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Abstract

:

Different concentrations (1, 3 and 5 wt%) of dysprosium (Dy3+)-doped ZnO/SnS (ZSD) nanophotocatalysts using the one-step facile hydrothermal method at 230 ℃ are presented. Their structure, morphological appearance, inclusion of constituent elements, bandgap engineering and luminescent nature are confirmed by the XRD, TEM, XPS, UV-DRS and PL techniques. The photocatalytic activity (PCA) of the prepared nano photocatalysts is studied in the presence of a model pollutant MB under solar light illumination. The degradation kinetics and charge separation mechanism of the ZSD photocatalysts are also presented. Our XRD analysis showed the mixed-phase occurrence of ZnO (hexagonal) and SnS (orthorhombic) from their JCPDS numbers with no additional traces of a doping element, which in turn indicates the purity, substantial crystal structure and high dispersion of the samples. TEM micrographs revealed the appearance of a flake structure and more agglomeration when increasing the dopant concentration. The XPS spectra confirmed the Zn2+, Sn2+, S2−, O2− and Dy3+ oxidation states of the constituent elements along with carbon and nitrogen peaks. The Tauc plots showed a decreasing trend in the optical bandgap, i.e., a redshift due to the loading of Dy3+ ions into Sn2+ ions. The lower recombination rate of photoinduced e−-h+ pairs is noted when increasing the Dy3+ ion content; i.e., the luminescent intensity is suppressed when increasing the concentration of Dy3+ ions. The obtained degradation efficiency of the MB dye using the ZSD3 nano photocatalyst is around 98% for a duration of 120 min under solar light irradiation. The prepared ZSD photocatalyst follows pseudo first-order kinetics, and the evidence for attaining a robust Z-scheme PCA is presented in the form of the charge separation mechanism.
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1. Introduction


Over the past few decades, the contamination of fresh water bodies has become a great concern worldwide due to the abrupt growth of civilization and discharge of harmful industry effluents into fresh water bodies [1]. Hazardous industry effluents, such as dyes, heavy metals, pesticides and fertilizers, cause severe health issues and affect people’s wellbeing. To protect people and aquatic animals, the detoxification of water bodies is compulsory. At present, numerous techniques are available for the removal of pollutants from water bodies, such as photocatalysis [2], reverse osmosis [3], adsorption [4], ultrafiltration [5], air-stripping [6] and biological processes [7]. Among these, photocatalysis is the most promising technique for detoxifying water bodies due to the tuning bandgap nature of semiconductor materials and their improved light absorption ability [8]. Hence, in the current study, the photocatalysis technique is selected to remove pollutants such as methylene blue (MB) dye from wastewater bodies using prepared nano photocatalyst material. However, wide bandgap energy semiconductor materials such as ZnO (~3.3 eV) are inactive in the visible light region due to having a low light absorption capacity, which prevents ZnO from being active in the visible region; thus, the formation of a heterostructure with another low-energy bandgap material such as SnS (~1.3 eV) is preferred [9]. The formation of a heterostructure (n/p-type) with two different kinds of optical energy bandgap materials (3.3/1.3 eV) removes the maximum amount of pollutants from wastewater. Further, the doping of metal ions such as rare-earth ions (RE ions) into this kind of heterostructure (n/p-type) strategically degrades organic pollutants in wastewater [10].



In the current study, ZnO material is targeted as an active material due to its peculiar properties [11,12], such as its wide bandgap, large excitation energy, wide occurrence, etc., and it is widely used in practical applications such as sensors, bio materials, electronic devices, etc. The usage of ZnO in photocatalytic applications is also constrained by the quick recombination rate of charge carriers. Several strategies have been pursued to expand its widespread utilization, including metal doping, nanoparticle loading and the creation of heterogeneous structures [10,13]. Mostly, heterogeneous structures with two kinds of semiconductors (n/p-type) are chosen for the environmental aspect due to its distinct interface. Furthermore, by incorporating suitable co-catalysts onto the surface of semiconductor materials, an array of trapping sites can be created to effectively capture photogenerated charges, thereby promoting the efficient separation of electron–hole pairs. These catalysts promote surface reactions and thus improve the effectiveness of photocatalytic degradation by lowering the activation energy.



