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      ABSTRACT: 
      This study focuses on the impact of the sulfur vacancies on the photocatalytic response of the ZnS nanocrystals synthesized by solvothermal method varying the concentration of zinc acetate/thiourea precursors. XRD patterns show that these samples have a hexagonal structure with different degrees of crystallinity, varying the crystallite size from 2.48 to 2.85 nm. The UV-Vis data reveals an absorption peak (at about 320 nm) characteristic of ZnS nanocrystals. As a result, a decrease in the bandgap value of these materials was observed from 3.78 to 3.62 eV. In principle, a comparison of these results and theoretical calculations reveals the formation of intermediate levels inside the bandgap due to structural polarization. These findings also corroborate the zeta potential measured for these samples, evidenced by an increase of positive charge of ZnS surfaces. Also, the low Miller-index surfaces, such as (10
      
      0), (11
      
      0) and (0001), were investigated by periodic density functional theory calculations, in nice agreement with the experimental data. A photocatalysis mechanism was investigated and confirmed the formation of reactive oxygen species.
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      1. Introduction
    

    
      
    

    
      In recent years, the contamination of water by micropollutants, especially organic dyes, has become a matter of serious environmental concern (
      
        Ayodhya and Veerabhadram, 2018
      
      ; 
      
        Bilal 
      
      
        et al.
      
      
        , 2019
      
      ;
       
      
        Byrne 
      
      
        et al.
      
      
        , 2018
      
      ). Additionally, recent studies have also shown a troubling detection of the novel coronavirus (denoted as SARS-CoV-2) in feces and sewage, raising the hypothesis of fecal-oral transmission (
      
        Heller 
      
      
        et al.
      
      
        , 2020
      
      ). To catalyze the decomposition reactions of these organic pollutants and pathogens, a wide variety of novel nanoscale semiconductor materials has attracted particular interest, because of their high photocatalytic efficiency in converting pollutants into environmentally friendly byproducts (
      
        Amorin 
      
      
        et al.
      
      
        , 2019
      
      ; 
      
        Ayala-Durán 
      
      
        et al.
      
      
        , 2020
      
      ).
    

    
      Among the materials proposed for this purpose, the zinc sulfide (ZnS) semiconductor materials have a wide bandgap of about 3.6 eV and exhibit highly tunable chemical and physical properties as well as unique functionalities for a huge variety of emerging technologies (
      
        Chen 
      
      
        et al.
      
      
        , 2010
      
      ; 
      
        Hussain 
      
      
        et al.
      
      
        , 2017
      
      ; 
      
        Ippen 
      
      
        et al.
      
      
        , 2014
      
      ; 
      
        Jellison 
      
      
        et al.
      
      
        , 1986
      
      ; 
      
        La Porta 
      
      
        et al.
      
      
        , 2014a
      
      ; 
      
        Lee and Wu, 2017
      
      ; 
      
        Lin 
      
      
        et al.
      
      
        , 2019
      
      ; 
      
        Sultana 
      
      
        et al.
      
      
        , 2018
      
      ; 
      
        Xiao 
      
      
        et al.
      
      
        , 2016
      
      ; 
      
        Zhang 
      
      
        et al.
      
      
        , 2013
      
      ; 
      
        Ziegler 
      
      
        et al.
      
      
        , 2008
      
      ). A notable example of ZnS-related applications includes light-emitting diodes (LEDs), lasers, sensors, solar cells, piezoelectric nanogenerator, (photo)catalysis, and biomedical applications (
      
        Hussain 
      
      
        et al.
      
      
        , 2017
      
      ; 
      
        Ippen 
      
      
        et al.
      
      
        , 2014
      
      ; 
      
        Jellison 
      
      
        et al.
      
      
        , 1986
      
      ; 
      
        La Porta 
      
      
        et al.
      
      
        , 2014a
      
      ; 
      
        Lee and Wu, 2017
      
      ; 
      
        Lin 
      
      
        et al.
      
      
        , 2019
      
      ; 
      
        Sultana 
      
      
        et al.
      
      
        , 2018
      
      ; 
      
        X. Wang, 
      
      
        et al.
      
      
        , 2011
      
      ; 
      
        Xiao 
      
      
        et al.
      
      
        , 2016
      
      ; 
      
        Zhang 
      
      
        et al.
      
      
        , 2013
      
      ; 
      
        Ziegler 
      
      
        et al.
      
      
        , 2008
      
      ). Furthermore, more recently, the ZnS-based heterostructure have been widely studied, mainly due to high quality of ZnS shell (in core/shell structures with a lower bandgap core) that contributes to an increase in the efficiency and stability of optoelectronic devices based on ZnS heterostructures (
      
        Chen 
      
      
        et al.
      
      
        , 2021
      
      ; 
      
        Mukherjee and Selvaraj, 2021
      
      ; 
      
        Talapin 
      
      
        et al.
      
      
        , 2004
      
      ; 
      
        P. Wang 
      
      
        et al.
      
      
        , 2021
      
      ).
    

