as shown in Figure 2. FESEM images with different magnifications of Eu-doped SnS contain very small grains with uniform size and morphology. The sample seems more aggregated, which could be attributed to the high surface energy due to the smaller size of the Eu-doped SnS QDs.



The morphology of pure SnS and Eu-doped SnS QDs was further characterized by TEM analysis with different magnifications. The TEM images shown in Figure 3 reveal the size of pure SnS and Eu-doped SnS QDs in the nanoscale range, which is in good agreement with the XRD and FESEM results. Figure 3a–c show TEM images of the pure SnS with different magnifications. It exhibits a similar morphology to that obtained in FESEM with more aggregates. The insert image in Figure 3c shows the selected area electron diffraction (SAED) pattern from a region of the SnS nanoparticles. Phase identification was performed from scaled SAED images by calculating the lattice spacing and then comparing it with standard JCPDS values (39-0354). The SAED pattern of nanoparticles exhibits diffraction spots that are symmetrically distributed, demonstrating the crystal structure of SnS nanoparticles, in which major three diffraction spots are indexed to the (0 2 1), (1 1 1), and (1 5 1) planes of SnS. Eu-doped SnS is shown in Figure 3d–f with different magnifications. The TEM results clearly showed the obtained samples are of quantum size with a high degree of homogeneity. The Eu-doped SnS QDs play a crucial role in accelerating the separation of the photogenerated charge carriers.




2.3. Functional Group Analysis


FT-IR analysis is a widely used technique for determining the functional groups or the types of chemical bonds in inorganic compounds. As can be seen from Figure 4, the pure and doped SnS samples have similar peaks. The obtained results evidently show the broad absorption peak at 3400 cm−1 is related to the fundamental vibration of –OH stretching. Furthermore, a weak band (deformation mode) of OH groups was confirmed by the peak at 1658 cm−1. The samples also show a peak forming at approximately 565 cm−1, which can be ascribed to SnS bonding.




2.4. Optical Analysis


Optical absorption measurements were carried out on pure SnS and Eu-doped SnS nanoparticles. The UV–Visible spectra for pure SnS and Eu-doped SnS QDs are shown in Figure 5. SnS QDs have higher absorption in the UV region, whereas doping with Eu attains a stronger absorption intensity in both ultraviolet and visible regions. By increasing the dopant concentration, the absorption spectrum slightly shifts towards the visible region. This is due to an increased surface-to-volume ratio that promotes more active sites on Eu-doped SnS QDs. The absorption shifting to the visible region could also produce more radicals, which enhances photocatalytic activity for degrading organic pollutants. From the absorption values, the optical band gap is determined using a Tauc plot [35,36]. The obtained band gaps were 3.12, 3.03, 2.89, 2.81, and 2.72 eV for E1, E2, E3, E4, and E5 samples, respectively.




2.5. Photocatalytic Studies of SnS and Eu Doped SnS QDs


The photocatalytic activity of as-synthesized pure SnS and Eu-doped SnS samples were studied with the degradation of MB and CV as model pollutants by the irradiation of sunlight. In general, photocatalytic activity depends on significant factors such as the crystal structure, size and morphology of catalysts, and dopant concentration. Figure 6a–e represent the UV-visible spectra for the degradation of MB dye with the presence of pure SnS and Eu-doped SnS catalysts, which were sunlight-irradiated for 180 min at a constant time interval. The degradation study was carried out with catalysts such as pure SnS and Eu (1, 3, 5, and 10%)-doped SnS represented as E1, E2, E3, E4, and E5. The degradation efficiency was calculated using Equation (3). For pure SnS samples, (E1) achieved an efficiency of approximately 87% against MB dye under the irradiation of visible light for 180 min. For Eu-doped SnS catalysts (E2, E3, E4, and E5), the degradation was conducted by the same process, but the degradation rate was dramatically increased with the increase in the dopant concentration up to 5% (E4). The efficiency of the rest of the catalysts decreased, such as 93% for the E5 catalyst. The maximum efficiency obtained by catalyst (E4) is ~100% due to the energy level of the dopant, which acts as a trap that slows down the photogenerated carrier recombination. Thus, the photogenerated electrons were separated and traveled to the conduction band where they migrated with the energy levels of the dopant and reduction takes place on the surface of the catalyst, which forms the superoxide radical and then promotes hydroxyl radicals under the irradiation of visible light. For a better perspective, the efficiency of photocatalysts is represented in Figure 6f as E1 < E2 < E3 < E4 > E5. The sample of E4 has a higher efficiency compared to other samples. The degradation efficiency decreased for the higher concentration of dopant (E5) due to the surface sites of the catalyst, which are covered with the dye molecules. Table 1 represents the band gap and degradation efficiency of the catalyst.