In this connection, metal sulphide p-type semiconductors whose bandgap changes according to size and morphology are the right choice to combine with ZnO to construct a novel heterostructure. Hence, in current study, narrow bandgap material such as SnS (a photo sensitizer) is selected to create a novel heterojunction (ZnO/SnS), which promotes the reduced recombination rate of charge carriers. As SnS materials possess a rapid charge mobility and high absorbance of light, they can be widely used in photocatalytic applications. Hence, the combination of these materials will encourage the absorption of light capacity and extreme separation of photogenerated charge carriers; in turn, they boost the photocatalytic dye degradation efficiency [14]. To increase the effectiveness of the utilized photocatalysts, the process of doping has been widely used in prior studies [15,16] with different kind of materials, including transition metal oxides, composite materials, rare-earth metals and graphene-based oxides. To eliminate certain dyes or pollutants from wastewater, these dopant-based heterojunction nanocomposites have demonstrated an outstanding photocatalytic performance [17]. Among all the various kinds of dopant materials, rare-earth doped heterojunction nanocomposites exhibit an excellent photocatalytic performance under visible light due to their unique characteristics, such as their improved light-harvesting efficiency, reactions with water and rapid dissolution in solvents as well as the enhanced photoinduced charge carrier separation on the photocatalyst’s surface. Moreover, the synthesis method plays an important role in deriving the superior photocatalytic activity (PCA); thus, the hydrothermal method represents one of the preferred synthetic routes to understanding dysprosium (Dy3+)-doped ZnO/SnS heterostructures owing to its unique features [18], such as its eco-friendliness, recrystallization, catalyst-free growth, use of conventional equipment and uniform yield, etc.



To the best of our knowledge, so far there have been very few published reports regarding PCA that are relevant to ZnO/SnS heterostructures, and the doping of RE ions (mainly Dy3+) in ZnO/SnS has not yet been reported. Therefore, a brief attempt has been made to find the effects of Dy3+ ions on the improved photocatalytic degradation efficiency of ZnO/SnS heterostructures. In order to attain an improved photodegradation efficiency under solar light illumination, the current study focuses on choosing different concentrations of Dy3+ ion-doped ZnO/SnS (ZSD) heterostructures developed by the straightforward hydrothermal approach.




2. Results


2.1. XRD Study


The prepared samples’ crystalline phase and its structure were studied via an XRD analysis. The powder XRD patterns of the undoped (ZS) and doped (ZSD1, ZSD3 and ZSD5) samples are presented in Figure 1. As revealed in Figure 1, the diffraction peaks of the samples appeared in the mixed crystalline structure of wurtzite hexagonal (ZnO) and orthorhombic (SnS) as per the JCPDS numbers 36–1451 and 39–0354, respectively. The diffraction peaks ascribed for ZnO at 2θ of 31.5, 34.6, 36.2, 49.4, 54.7, 61.1 and 69° are attributed to the lattice planes of (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3) and (2 0 1), respectively, and for SnS, 27.5, 32.8, 39.3, 41, 50.8, 59, 66.3 and 72.5° are attributed to the lattice planes of (1 2 0), (1 1 1), (1 3 1), (2 1 0), (1 1 2), (0 4 2), (2 1 2) and (3 1 1), respectively. No diffraction peaks relevant to the Dy dopant were noted, which indicates the substantial crystal structure and high dispersion of Dy atoms. The ionic radii of Zn2+, Sn2+, Sn4+ and Dy3+ are 0.74, 1.09, 0.69 and 1 Å, respectively. So, the Dy3+ ions are the most likely to substitute the positions of Sn2+ due to the comfortable ionic radii of Sn2+, which are further investigated and supported by the XPS results. The large broadening of the diffraction peak at 27.5° is due to the distortion in lattice planes and increase in doping content into the ZS lattice [19]. Additionally, it was proposed that a larger interface width between the ZnO and SnS heterostructure causes a continuous shift in the diffraction peaks towards the higher side (i.e., smaller d spacing).



The mean crystallite size of pristine ZS and ZSD heterostructures is estimated by employing Scherer’s formula [20]:


  D =   0.89    λ       β   cos θ     











The equations provided below are used to evaluate the induced strain (ε) and dislocation density (δ) of the as-synthesized samples [21]:


   ε =    β   cos θ   4      and   δ =  1   D 2      











Table 1 presents the statistical data for the crystallite size, d-spacing, microstrain and dislocation density of the ZS and ZSD heterostructures.




