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Abstract

:

The morphology, chemical composition, and doping process of metal oxides and sulfides play a significant role in their photocatalytic performance under solar light illumination. We synthesized Cu2+-doped ZnO–SnS nanocomposites at 220 °C for 10 h, using hydrothermal methods. These nanocomposites were structurally, morphologically, and optically characterized using various techniques, including powder X-ray diffraction (XRD), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and UV-visible absorption spectroscopy. Their photocatalytic activity (PCA) on methylene blue (MB) pollutant dye was examined under 150 W solar light illumination. Mixed-phase abundances with hexagonal ZnO and orthorhombic SnS structures were observed. TEM micrographs showed changes in morphology from spherical to nano-flake structures with an increasing doping concentration. XPS indicated the chemical states of the constituent elements in the nanocomposites. UV-visible absorption spectroscopy showed a decrease in the bandgap with an increasing doping concentration. Strong PCA was observed due to the separation of charge carriers, a change in bandgap, and a high light absorption ability under solar light irradiation. The measured photodegradation efficiency of the MB dye was approximately 97% after 2 h. The movement of the charge carriers and the bandgap alignment of the synthesized composites are briefly discussed.
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1. Introduction


Environmental pollution has reached unacceptable levels due to the rapid growth of civilization and industrialization. Water resources are contaminated by effluents released from industries, such as oil refineries and cement, textiles, pulp, and paper plants. Organic dyes (pigments) and various types of herbicides (for example 2, 4-D, and 2,4-DCP) pollute freshwater bodies [1,2]. These pigments reduce the quality of water in terms of pH and pose a high risk to people and aquatic life. Therefore, the reduction of the toxicity levels of organic dyes such as methyl orange (MO), ciprofloxacin (CIP), methylene blue (MB), acid orange (AO), and rhodamine B (RhB) in freshwater bodies is crucial [3]. The current research priority is finding environmentally friendly and easily implementable methods for the removal of organic pollutants. Most organic dyes and other toxic industrial pollutants in water bodies can be removed using strategies [4] such as photocatalysis, reverse osmosis, and chemical and biological methods. Photocatalysis plays a vital role in the degradation of pigments in water bodies. Other advanced oxidation processes [5] such as ozonation and Fenton and non-thermal plasma processes also degrade organic contaminants such as MB. Semiconductor-mediated photocatalysis has gained attention due to its simple conditions, renewable energy production, environmental safety, high output, uniform production, maximized pigment removal, and low energy consumption [6]. Photocatalytic degradation using visible or ultraviolet (UV) light as the source of illumination is considered an important method of water purification. It can produce total mineralization of pigments in water and extract them without leaving detrimental residues and has become an indispensable technology. Oxide semiconductor nanostructures with small dimensions exhibit quantum confinement effects and have shown great promise in resolving challenges related to energy and the environment. Oxide semiconductors are also widely used in solar light-harvesting and high-efficiency photoexcitation devices [7].