Similarly, the photocatalytic dye degradation study was performed for prepared QD against another model pollutant dye of CV, and the obtained degradation result is shown in Figure 7a–e. For the pure SnS QD, the efficiency reached ~70.7% within 180 min. Under similar conditions, the E4 sample achieved ~99%. Figure 7f depicts the efficiency graph of CV dye degradation. Additional pseudo-first-order kinetics studies are shown in Figure 8a,b. From the studies, the rate constant value and R2 values are listed in Table 1.




2.6. Reactive Active Species


Generally, the active catalyst generates active species such as H+, OH−, and •O2−, which plays a major role during the degradation of dyes, which is more helpful to undestand the mechanism of the photo-degradation of dyes over catalysts. Hence, the H+, OH-, and •O2− are eliminated by the accumulation of EDTA (h+ scavenger) [39,40], Isopropyl alcohol (OH scavenger), and p-BQ (•O2− scavenger) [38] into the reaction solution. Figure 8c depicts the scavenger’s studies of the E4 sample under MB and CV dye. The addition of p-BQ only shows effectual changes in the photodegradation of MB dye that represents the super oxide radical (•O2−), which plays a critical role in dye degradation.



The stability of photocatalysts (E4) was determined by reusing the catalyst five times in the degradation of MB and CV dye, as shown in Figure 8d. The catalyst is used again followed by a centrifuge, a water wash, ethanol treatment, and gentle drying. The reusability results reveal the excellent stability of the catalyst with no significant loss even after five cycles of the photocatalytic process. It clearly shows that the Eu-doped SnS catalyst stands out as an outstanding photocatalyst for practical application. Figure 9a,b shows FESEM images of the Eu-doped SnS QDs after five cycles of degradation of MB and (Figure 9c,d) CV dyes. The similar morphology of the catalyst before (Figure 2a,b) and after five cycles of degradation reveal evidence of the stability of the catalyst.




2.7. Photocatalysis Mechanism


The photocatalytic reaction mechanism is useful to determine the activity and generation of reactive oxygen species [41]. The photocatalytic mechanism of pure SnS and Eu-doped SnS QDs is shown in Figure 10. After doping, the absorption wavelength of SnS was slightly blue-shifted to the higher wavelength visible range, which is confirmed by UV spectra. As shown in Table 1, it is clear that the optical band gap markedly decreased with an increasing Eu doping concentration, which confirms the influence of Eu on SnS nanoparticles. The photo-generated electrons in the valance band (VB) of pure SnS move to the impurity of the conduction band (CB) and react with dissolved oxygen on the surface of the catalyst. This produces a huge amount of superoxide radicals (•O2−) under the irradiation of visible light. The superoxide (•O2−) radical is the main radical for the degradation of MB dye [42]. The photo-excited holes react with water to form a highly oxidative hydroxyl radical species (•OH) [43,44]. The mechanism of MB and CV dye degradation is described as follows


Eu/SnS + hν → h + (VB) + e − (CB)



(2)






O2 + e− → •O2−



(3)






H2O + h+ → •OH



(4)






OH− + h+ → •OH



(5)






•OH + Dye (MB) → CO2 + H2O



(6)







The structure, size, and morphology play an important role in the efficiency of degradation under visible light. Here, the particle size is smaller, which helps the enhancement of the degradation efficiency of the catalyst against the MB dye due to the quantum confinement. Table 2 shows a comparison of the obtained photocatalytic efficiency with reported literature values.
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Table 2. Comparison of the reported studies of various metal sulfide-based nanoparticles and degradation efficiency.






Table 2. Comparison of the reported studies of various metal sulfide-based nanoparticles and degradation efficiency.





	S. No.
	Catalysts
	Dye
	Dye Conc.
	Dose/Volume
	Source
	Time
	Efficiency/%
	Reference



	1.
	SnS/LDPE
	MB
	20 ppm
	100 mg/100 mL
	Sun light
	180 min
	96.60
	[45]



	2.
	CdS NPs
	MB
	10 ppm
	5 mg/

100 mL
	Sun light
	120 min
	87.12
	[46]