2.2. Morphological Study


Our TEM study was able to determine the microstructure and surface structure of the as-prepared nanocomposites with a high level of precision. The TEM micrographs of the (a) ZS, (b) ZSD1, (c) ZSD3 and ZSD5 heterostructures are depicted in Figure 2. The micrographs clearly show that SnS has a sphere-like structure and that ZnO exhibits nanosheets. The TEM micrographs demonstrate an extremely noticeable contrast between the surfaces of ZnO and SnS. The ZnO/SnS nanocomposites have a wide interface, which is confirmed by the observed contrast for the surfaces [22]. Further, the structural distortion caused due to the inclusion of Dy species into Sn lattice was attributed to the alterations in the morphology of the ZSD heterostructures. Moreover, the nano-phase regime is confirmed as the grain size of the particles decreases with the integration of Dy ions into the ZS structure.



The TEM images show that the ZSD nanocomposites have an uneven shape as a result of the progressive addition (shown in ZSD1 to ZSD5) of a doping element, but they also have a surface that is noticeably rough and highly agglomerated. As shown in Figure 2a, the ZS nanocomposites’ morphology displays a highly contrasted nanorod (ZnO)- and spherical (SnS)-like structure. The incremental doping (1%, 3% and 5%) of Dy ions onto the ZS structure also causes the contrast to decrease, as seen in Figure 2b–d. The ZS nanostructure, however, is entirely covered by Dy ions, as seen in Figure 2d, giving the impression that it is covered in a thick layer of secondary ions with spherical shapes. It is caused by excessive Dy doping in the ZS lattice structure.



The HR-TEM image of the ZSD-3 sample is presented in Figure 3, and the ZnO nanosheets and SnS nanoparticles are indicated. The lattice spacing for the (1 0 0) plane of ZnO was measured at 0.28 nm. Similarly, the lattice spacing for the (1 2 0) plane of SnS was measured at 0.35 nm.




2.3. XPS Analysis


XPS is an effective tool to identify the constituent elements present in prepared samples and their surface analyses. The XPS spectra of the optimized Dy-doped ZnO/SnS (ZSD3) nanocomposites are presented in Figure 4. A survey scan (Figure 4a) is captured in a range of binding energies from 0 to 1350 eV to identify the constituent elements and their oxidation states in the as-synthesized nanocomposites. The survey scan spectra show a profusion of the Zn, Sn, O, S and Dy elements with a significant splitting of the binding energy peaks. In addition to these elements, a carbon (C) element peak is also noted at around 298 eV which is attributed to the environmental effect and control groups. The XPS spectrum of Dy3+ is presented in Figure 4b, and the XPS peaks at 1304.33 eV and 1336.85 eV are attributed to the Dy 3d5/2 and 3d3/2 states, respectively. Additionally, the splitting of these states confirms the occurrence of Dy3+ species with the spin-orbital splitting of 32.52 eV [23]. As depicted in Figure 4c, the spectrum of Zn is resolved into two obvious peaks around the energy values of 1021.69 and 1044.75 eV, corresponding to the Zn 2p3/2 and Zn 2p1/2 states, respectively. These peaks also authorize the occurrence of the Zn+2 oxidation state with a spin-orbital separation of 23.07 eV [24].



The XPS spectrum for oxygen (Figure 4d) has two significant bands at 530.06 eV and 531.45 eV, which are attributed to O1s with the oxidation state O2− in the optimized sample. The oxidation state of oxygen (O2−) shows the involvement of O in the Zn-O bond, and the spin-orbital splitting is found to be 1.39 eV [25]. Figure 4e illustrates the XPS spectrum of tin (Sn) in the optimized sample, which has two notable peaks at 486.15 eV and 494.56 eV, associated with the 3d5/2 and 3d3/2 states, respectively. The two sharp peaks show the presence of the Sn+2 oxidation state in the optimized sample with a separation in binding energy values of 8.41 eV [26]. As presented in Figure 4f, the sulphur spectrum consists of a significant band at around 161.55 eV and a shoulder band at 162.75 eV. The position of these peaks is ascribed to the S 2p3/2 and S 2p1/2 states, and it confirms the existence of the S2− oxidation state in the optimized ZSD-3 heterostructure with a spin-orbital splitting of 1.2 eV [27]. These findings strongly confirmed the oxidation state (Dy3+) and presence of dopant ions in the tin (Sn) lattice planes.