In the present study, a ZnO n-type direct bandgap semiconductor was selected as a promising material for achieving high photocatalytic activity. ZnO has attracted widespread research interest owing to its important characteristics such as wide bandgap (3.37 eV), nontoxicity, abundance in nature, thermal and chemical stability, low cost, transparency, high excitation energy, and high electron mobility [8]. Furthermore, ZnO is widely used in several practical applications such as optoelectronic devices, biosensors, biomedical applications, photocatalytic materials, and photonics. However, applications of ZnO in photocatalysis are restricted because of the rapid formation of excitons in addition to a partial response to visible light [9]. To overcome this drawback and enhance the photocatalytic efficiency of oxide semiconductors with high absorption in the solar region, it is imperative to merge them with suitable photosensitized materials. Mid- or narrow-bandgap materials are used to absorb large amounts of solar light by incorporating doped metal nanoparticles, Z-scheme mechanisms, nanocrystals, and inorganic semiconducting materials. We targeted the versatile p-type narrow bandgap (1.3–1.5 eV) semiconductor SnS as a sensitizer material. This forms a novel ZnO–SnS (n-p type) heterojunction, which can serve as an efficient photocatalyst to improve the degradation of organic pollutants in freshwater bodies [10]. SnS was chosen because it is highly abundant, non-toxic, and environmentally safe. It behaves as an active photocatalyst under visible light irradiation with high absorption capacity. Thus, a ZnO–SnS heterojunction should exhibit enhanced absorption of solar energy and induce the separation of photogenerated charge carriers on the surface of the photocatalyst, thus achieving maximum photocatalytic performance [11]. Although the performance of heterojunction nanocomposites in the degradation of water pollutants is adequate, their low generation rate of electron-hole pairs limits their photocatalytic efficiency [12]. To overcome this problem, doping of transition and rare earth metal ions and graphene-based compounds into the host lattice has recently been introduced. Transition metal [Cu, Mn, Fe, V, Ni, Pt, Ag, Pd, and Cr] ions have shown great potential. These ions improve the structural, optical, and magnetic properties of heterojunction nanocomposites and play a critical role in determining their superior photocatalytic activity under UV-visible light illumination [13]. Further, doping in oxide semiconductors causes the creation of new acceptor and donor energy levels usually located in the region between the valence (VB) and the conduction bands (CB) in the co-catalyst material.



Recent studies have revealed that composite nanostructures exhibit superior photocatalytic activity compared to individual nanostructures. Wang et al. reported the synthesis of a SnNb2O6–ZnO nanocomposite by a hydrothermal method. This achieved photodegradation efficiencies of 95% in 60 min of RhB dye and of 96% in 120 min of phenol [14]. Xu et al. synthesized a ZnO-decorated SnO2 nanopowder by hydrothermal means. They reported that the particle size of the ZnO–SnO2 composite was smaller than that of pure ZnO and SnO2, and the photocatalytic activity of the composite was superior to that of pure SnO2 [15]. Xu et al. demonstrated that ZnO–SnO2 hierarchical nanostructures, synthesized by a simple two-step microwave-assisted hydrothermal process, resulted in an effective photocatalytic degradation performance of 97.9% on MB dye [16]. Gurugubelli et al. reported enhanced photocatalytic performance of ZnO–CdS nanocomposites in the degradation of RhB dye under solar light and found that the composite nanostructures exhibited superior degradation efficiency compared to bare ZnO and CdS nanoparticles [17]. Makama et al. reported the microwave pulse-assisted synthesis of ZnO–SnS2 nanocomposites for the degradation of MB dye under solar light, with 98.2% degradation efficiency [18]. To the best of our knowledge, there are no reports on the influence of Cu2+ ions on ZnO–SnS nanocomposites.



In this study, Cu2+ ions were incorporated into ZnO–SnS nanocomposites to obtain superior photocatalytic activity under solar light irradiation. Cu2+ ions were selected as dopants because of their high thermal and electrical conductivity, physical and chemical properties that closely resemble Zn, large ionization energy, rapid incorporation into the host lattice, high photocatalytic efficiency, and isomorphic nature [19]. Among the existing fabrication methods, the hydrothermal method is preferred for the preparation of nano-phased materials at high temperature (up to 300 °C) and pressure (up to 10 bar) conditions [20]. The hydrothermal method has the advantages of uniform production, facile conditions, environmental safety, and low output loss. Further, the reaction process can be controlled by the vapor pressure and yield of unstable particles at higher temperatures. MB (formula C16H18ClN3S, molecular weight 319.852 g/mol, wavelength 664 nm, and color index 52.015) was selected [21] as a model pollutant for the study of the photocatalytic activity of Cu2+-doped ZnO–SnS nanocomposites under solar light irradiation.