	3.
	ZnS-Ag
	MB
	15 ppm
	100 mg/100 mL
	Visible light
	120 min
	~100.00
	[47]



	4.
	ZnS
	MB
	10 ppm
	30 mg/100 mL
	Sun light
	180 min
	72.13
	[48]



	5.
	Ni-ZnS
	MB
	10 ppm
	30 mg/100 mL
	Sun light
	180 min
	87.38
	[48]



	6.
	ZnS
	MB
	20 ppm
	100 mg/100 mL
	Sun light
	180 min
	49.00
	[49]



	7.
	Sn-ZnS
	MB
	20 ppm
	100 mg/100 mL
	Sun light
	180 min
	93.00
	[49]



	8.
	PbS
	MB
	1 × 10−5 mol/L−1 (~16 ppm)
	50 mg/50 mL
	UV light
	180 min
	25.00
	[50]



	9.
	Ag-PbS
	MB
	1 × 10−5 mol/L−1 (~16 ppm)
	50 mg/50 mL
	UV light
	180 min
	68.00
	[51]



	10.
	Bi2S3
	MB
	-
	-
	Visible light
	140 min
	87.98
	[51]



	11.
	CuS
	MB
	5 ppm
	80 mg/50 mL
	Visible light
	120 min
	~100.00
	[52]



	12.
	CuS
	CV
	5 ppm
	80 mg/50 mL
	Visible light
	120 min
	84.60
	[52]



	13.
	CdS
	MB
	20 ppm
	25 mg/25 mL
	Sun light
	180 min
	91.39
	[53]



	14.
	Sn/CdS
	MB
	20 ppm
	25 mg/

25 mL
	Sun light
	180 min
	97.56
	[53]



	15.
	Eu-SnS
	MB
	20 ppm
	25 mg/

50 mL
	Sun light
	180 min
	100.00
	Present study



	16.
	Eu-SnS
	CV
	20 ppm
	25 mg/

50 mL
	Sun light
	180 min
	97.00
	Present study









2.8. Effect of pH


The effect of pH studies is also important to achieve a higher efficiency of photodegradation. Mainly, it influences the surface charge of the catalyst, which changes the efficiency of the photodegradation. Hence, the pH effect was determined to be the catalyst of E4 in the range of pH values from 5 to 11 for both dyes. Figure 10a illustrates the best dye degradation occurred at pH 8 against MB. Similarly, Figure 11b shows the supreme degradation efficiency for CV dye at pH 9. The above pH study clearly proved that the alkaline medium of the dye solution was more appropriate to achieve high degradation efficiency because of the higher adsorption of dye molecules on the surface of the catalyst. In the end, the ultrafast degradation of the Eu-doped SnS proved that it is due to the quantum size effect of the catalyst.





3. Experimental


3.1. Synthesis of Pure SnS and Eu-Doped SnS Quantum Dots (QDs)


The SnS and Eu-doped SnS were prepared by a facile chemical co-precipitation method. At first, 0.5 M of Tin (II) chloride was dissolved in 50 mL of DI water under constant stirring at 80 °C. Next, 1 g of PVP was directly added to the above solution. Then, 0.2 M of Na2S was dissolved in 50 mL of DI water separately, and then the Na2S solution was added to the above mixture dropwise. A dark brown color precipitate was obtained while adding the Na2S solution into the above reaction mixture. The obtained precipitate was named E1.



For various Eu-doped SnS (E2, E3, E4, and E5) preparations, various weight percentages of europium nitrate (1, 3, 5 and 10 wt%) were dissolved before adding the Na2S solution into the starting solution. After the addition of the Na2S solution, the stirring continued for 2 h. Then, the sample was washed several times with acetone and ethanol and then centrifuged. Finally, the wet sample was dried at 120 °C in a hot air oven for 12 h. The dried SnS and Eu-doped SnS powders were used for further reactions.




3.2. Photocatalytic Dye Degradation


Methylene blue (MB) and Crystal violet (CV) were chosen as the model organic pollutants to investigate the photocatalytic dye degradation studies of the prepared catalysts. Typically, 25 mg of the catalyst was added to the 25 mL (20 mg/L) aqueous dye solution. All the reaction mixtures were kept in the dark to attain the adsorption and desorption equilibrium of dyes on the surface of the catalyst. The suspensions were irradiated under sunlight for an overall time period of 180 min, and the catalysts were separated from the whole reaction mixture using a centrifuge (5000 rpm for 5 min) at a certain time interval (60 min). The collected dye solution was filtered using a 0.2 µm syringe filter. The catalytic degradation efficiency of the catalyst was calculated by the degradation of organic dyes using a UV-Vis spectrophotometer (MB, λmax = 662 nm and CV, λmax = 585 nm). The degradation efficiency is calculated by the formula,


Degradation efficiency (%) = C0 − C/C0 × 100



(7)




where C0 and C are the initial and variable concentrations of dye molecules. To carry out the stability study, once it had completed the 1st cycle, the catalyst was carefully collected by s centrifuge and then washed with ethanol/water and dried at 120 °C. The regenerated catalyst was used to evaluate the stability and reusability of the catalyst by degrading the dye solution using 180 min of sunlight exposure. For each cycle, the same concentration of dye and catalyst was used.