2.4. Optical Absorption Analysis


The optical bandgap energy and band alignment of different heterostructures can be determined via an absorption analysis. The optical absorption spectra and the corresponding Tauc plots of the ZS and ZSD heterostructures are depicted in Figure 5. As presented in Figure 5a, the absorption edge of the as-synthesized nanocomposites shifts towards a longer wavelength with increasing Dy content in the ZS host lattice. The red-shift shows the intrusion of Dy ions into the Sn lattice sites and the conceivable optimization of the sample [28]. The optical bandgap of the ZS and ZSD heterostructures was calculated by using the Tauc plots as presented in Figure 5b. The optical bandgap of the undoped (ZS) and Dy-doped composites (ZSD1, ZSD3 and ZSD5) is found to be 3.17, 3.05, 2.77 and 2.90 eV, respectively.



From Figure 5b, it can be inferred with certainty that when the concentration of the Dy doping in the ZS host nanocomposite rises, oxygen-related defects and vacancies cause a considerable fall in the optical energy bandgap values. Among all the composites, ZSD3 was found to have less of an energy bandgap owing to having a lower imperfection density at the interface of the heterostructure and a large separation of photoinduced e−-h+ pairs. Further, a reduced recombination of the e−-h+ pairs in the ZSD3 heterostructure’s interface would be favorable to maximize the photocatalytic activity. Hence, the ZSD3 sample displays a robust photocatalytic activity which indicates its optimized nature.




2.5. Photoluminescence Study


The PL study is employed to evaluate the photocatalyst’s ability to transmit energy and the reduced recombination of e−-h+ pairs. The PL characteristic emission peaks are influenced by a material’s physical characteristics, such as dislocations, strain, vacancies and native point defects. Through the variation in PL intensity, the fundamental facts regarding the recombination of e−-h+ pairs are studied. It is also recognized that an increase in the rate of e−-h+ pair recombination will result in an increase in PL intensity [29]. The room temperature PL emission spectra of the ZS and ZSD heterostructures are depicted in Figure 6.



It is evident from the PL spectra that when the Dy dopant concentration increases, the luminous intensity of the emission bands decreases. The interaction between the Dy ions and their closest nearby host sites causes the luminescence intensity of the bands to diminish. Further, a decrease in PL intensity would lead to conditions for the possible separation of the photogenerated e−-h+ pairs on the ZSD-3 heterostructure surface. However, on the other hand, the separation of e−-h+ pairs could achieve a greater photocatalytic performance. Hence, low-PL-intensity composites are concluded to have a robust photocatalytic activity [30]. From the figure, it is noted that ZSD3 has the lowest PL intensity and a lower optical bandgap (2.77 eV) than the other nanocomposites. Therefore, it is established that the ZSD3 sample is a fascinating and well-designed nanocomposite material with an improved photocatalytic performance under light irradiation.




2.6. Photocatalytic Activity Studies


To save people and aquatic environments from health problems, the detoxification of organic contaminants, such as methylene blue (MB), from industrial effluent water is now required. To attain robust photocatalytic behavior under visible light, we set out to degrade the MB dye from wastewater. Figure 7 illustrates the photocatalytic activity of the ZS and ZSD heterostructures by depicting the efficiency of MB dye decolorization under solar light illumination. As depicted in Figure 7, the PCA of the prepared nanocomposites is assessed in an aqueous solution that is visibly sensitized at room temperature. Throughout the course of 120 min, an absorption spectrophotometer was used to periodically monitor the MB dye’s degradation concentration. To regulate the durability and effectiveness of the MB dye under solar light illumination, a degradation process and a blank experiment were first carried out using a pure MB dye aqueous solution. However, the aqueous solution had not yet achieved the maximum level of dye degradation. To get around this obstacle, nanophotocatalyst material, i.e., doping composites, were added to the aqueous solution while it was at room temperature and visible light was present. The sample was agitated with a magnetic stirrer in the dark to ensure that the photocatalyst material was impacted by the dye decolorization process, which resulted in the symmetry of the soaked adsorption [19].