2. Results and Discussion


2.1. X-ray Diffraction Study


XRD was the preferred technique to determine the structural properties and phase identification of the synthesized samples. The XRD patterns of undoped ZS and Cu2+-doped ZS (ZS-C1, ZS-C3, and ZS-C5) samples are shown in Figure 1. The XRD peaks indicate the mixed-phases abundance of wurtzite hexagonal ZnO and orthorhombic SnS structures. The diffraction planes (002), (101), (102), (110), (103), and (202) indicate the hexagonal phase of ZnO, according to the Joint Committee on Powder Diffraction Standards (JCPDS) pattern 36-1451, shown at the bottom of Figure 1. Similarly, the lattice planes (120), (111), (131), (112), (042), (212), and (311) confirmed the orthorhombic phase of SnS, shown in JCPDS 39-0354. Further, the peak intensity in the (111) plane is higher than that of the other peaks, inferring a favorable accommodation of nanocomposite formation [22]. No additional impurity peaks related to the doping element (Cu) were observed. The average crystallite size (D) of the prepared nanocomposites was calculated using Scherrer’s equation [23]:


  D =   0.9   λ     β    cos  θ    



(1)




where λ is the Cu-Kα radiation wavelength, β is the full width at half maximum (FWHM), and θ is the angle of diffraction.



The microstrain (ε) and the dislocation density (δ) of each sample were evaluated using the expressions [24]:


ε = (βcosθ)/4 and δ = 1/D2



(2)







The estimated average crystallite size, d-spacing, microstrain, and dislocation density values for the undoped and Cu2+-doped ZS nanocomposites are presented in Table 1. These results showed that particle size and d-spacing decreased with an increasing doping content in the ZS nanocomposites.




2.2. Morphological Study


TEM was used to observe the crystal growth, analyze the microstructures, and determine the morphological properties [25] of the samples. Figure 2 shows the TEM micrographs of the undoped and Cu2+-doped ZS nanocomposites. Undoped ZS, shown in Figure 2a, exhibited mostly nanoflake and polygon-like structures. However, with increasing Cu2+ doping (Figure 3b–d), the morphology changed. This modification in morphology implies a change in the inter-atomic distance between ZnO and Cu2+ ions, which affected the high surface area and crystal growth of the nanoparticles. The presence of Cu2+ ions accelerated the ZnO lattice structure and exhibited some agglomeration, which increased with an increasing doping (Cu2+) concentration. Figure 2b, with doping content of 1%, reveals an uneven distribution of the SnS nanoparticles on the surface of the ZnO nanoflakes. A further increase in the Cu2+ content to 3% (Figure 2c) revealed a uniform distribution of the SnS nanoparticles on ZnO surface. A further increase in the doping content to 5% resulted in more agglomerates, as shown in Figure 2d. The agglomeration might be due to the interaction of the nanoparticles and large nanoflakes with the Cu2+ ions heavily accumulated in the ZS nanocomposite [26].