    
      Likely, due to their outstanding chemical and physical properties and incredible versatility, such nanocrystals have enormous importance in academic and industrial scenery. For this reason, several methodologies have been widely developed in the last decades for their simple and straightforward manufacture of ZnS-related materials with desired particle sizes, structures, compositions, and morphologies (
      
        Hussain 
      
      
        et al.
      
      
        , 2017
      
      ;
       
      
        Jellison 
      
      
        et al.
      
      
        , 1986
      
      ;
       
      
        Lee and Wu, 2017
      
      ; 
      
        Sultana 
      
      
        et al.
      
      
        , 2018
      
      ; 
      
        X. Wang 
      
      
        et al.
      
      
        , 2011
      
      ;
       
      
        Xiao 
      
      
        et al.
      
      
        , 2016
      
      ; 
      
        Zhang 
      
      
        et al.
      
      
        , 2013
      
      ). Nonetheless, among solution-based synthetic routes, it is known that the solvothermal approach is a relatively low-cost method and is widely used to produces diverse crystalline materials of high purity (
      
        La Porta 
      
      
        et al.
      
      
        , 2014a
      
      ; 
      
        Li 
      
      
        et al.
      
      
        , 2015
      
      ; 
      
        Santana 
      
      
        et al.
      
      
        , 2011
      
      ). Varela and coauthors have optimized the kinetics of solid-state reactions from hours to minutes, leading to obtaining spherical ZnS nanocrystals with controlled phase based on this strategy coupled with the use of microwave energy (
      
        La Porta 
      
      
        et al.
      
      
        , 2013a
      
      ; 
      
        2014a
      
      ; 
      
        b
      
      ) Their work enabled a deep understanding of these ZnS crystals from a modern perspective based on the combination of theory, computational simulations, and experimental results aiming to elucidate these new nanoscale materials' physical and chemical behavior.
    

    
      Therefore, this study is focused on the effects of structural defects caused by decreased concentration of zinc acetate/thiourea precursors in the solvothermal growth of ZnS nanocrystals with hexagonal structures for enhanced photocatalysis applications. Also, this study can significantly contribute to provide new chemical insights towards materials design with highly tailoring properties.
    

    
      
    

    
      2. Experimental
    

    
      
    

    
      2.1 Materials and synthesis
    

    
      
    

    
      The ZnS nanocrystals with the hexagonal structure used in this study were synthesized from a one-pot solvothermal strategy based on a modification of the protocol established by Varela and collaborators (
      
        La Porta 
      
      
        et al.
      
      
        , 2014a
      
      ). Briefly, different concentrations of 1:1 zinc acetate/thiourea precursors system (such as 7.34 mmol for sample A, 3.68 mmol for sample B, or 1.835 mmol for sample C) were dissolved in approximately 50 mL of ethylene glycol. Then, 16 mmol of tetrabutylammonium hydroxide (40% wt/v) were added quickly and after 10 min the resulting reaction mixture was transferred into a Teflon-lined stainless-steel autoclave, properly sealed and then placed inside a muffle furnace for one-pot solvothermal synthesis at 160 °C for 120 min. After this period, the solvothermal system was slowly cooled and samples were collected near room temperature. Then, the precipitated powder was rinsed with deionized water/isopropanol several times in sequence and extracted by centrifugation, followed by room temperature drying for 24 h.
    

    
      
    

    
      2.2 Characterization
    

    
      
    

    
      The ZnS nanoparticles obtained were structurally characterized by X-ray diffraction (XRD) using a Bruker-D2 PHASER with Cu Kα radiation (λ = 1.5406 Å) in the 2θ range from 20 to 80° at 0.02° s
      –1
      . For better reading and identification, the ZnS samples at the three different concentrations were named as A (7.34 mmol of zinc acetate/thiourea), B (3.67 mmol of zinc acetate/thiourea), and C (1.835 mmol zinc acetate/thiourea). Then, the UV-Vis spectra were recorded using a S60 Libra spectrophotometer (Biochrom), with a range of 190–1100 nm, using a quartz cuvette with a 10-mm optical path and two polished windows. Dynamic light scattering (DLS) analysis was performed using a Litesizer 500 particle size analyzer (ANTON PAAR), with 658 nm laser wavelength, using a 12.5 × 15.5 × 45 mm quartz cuvette. For these measurements, the powders (about 0.0005 g) were dispersed in 1 mL of water.
    

    
      
    

    
      2.3 Photocatalytic degradation
    

    
      
    

    
      The photocatalytic activity of spherical ZnS nanocrystals was evaluated in this study for the degraded methylene blue (MB) dye solution under ultraviolet C (UVC) lamps (15 W, G15T8/OF, OSRAM) at 254 nm irradiation. In a typical procedure, about 10 mg of the as-prepared catalyst was dispersed in 14 mL of 10 mg L
      −1
       MB). In each test, the solution was continuously stirred for about of 20 min in the dark at room temperature (25 °C) in order to establish an adsorption-desorption equilibrium (
      
        Amorin 
      
      
        et al.
      