It was found that the ZSD heterostructures (ZSD1, ZSD3 and ZSD5) outperformed the ZS nanocomposite in terms of PCA. The increase in photodegradation efficiency is ascribed to Dy ion-induced alterations in the bandgap energy of the pristine ZS heterostructures, which support the strong photocatalytic activity of the ZSD nanocomposites under visible light by hosting new energy bands within the optical bandgap range. Figure 7a displays the effect of Dy doping on the photocatalytic performance of ZS host nanocomposites. The dye degradation performance of the nanocomposites is represented as ZS < ZSD1 < ZSD5 < ZSD3. As depicted in Figure 7b, using the Langmuir–Hinshelwood kinetic expression [31], the graph showing ln(C0/Ct) vs. the irradiation time (t) has a straight line, signifying that the photocatalytic activity follows pseudo first-order kinetics behavior.



Figure 8a illustrates the proportion of the photocatalyst samples that degraded after 120 min of exposure to the MB dye solution against visible light. For the ZS, ZSD1, ZSD3 and ZSD5 photocatalysts, the proportions of the decolorization performance of the MB dye are 68.2, 88.5, 97.8 and 93.4%, respectively. The ZSD3 (optimized) photocatalyst, which is the most effective photocatalyst nanocomposite, can destroy almost 97.8% of the MB dye in 120 min, due to the plasmonic effect, i.e., the interaction of light with photocatalyst sample and large surface area. The kinetic rate constant (k) values for the doped and undoped samples under solar light are designated in Figure 8b. The derived rate constant values of the prepared samples are evaluated by using the following expression [32]:


  Rate   constant   ( k ) =    log       C 0  / C    t     min  − 1    











The projected kinetic rate constants are specified as 0.011, 0.0168, 0.0266 and 0.0214 min−1 for the synthesized heterostructures of ZS, ZSD1, ZSD3, and ZSD5. In addition, it is also noted that the optimized sample, i.e., ZSD3, has a high kinetic rate constant value, which in turn indicates that it is more effective than the other synthesized nanocomposites. Further, the utmost photodegradation of the MB dye in the case of the ZSD3 sample is due to the formation of a novel heterojunction and the lowest recombination of e−-h+ pairs at the interface. The data regarding the optical bandgap, rate constant and degradation efficiency of the prepared samples are depicted in Table 2.



The results of the reusability test for the optimized sample are displayed in Figure 9. The reusability/recyclability of nanocomposites can be used in many real-world applications. In the present investigation, a reusability experiment was performed to understand the cyclic stability of the ZSD3 heterostructure [33]. The reusability test results showed that the photodegradation efficiency of the MB dye in the optimized sample gradually decreased from the first cycle to the fourth cycle and finally plateaued at around 94%. These results strongly show that the ZSD3 sample could be useful in various practical applications. Based on the above results, ZSD heterostructures exhibit a fabulous photodegradation performance when illuminated with visible light. It is also estimated that the synthesized photocatalyst could be utilized to remove organic toxins from wastewater. Hence, the current study could be useful for maintaining the cycle of aquatic ecosystems and supplying safe drinking water. Comparative data pertaining to the photodegradation performance of ZnO-based nanocomposites are presented in Table 3 [22,34,35,36,37,38,39,40,41,42].



When visible light is present, the photogenerated electrons and holes diffuse in opposite directions on the composite’s surface. After illumination with solar light, the exited electrons form CB of ZnO were injected into VB of SnS due to their proximity. The electrons in CB of SnS and holes in the VB of ZnO remained and participated in the photocatalytic redox reaction. Furthermore, the established nanocomposite heterojunction significantly reduces the rate of recombination for photogenerated e−-h+ pairs, facilitating maximum charge separation on the nanocomposite surface [33]. The superior photocatalytic activity of the optimized nanocomposite (ZSD3) is further promoted by the pronounced separation of charge carriers on its surface. The Z-scheme photocatalytic mechanism explained above was further supported by scavenger tests. The scavenger’s effect of TEOA, BQ and IPA were investigated for scavenging holes (h+), superoxide radicals (·O2−) and hydroxyl radicals (·OH), respectively (Figure 10). Out of all the scavengers, BQ reduced most MB dye, which means the participation of superoxide radical was prominent in the photocatalytic reduction of MB dye. Hydroxyl radical also had a significant impact, but holes had a significantly lower impact when compared to that of superoxide and hydroxyl radicals.