2.3. XPS Study


XPS was used for elemental analysis and for determining the chemical state of each synthesized sample. We also needed to find the particle surfaces and constituent elements of the nanocomposites. The binding energies of all the elements (Zn, O, Sn, S, and Cu) in the prepared nanocomposites are presented in the high-resolution survey scan spectrum (0 to 1300 eV) shown in Figure 3a. Other elements detected were C and N due to instrument/environment effects and O2 due to adsorption. The XPS analysis of the dopant element (Cu), depicted in Figure 3b, showed prominent characteristic peaks at binding energies of 932.59 eV and 953.41 eV, ascribed to Cu 2p3/2 and Cu 2p1/2 states. These confirmed the existence of Cu in the Cu2+ oxidation state, with a spin-orbit splitting value of 20.82 eV [27]. The high-resolution XPS spectrum of Zn presented in Figure 3c shows two remarkable peaks at binding energies 1021.92 eV and 1044.98 eV, ascribed to the Zn 2p3/2 and Zn 2p1/2 states of Zn2+, with a characteristic spin-orbit splitting value of 23.06 eV [28]. The O XPS spectrum (Figure 3d) shows the presence of clear O 1s peaks at 530.21 eV and 531.69 eV. These were ascribed to the formation of core-level lattice structures of oxygen anions in the O2− oxidation state and the adsorption of water, respectively [14]. The core-level XPS spectrum of Sn is shown in Figure 3e. A significant peak was detected at binding energy 486.35 eV, along with a satellite peak at binding energy 494.76 eV. These were ascribed to the Sn 3d5/2 and Sn 3d3/2 states of Sn2+, with the spin-orbit splitting value of 8.41 eV [29]. The S XPS spectrum in Figure 3f is turbulent, with a strong peak at binding energy 163.24 eV and a satellite peak at 164.55 eV. These peaks confirmed the existence of the S 2p3/2 and S 2p1/2 states. They were attributed to the fixing of the S2– oxidation state, with a spin-orbit splitting value of 1.35 eV [30]. The electronic interaction between the metal nanoparticles and the metal oxide was responsible for the shifting of the XPS peaks towards lower binding energy levels. A reduction in electron density generally leads to a higher binding energy; as a result, a limited number of electrons are transferred from ZnO to SnS to construct an effective ZnO–SnS heterojunction with a proper doping element concentration. Thus, the XPS study successfully examined the chemical states of all constituent elements in the prepared samples, including Cu2+ doping.




2.4. Absorption Study


UV-visible DRS [31] was used to analyze the energy bandgaps (Eg) and optical properties of the nanocomposites. The optical absorption spectra of the undoped and Cu2+-doped ZS samples are shown in Figure 4a. The energy bandgaps were derived using Tauc plots, as shown in Figure 4b. The optical bandgap of the synthesized samples was calculated using the Tauc relation [32],


  α h v = a    (  h v −  E g   )   m   



(3)







The energy bandgap values for the ZS, ZS-C1, ZS-C3, and ZS-C5 samples were found to be 3.43 eV, 3.37 eV, 3.27 eV, and 3.30 eV, respectively. This indicated that as the Cu2+ doping concentration increased in the ZS host nanocomposites, the energy bandgap decreased significantly, owing to defects/vacancies related to O. Of all the synthesized samples, ZS-C3 had the lowest energy bandgap of 3.27 eV. This was probably due to a uniform dispersion of the Cu2+ ions on the surface of the ZS host nanocomposite matrix. A tunable bandgap energy is highly favorable for superior photocatalytic activity in the solar region [33]. Thus, we consider the ZS-C3 photocatalyst to be the best optimized sample.




2.5. Photocatalytic Activity


The detoxification of organic pollutants such as MB in water bodies polluted by industrial effluent is necessary to protect the health of people and aquatic environments. Our study aimed to degrade the MB dye in wastewater by achieving a good photocatalytic behavior under 150 W solar light irradiation. Figure 5 depicts the nature of the photocatalytic activity (PCA) of undoped and Cu2+-doped ZS nanocomposites. The PCA of the synthesized samples was examined in aqueous solution irradiated with solar light at ambient temperature. The concentration of degraded MB was examined using an absorption spectrophotometer every 15 min over a period of 120 min. First, a ‘blank experiment’ was performed [34] using pure MB in aqueous solution to determine the stability and degradation efficiency of the dye under solar light illumination. However, aqueous solutions of the dye only show very little degradation under solar light. To achieve significant degradation, nano photocatalyst materials (ZS-C composites) must be added. Each sample was magnetically stirred in the dark, ensuring the photocatalyst material would uniformly affect the dye degradation process, leading to a saturated adsorption equilibrium. It was observed that the Cu2+-doped nanocomposites (ZS-C1, ZS-C3, and ZS-C5) exhibited superior PCA compared to the ZS (host) nanocomposite. This enhancement in efficiency was attributed to changes in the energy bandgap of the ZS composite by Cu2+ doping. New energy levels were introduced within the bandgap region, and this promoted robust photocatalytic activity in solar light sensitization [35]. The impact of Cu2+ doping on the photocatalytic performance of the ZS composites under solar light illumination is depicted in Figure 5a. The order of increasing MB dye degradation efficiency of the samples was ZS ˂ ZS-C1 < ZS-C5 < ZS-C3. The photocatalytic degradation efficiency was evaluated in terms of the Langmuir-Hinshelwood model. In this model, the concentration of the degrading material decreases with time according to [36]