The first-order reaction kinetic model was used to determine the correct degradation rate of MB and CV as follows:


ln(C/C0) = kt



(8)




where k is the rate of the reaction constant and t is the time. The catalytic activities were performed while the sun was shining between 11:00 AM and 2:00 PM under a clear sky, where the average solar light intensity was measured at approximately 1.00 × 105 lux. Moreover, a pH effect study was performed. For the pH test, the pH of the dye solution was adjusted with the addition of 0.1 M hydrochloric acid solution and 0.1 M of sodium hydroxide solution.




3.3. Characterization


The crystal phase identification of synthesized samples was performed by X-ray diffraction (XRD) analysis (Rigaku–Ultima IV). The morphology of the samples was studied by a Field Emission scanning electron microscope (FESEM; FEI Quanta-250 FEG microscope) and transmission electron microscopy (TEM, JEM 2100 F), operated with the voltage of 200 kV. Then, optical studies were carried out using a UV-Visible spectrophotometer (JASCO V-650 spectrophotometer).





4. Conclusions


In summary, pure and Eu-doped SnS QDs were synthesized by using a facile chemical precipitation method. From various characterization studies, it was deduced that synthesized Eu-doped SnS QDs are aptly crystalline, high quality, and consist of very small particles with a size <5 nm. Compared to the pure SnS catalyst, the Eu-doped SnS catalysts have shown excellent photocatalytic efficiency and high adsorption affinity for the removal of MB and CV textile dyes from water, which was evaluated under visible light irradiation. Compared to the pure SnS catalyst, the 5% doped SnS catalysts show high dye degradation efficiency due to the size reduction and more surface activity. The 5% doped SnS photocatalyst achieved the highest efficiency of 100% and 99% against MB and CV dyes, respectively. Several other parameters affecting the photocatalytic process such as the pH, scavenger, and initial dye concentration were also studied. A similar morphology of the catalyst after five cycles demonstrated that the Eu-doped SnS QDs can be used for a long time. Due to the outstanding features of Eu-doped SnS QDs, they can be used for many applications, especially in wastewater treatment of textile industrial dye waster degradation.
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Figure 1. X-ray diffraction spectra of SnS and Eu-doped SnS QDs. 






Figure 1. X-ray diffraction spectra of SnS and Eu-doped SnS QDs.



[image: Catalysts 12 01128 g001]







[image: Catalysts 12 01128 g002 550] 





Figure 2. (a,b) FESEM images of Eu-doped SnS QDs. 
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Figure 3. (a–d) TEM images of SnS and (e,f) Eu-doped SnS QDs with different magnifications. 
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Figure 4. FT-IR Spectra of SnS and Eu-doped SnS QDs. 
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Figure 5. UV-Vis Spectra of SnS and Eu-doped SnS QDs. 
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Figure 6. (a–e) Photocatalytic activity of pure SnS and Eu-doped SnS QDs via degradation of MB dye. (f) Degradation efficiency. 
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Figure 7. (a–e) Photocatalytic activity of pure SnS and Eu-doped SnS QDs via degradation of CV dye. (f) Degradation efficiency. 
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Figure 8. (a,b) First-order kinetic study graph of MB and CV dye. (c) Scavenger studies and (d) stability of photocatalyst under the degradation of MB and CV dye. 
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Figure 9. (a,b) FESEM images of the Eu-doped SnS QDs after 5 cycles of degradation of MB and (c,d) CV dyes. 
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Figure 10. Mechanism of photocatalytic degradation of MB. 
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Figure 11. Photocatalytic dye degradation efficiency as a function of pH for (a) Eu-SnS (MB dye) and (b) Eu-SnS (CV dye). 
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Table 1. Photocatalytic activity results and band gap of pure and Eu-doped SnS QDs.
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S. No.

	
Catalyst

	
Band Gap

(eV)

	
K (min−1)

	
R2






	
MB dye solution (20 ppm)




	
1

	
E1

	
3.12

	
0.030

	
0.964




	
2

	
E2

	
3.03

	
0.030

	
0.938




	
3

	
E3

	
2.89

	
0.031

	
0.889




	
4

	
E4

	
2.81

	
0.039

	
0.975




	
5

	
E5

	
2.72

	
0.025

	
0.959




	
CV dye solution (20 ppm)




	
6

	
E1

	
3.12

	
0.015

	
0.994




	
7

	
E2

	
3.03

	
0.022

	
0.904




	
8

	
E3

	
2.89

	
0.022

	
0.907




	
9

	
E4

	
2.81

	
0.035

	
0.961




	
10

	
E5

	
2.72

	
0.232

	
0.989
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