2.7. Proposed Charge Carrier Transport Mechanism


The photocatalytic degradation mechanism is primarily determined by two factors: the optical bandgap of the optimized photocatalyst and the nanocomposite surface’s capacity to separate charge carriers. Figure 11 depicts the predicted transport mechanism of the charge carriers during photodegradation in the presence of the ZSD3 heterostructures under solar light. The diagram reveals that some of the Sn2+ sites in the ZnO/SnS nanocomposite are occupied by the doped Dy3+ ions, which allows the Dy ions to fully regulate the optical bandgap of the optimized nanocomposite. The introduction of Dy3+ ions alters the location of the Fermi level in both ZnO and SnS. Specifically, the valence band (VB) of SnS is positioned above the VB of the ZnO state, while the conduction band (CB) of SnS is now located just above the CB of the ZnO state [43]. Consequently, a different heterostructure of ZnO/Dy SnS may emerge at the heterostructure interface. This interface serves as a beneficial medium for facilitating the conversion of photoinduced e−-h+ pairs to permissible sites, which improves the ZSD3 heterostructure.





3. Experimental Section


Synthesis of Dy3+ Doped ZnO/SnS Heterostructures


The experimental procedure is illustrated in Figure 12. First, 0.2 mol of Zn(CH3COO)2·2H2O was prepared in 50 mL of an ethanol/water solution. Next, a solution of 0.2 mol NaOH was separately prepared in another 50 mL ethanol/water matrix. After that, NaOH solution was gradually mixed dropwise with constant stirring into the above solution to form zinc oxide solution. Second, 50 mL of SnCl4·2H2O solution was prepared in 50 mL of ethanol/water mixture. This solution was then added to the ZnO solution. After 15 min of constant stirring, 50 mL of Na2S solution was added to the above mixture. Notably, the white precipitate changed to a light-yellow tint, indicating the fabrication of ZnO/SnS nanocomposite. Later, calculated amount of Dy (III) solution was added to the mixture and constantly agitated for 4 h. After filling a Teflon-lined autoclave with the mixture, it was placed in a hot oven at 220 °C for 12 h. Regular cleaning of the colloidal dispersion using ethanol and deionized water was performed to remove contaminants. Subsequently, the solution underwent centrifugation at a speed of 6000 rpm for almost 10 min. The residue material was then mechanically crushed into a fine powder after being dried for two hours at 100 °C in a hot-air oven (see more details in supplementary materials file). This process yielded dissimilar concentrations (1%, 3% and 5%) of ZSD heterostructures, achieved by incorporating variable mole percentages of Dy into the ideal ZnO/SnS samples. Throughout the entirety of this manuscript, the pristine ZnO/SnS is referred as ZS, while the doped heterostructures are labelled ZSD1, ZSD3 and ZSD5, respectively.





4. Conclusions


The following are the main conclusions drawn from this study on hydrothermally grown Dy3+ doped ZS heterostructures for improved photocatalysis:




	➢

	
Our XRD analysis results show the mixed-phase occurrence of hexagonal (ZnO) and orthorhombic (SnS) crystal structures with no more traces relevant to the Dy dopant.




	➢

	
The TEM micrographs depict the shape of ZnO as a sheet-like structure, whereas SnS appears to have a sphere-like structure with a more agglomerated trend in the presence of the Dy dopant.




	➢

	
The XPS study revealed that the Dy ions exhibited +3 oxidation state, i.e., Dy3+ in the optimized sample along with other elements, such as Zn2+, Sn2+, O2− and S2−.




	➢

	
The UV-DRS analysis described the redshift (longer wavelength), i.e., the optical bandgap decreases when the dopant content increases.




	➢

	
The PL study shows that intensity of the emission peaks diminishes with the increasing Dy content, and a lower-intensity sample will have a better photocatalytic performance.




	➢

	
The maximum photocatalytic degradation of the MB dye for the optimized sample (ZSD3) was found to be around 98% in 120 min.