Ct = C0 exp (−kt)



(4)




where C0 is the initial concentration, Ct is the concentration after the time interval t in min, and k is the kinetic rate constant in min−1. Alternatively, k is defined by the first-order pseudo-kinetic Langmuir-Hinshelwood relation [36]:


  k =    ln     (   C 0  /  C t   )   t   



(5)







Figure 5b shows a graph of ln(C0/Ct) versus illumination time t. It is a straight line, indicating that the photodegradation process obeyed the first-order Equation (5). The photodegradation efficiencies of our photocatalyst composites in MB dye aqueous solutions for a solar light irradiation time of 120 min are shown in Figure 5c. The degradation percentages were 11.4%, 71.7%, 87.8%, 97.2%, and 92.6% for blank, ZS, ZS-C1, ZS-C3, and ZS-C5, respectively. Of the prepared nanocomposites, the ZS-C3 (optimized sample) photocatalyst showed the highest PCA of 97.2% over 120 min, which was attributed to the nature of the energy bandgap and to plasmonic effects. Owing to the high radiative recombination rate of photogenerated charge carrier (e−-h+) pairs on its surface, the undoped ZS photocatalyst degraded only 71.7% of the MB dye. The values of the kinetic rate constant obtained using Equation (5) for the synthesized composites ZS, ZS-C1, ZS-C3, and ZS-C5 were 0.0039 min−1, 0.0071 min−1, 0.0121 min−1, and 0.0089 min−1, respectively. The ZS-C3 optimized sample displayed the highest kinetic rate constant among all samples, corresponding to maximum MB dye removal under solar light irradiation.



Figure 5d shows a bar diagram comparing the kinetic rate constants of the synthesized composites. It is clearly observed that Cu2+-doped nanocomposites (ZS-C1, ZS-C3, and ZS-C5) exhibited improved photodegradation efficiencies over the undoped ZS host composite, because of the assimilation of copper ions into the ZS lattice structure. In addition, Cu2+ doping introduced new energy levels within the bandgap limits in the region of the conduction band of the ZS lattice. The doping ions thus effectively reduced the energy bandgap of the nanocomposites [37]. This narrow band gap facilitated the separation of photogenerated charge carriers (recombination of fewer electron-hole pairs) on the surface of the photocatalyst, so that Cu2+-doped novel heterojunction nanocomposites (ZS-C) exhibited superior PCA under solar light irradiation. It was also observed that the photodegradation efficiency of copper-doped ZS nanocomposites tended to increase with an increasing copper content. However, the maximum photodegradation efficiency was obtained for the ZS-C3 (3%) catalyst, and the efficiency decreased for the ZS-C5 (5%) catalyst. In the case of ZS-C5, the incidental agglomeration of Cu2+ ions into ZS host lattice sites tended to reduce the bandgap and caused the scattering of light. The photodegradation efficiencies of the nanocomposites with respect to MB are compared in Table 2. This shows the ZS-C3 catalyst material exhibited the highest photodegradation efficiency, that is, maximum PCA, and induced large numbers of self-activation centers on the surface of these optimized nanocomposites. Moreover, doping ions (Cu2+) created new energy levels in the region of the CB and VB of the Z–S host lattice structure, leading to a tunable bandgap in the nanocomposites. We conclude that Cu2+-doped ZS nanocomposites exhibit high absorption of light and robust PCA under solar light irradiation. Moreover, our photocatalyst composites have advantages such as low cost, high absorption ability, reusability, environmental friendliness, and robust photocatalytic performance. It is anticipated that the optimized nanophotocatalyst material will be employed to remove organic contaminants from water bodies to the greatest extent possible. The superior photocatalytic degradation performance of the ZS-C3 optimized nanocomposite over others motivated reusability and stability tests on this sample for its use in a variety of practical applications.



Figure 5e depicts the results of the reusability test on ZS-C3 for MB dye degradation under solar light illumination. The test results indicated that a slight decrease in the photodegradation percentage of MB dye was observed after four usage cycles. However, approximately 93% degradation remained after the complete recycling test. Our ZS-C3 optimized nano photocatalyst thereby clearly demonstrated its potential for reuse in practical decontamination applications.




2.6. Proposed Transport Mechanism


The nature of the photocatalyst bandgap and the degree of charge carrier separation on the nanocomposite surface may determine the photocatalytic transport mechanism. Based on the results of the present work, the proposed charge carrier transport mechanism of the Cu2+-doped ZS-optimized photocatalyst is depicted in Figure 6. Zn lattice sites are replaced by Cu2+ ions; therefore, the tunable bandgap nature of the photocatalyst is solely controlled by the doping ions. The location of the Fermi energy (EF) level in the ZnO and SnS materials is shifted due to the impurity concentration, so that the CB of SnS lies just above the CB of the Cu2+-doped ZnO energy state, and the VB of SnS lies above the VB of Cu2+-doped ZnO energy level [11]. Thus, our novel heterogeneous ZnO–Cu/SnS structure with a ZnO–SnS interface can act as a possible medium for the transformation of photogenerated charge carriers on the surface of the nanocomposite through allowed self-activated lattice sites [44]. The recombination rate of the charge carriers on the surface of the optimized nanocomposite is reduced significantly, resulting in superior PCA under light irradiation [45]. Electrons and holes are scattered in opposite directions, that is, electrons (e−) migrate from the CB of the heterojunction (Zn–O–Cu) to the CB of SnS, while holes (h+) move in the opposite direction [46]. These actions on the photogenerated charge carriers on the surface of the photocatalyst lead to the formation of an electric field in the region of the Zn–O–Cu/SnS heterojunction. The novel heterojunction in the nanocomposite also achieves a lower recombination rate of photogenerated charge carriers, a change in the energy bandgap, and a high light absorption capacity [47]. These properties tend to maximize the dye degradation in water bodies under solar light illumination. The achievement of maximum charge separation is advantageous for obtaining a robust photocatalytic degradation of MB. The proposed transport mechanism reactions for the separation of photogenerated charge carriers are as follows [48]:




	
Cu2+ + ZnO–SnS + hν (solar light irradiation) → Cu2+/ZnO (e−) + SnS (h+).



	
Cu2+-ZnO (e−) + O2 → O2•− (oxide free radicals)



	
O2•− + H2O → HO2• + OH− (hydroxyl free radicals)



	
HO2• + H2O → OH•+ H2O2



	
H2O2 → 2OH•



	
SnS (h+) + OH− → OH•(hydroxyl free radicals)



	
OH• + MB (dye) → H2O + CO2



	
h+ + MB (dye) → CO2 + H2O (harmless degradation products)








The results suggest that the plasmonic effect of the heterojunction (ZS) with Cu2+ metal ions may help the growth of strong oxidative free radicals on the surface of the photocatalyst, which significantly improves the performance of photocatalytic degradation by Cu2+-doped ZnO–SnS nanocomposites under solar light irradiation.





3. Materials and Methods


3.1. Materials


For the fabrication of Cu2+-doped ZnO–SnS nanocomposites, Zn(CH3COO)2·2H2O (99.99%), NaOH (>97%), SnCl4·5H2O (99.99%), Na2S (>98%), and Cu(NO3)2 (99.99%) precursors of analytical grade were used.