	➢

	
The robust photocatalytic activity was observed for ZSD3 due to the maximal separation of photogenerated e−-h+ pairs, the high surface area and the formation of novel heterojunction.
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Figure 1. XRD pattern of undoped and Dy3+ doped ZnO/SnS nanocomposites. 
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Figure 2. TEM micrographs of undoped and Dy3+ doped ZnO/SnS nanocomposites. 
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Figure 3. HR-TEM image of undoped and Dy3+ doped ZnO/SnS nanocomposites. 
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Figure 4. XPS spectra of optimized Dy3+ doped ZnO/SnS nanocomposites (ZSD3). 
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Figure 5. (a) Optical absorption; (b) Tauc plots of undoped and Dy-doped ZnO/SnS nanocomposites. 
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Figure 6. PL spectra of undoped and Dy-doped ZnO/SnS nanocomposites. 
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Figure 7. Photocatalytic study of undoped and Dy3+ doped ZnO/SnS nanocomposites: (a) Evaluation of photocatalytic efficiency of photocatalyst under visible light irradiation; (b) kinetics of MB dye vs. irradiation time. 
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Figure 8. (a) The degradation efficiency of MB dye, and (b) the kinetic rate constant of undoped and Dy3+ doped ZnO/SnS nanocomposites. 
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Figure 9. Reusability test results of 3% Dy3+ doped ZnO/SnS nanocomposites (ZSD3). 
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Figure 10. Radical trapping experiment for the degradation of MB dye over 3% Dy3+ doped ZnO/SnS nanocomposites (ZSD3). 
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Figure 11. Charge carrier transport mechanism in Dy3+ doped ZnO/SnS optimized nanocomposite under visible light irradiation. 
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Figure 12. Experimental procedure of Dy3+ doped ZnO/SnS nanocomposites. 






Figure 12. Experimental procedure of Dy3+ doped ZnO/SnS nanocomposites.



[image: Catalysts 13 01292 g012]







 





Table 1. The statistics related to crystallite size, d-spacing, microstrain and dislocation density for undoped and Dy3+ doped ZnO/SnS nanocomposites.
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	Sample
	Crystallite Size D (nm)
	d-Spacing (Å)
	Micro Strain (ε) × 10−3
	Dislocation Density (δ) × 1015 lines/m2





	ZS
	12.5
	3.853
	8.216
	4.147



	ZSD1
	12.1
	3.421
	8.629
	4.657



	ZSD3
	11.6
	2.849
	8.956
	4.928



	ZSD5
	10.9
	2.278
	9.454
	5.247










 





Table 2. The optical bandgap, rate constant and degradation efficiency of undoped and Dy3+ doped ZnO/SnS nanocomposites.
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	Sample
	Bandgap (eV)
	Kinetic Rate Constant (min−1)
	Degradation Efficiency (%)





	ZS
	3.17
	0.011
	68.2



	ZSD1
	3.05
	0.0168
	88.5



	ZSD3
	2.77
	0.0266
	97.8



	ZSD5
	2.90
	0.0214
	93.4










 





Table 3. Comparison of MB dye degradation of ZnO/SnS-based nanocomposites.
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	Catalyst Used
	Synthesis Method
	Dye
	Light Source
	Irradiation Time (min)
	Degradation Efficiency (%)
	Ref.





	ZnO/SnS nanocomposite
	Hydrothermal
	MB
	Visible lamp
	210
	95.2
	[34]



	Cu doped TiO2/ZnO composite
	Sol-gel method
	MB
	Visible light
	120
	73.2
	[35]



	Co doped ZnO-Zn2SnO4-SnO2
	Simple sol-gel method
	eosin Y
	UV light irradiation
	150
	87
	[22]



	Sn:Cu:ZnO nanocomposites
	Microwave-assisted ultra-sonicated precipitation process
	MB
	Visible light
	180
	98.5
	[36]



	V doped ZnO/SnS composite
	Hydrothermal method
	MB
	300 W Visible light
	120
	96.4
	[37]



	Cu doped ZnO nanocomposites
	Green method
	MB
	UV-light
	75
	91.3
	[38]



	Fe doped ZnO-CdS composite
	Simple chemical synthesis
	MB
	150 W visible light
	80
	71
	[39]



	Cu doped ZnO/SnS nanocomposite
	Hydrothermal
	MB
	Solar
	120
	97.2
	[40]



	Fe doped ZnO/SnS nanocomposites
	Hydrothermal
	MB
	Visible light
	120
	95.8
	[41]



	Carbon decorated TiO2/ZnO composite
	Electro-spinning method
	MB
	UV light (365 nm)
	120
	68
	[42]



	Dy-doped ZnO/SnS nanocomposites
	Hydrothermal
	MB
	Visible light
	120
	97.8
	Present Work
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