3.2. Synthesis of Cu2+-Doped ZnO–SnS Nanocomposite


The ZnO–SnS nanocomposites were synthesized by a hydrothermal technique using the following steps: (1) 2.2 g (0.2 mol%) of Zn(CH3COO)2·2H2O in 50 mL of a deionized water-ethanol mixture (1:1 ratio) and equimolar NaOH in another deionized water-ethanol mixture were mixed drop by drop; (2) 50 mL of the deionized water-ethanol mixture of SnCl4·5H2O and an equal molar amount of Na2S were added to (1); (3) 0.01 mol% of Cu(NO3)2 in 20 mL of the water-ethanol mixture was also added to (1), which was then stirred continuously for 3–4 h, before washing with deionized water and ethanol several times to extract impurities; (4) the resulting solution was poured into a Teflon-coated high-vapor-pressure autoclave and then placed in a high-temperature muffle furnace maintained at 220 °C for 10 h; (5) the solution was centrifuged at 5000 rpm for 15 min. The sediment material was collected and dried for 4 h in a hot-air oven at 100 °C and then ground finely until powder nanoparticles were obtained. Different concentrations of Cu2+-doped ZnO–SnS nanocomposites were prepared by varying the mole percentage of the Cu content (1%, 3%, and 5%) in optimized (1:0.75) ZnO–SnS (“Z–S”) samples [47]. In this paper, the synthesized samples are denoted ZS-C1, ZS-C3, and ZS-C5, respectively, while the undoped sample is denoted ZS.




3.3. Characterization Techniques


Powder X-ray diffraction (XRD) data were obtained using an XPert Pro PANalytical diffractometer (Malvern, UK) with Cu–Kα radiation (λ = 0.15406 nm). Transmission electron microscope (TEM) micrographs were obtained using a HITACHI H-7650 instrument (Tokyo, Japan) with an accelerating voltage of 100 kV. Powder samples were dispersed in an ethanol solution, and a drop of the homogeneous dispersion was then loaded onto a carbon-coated copper grid and allowed to dry before TEM analysis. A Thermo Scientific K-alpha (Waltham, MA, USA) surface analysis instrument was used for XPS analysis to determine the oxidation states of the constituent elements in the sample. DRS spectra were recorded with a JASCO V-670 spectrophotometer (Tokyo, Japan) in the wavelength range of 200–900 nm to determine the energy bandgap.




3.4. Photocatalytic Activity


In the present study, an aqueous solution of MB at ambient temperature was irradiated with a 150 W Abet solar simulator, and the precise output intensity over the solution was nearly one sun. The Abet solar simulator (Milford, MA, USA) delivered the light with an intensity of 1000 W/m2. For each sample, 10 mg of prepared catalyst (Cu2+-doped ZnO–SnS) was added to 100 mL of 0.03126 mM (10 ppm) MB aqueous solution. Prior to light illumination, the solution was magnetically stirred in the dark for 1 h to maintain the adsorption/desorption equilibrium between MB and the catalyst. The final solution was then irradiated with solar light. The degradation of the MB dye was analyzed using a UV-Vis-NIR spectrophotometer using 5 mL aliquots collected from the solution. Each experiment was carried out in two parts: (1) normal conditions without a catalyst (only MB) and (2) with catalyst material (ZS-C). The photocatalytic degradation efficiency was evaluated using the formula:


Degradation efficiency (%) = (1 − C/C0) × 100%



(6)




where C0 is the initial concentration of MB, and C is the concentration after irradiation.





4. Conclusions


In summary, Cu2+-doped ZnO–SnS nanocomposites were synthesized by a facile hydrothermal method at 220 °C for solar-light-driven photocatalysis. A mixed-phase abundance of hexagonal wurtzite ZnO and orthorhombic SnS was observed. No peaks relevant to the doping content were found. The crystallite size of the optimized nanocomposite was found to be 6.8 nm. The TEM micrographs revealed the deposition of SnS nanoparticles on the surface of the ZnO nanoflakes, and a trend of agglomeration was observed with an increase in doping concentration. The XPS analysis determined the chemical state of the constituent elements such as Zn2+, O2−, Sn2+, S2− and the successful incorporation of Cu2+ ions into the ZS nanocomposite. Optical absorption spectra confirmed that the bandgap of the synthesized nanocomposites decreased with an increasing dopant content. Enhanced photocatalytic activity against the MB dye was observed under solar light illumination. The achieved degradation efficiency was 97.2% in 120 min. The enhanced photocatalytic performance of the optimal sample was attributed to the maximum separation of photoinduced charge carriers and to the formation of a heterojunction at the interface.
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Figure 1. X-ray diffraction patterns of undoped and Cu2+-doped ZnO–SnS nanocomposites. 






Figure 1. X-ray diffraction patterns of undoped and Cu2+-doped ZnO–SnS nanocomposites.



[image: Catalysts 12 00328 g001]







[image: Catalysts 12 00328 g002 550] 





Figure 2. TEM images of (a) ZS, (b) ZS-C1, (c) ZS-C3, and (d) ZS-C5 nanocomposites. 
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Figure 3. XPS spectra of Cu2+-doped (3%) ZnO–SnS (ZS-C3) nanocomposite: (a) survey, (b) Cu 2p, (c) Zn 2p, (d) O 1s, (e) Sn 3d, and (f) S sp. 
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Figure 4. (a) Optical absorption and (b) Tauc plots of undoped and Cu2+-doped ZnO–SnS nanocomposites. 
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Figure 5. Photocatalytic activity of undoped and Cu2+-doped ZnO–SnS nanocomposites: (a) concentration, (b) kinetics for the MB dye, (c) degradation efficiency, (d) kinetic rate constants of the catalysts, and (e) reusability test of ZS-C3 under solar light illumination. 
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Figure 6. Photodegradation mechanism of MB dye using Cu2+-doped ZnO–SnS nanocomposites. 
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Table 1. Average crystallite size, d-spacing, microstrain, and dislocation density of undoped and Cu2+-doped ZnO–SnS nanocomposites.






Table 1. Average crystallite size, d-spacing, microstrain, and dislocation density of undoped and Cu2+-doped ZnO–SnS nanocomposites.





	Sample
	Crystallite Size (D nm)
	d-Spacing (Å)
	Microstrain (ε) × 10−3
	Dislocation Density (δ) × 1015 Lines/m2





	ZS
	7.9
	2.61
	5.33
	1.60



	ZS-C1
	7.4
	2.45
	5.11
	1.82



	ZS-C3
	6.8
	1.88
	4.65
	2.16



	ZS-C5
	6.5
	1.61
	4.38
	2.33
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Table 2. Comparison of the photocatalytic efficiencies of various ZnO-based nanocomposites in the degradation of methylene blue (MB).
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	Catalyst
	Synthesis Method
	Dye
	Light Source
	Irradiation Time (min)
	Degradation Efficiency (%)
	Ref.





	PANI/ZnO
	Sonication
	MB
	Visible
	180
	99
	[38]



	ZnO/PEDOT
	Solid-state
	MB
	Sun light
	300
	˃95
	[39]



	Sn doped CeO2–Fe2O3
	Thermal deposition
	MB
	Visible
	120
	~94.5
	[40]



	ZnO/PANI
	Rapid mixing polymerization
	MB
	Visible
	160
	76
	[41]



	rGO/ZnO/Ag
	Hydrothermal
	MB
	Sun light
	60
	94
	[42]



	PANI/ZnO
	Chemical polymerization
	MB
	Sun light
	300
	99
	[43]



	Cu-doped ZnO/SnS
	Hydrothermal
	MB
	Solar
	120
	97.2
	Present work
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