      
        , 2019
      
      ; 
      
        Suzuki 
      
      
        et al.
      
      
        , 2019a
      
      ; 
      
        2021
      
      ). During UVC irradiation, 1 mL of the solution was collected with an interval of 120 min. These MB dye solutions collected during degradation tests and then were analyzed at room temperature by a UV-Vis spectrometer (Biochrom).
    

    
      
    

    
      2.4 Scavenger test
    

    
      
    

    
      About 10 mg of catalyst in 14 mL of MB solution (10 mg L
      –1
      ) in the presence or not of different radical scavengers (in about 1 mmol), such as isopropanol (ISO), AgNO
      3
       (Ag), ammonium oxalate (AO), and pbenzoquinone (p-BQ), were added to the MB solution containing the photocatalyst (
      
        Pereira 
      
      
        et al.
      
      
        , 2018
      
      ; 
      
        Suzuki 
      
      
        et al.
      
      
        , 2021
      
      ; 
      
        Zhang 
      
      
        et al.
      
      
        , 2012
      
      ) and were mixed at a stirring rate of 300 rpm in the dark for 20 min. Later, the mixture was placed in the ultraviolet (UV) reactor at the same agitation rate. A 1 mL aliquot of the solution was collected after 120 min. The UV-Vis absorption spectra of the supernatant liquid were recorded using the same equipment as the previous experiment.
    

    
      
    

    
      2.5 Computational simulation
    

    
      
    

    
      The computational density functional theory (DFT) simulations were performed for the bulk ZnS and the (10
      
      0), (11
      
      0) and (0001) surfaces under periodic conditions as implemented in the CRYSTAL17 package (
      
        Dovesi 
      
      
        et al.
      
      
        , 2017
      
      ). Here, both the Zn and S atomic centers were described using the Triple-zetta Plus Polarization (TZVP) basis set, together with the B3LYP-D3 functional (
      
        Zhang 
      
      
        et al.
      
      
        , 2012
      
      ). The convergence criteria were controlled by a set of five thresholds (10-8, 10-8, 10-8, 10-8, 10-16) and for both Pack–Monkhorst and Gilat shrinking factor of 8. Also, tolerances were set to 0.0001 Hartree/bohr and 0.0004 bohr, respectively, to check on the gradient components as well as nuclear displacements (
      
        Dovesi 
      
      
        et al.
      
      
        , 2017
      
      ).
    

    
      The surfaces with lower Miller index: (10
      
      0), (11
      
      0) and (0001) were simulated taking into account the stoichiometry/symmetry condition. Here, the surface energy (
      E
      surf
      ) was calculated as showed in 
      
        Eq. 1
      
      :
    

    
      
    

    
      
              (
      
      1)
    

    
      
    

    
      where 
      E
      slab
       represent the total energy per unit cell of the slab in the (hkl) direction, 
      E
      bulk
       is defined as the total energy of the bulk per molecular unit, n is the number of surface layers and A is defined as the surface unit cell area (
      
        Dovesi 
      
      
        et al.
      
      
        , 2017
      
      ). In this case, the surfaces presented convergence in slab models from 8, 10 and 12 molecular units for the (10
      
      0), (11
      
      0) and (0001), respectively.
    

    
      
    

    
      3. Results and discussion
    

    
      
    

    
      As is well-known, the single-crystalline ZnS nanocrystals are usually required for many of their technological applications. Therefore, with that in mind, based on the solvothermal protocols developed by Varela and coauthors (
      
        La Porta 
      
      
        et al.
      
      
        , 2013b
      
      ; 
      
        2014a
      
      ), this study has modified them to obtain single-crystalline ZnS spheric nanoparticles from the alteration of (zinc acetate/thiourea) precursor concentrations. Thus, the authors of this work have found that the variations in the (zinc acetate/thiourea) precursor concentrations lead to a different coloration for the prepared ZnS nanopowders, as shown in 
      
        Fig. 1e–g
      
      . This important visual aspect reveals that this approach may, in principle, indicate a possible increase in defects in the material, usually seen as a white/yellow colored powder and its darkening is likely due to the formation of sulfur vacancies in the ZnS prepared samples, which it can usually occur in three different load states (i.e., V
      S
      x
      , V
      S
      •
       and V
      S
      ••
      ), and these cannot be distinguished. Hence, the darkening of the powder color indicates an increase in the density of sulfur vacancies, according to the decrease in the amount of precursor, which in turn can influence the photocatalytic properties of such materials significantly. In order to confirm these hypotheses, a structural analysis of these samples was performed. From the XRD pattern shown in 
      
        Fig. 1a
      
      , it can be observed that ZnS crystals has a hexagonal structure (belongs to space group P63mc) as well as a high degree of crystallinity at the long-range (JCPDS #36–1450). No characteristic impurity peaks were observed in XRD data. Hence, this suggests that the products obtained have high purity. These results are in nice agreement with the work of Varela and coauthors (
      
        La Porta 
      
      
        et al.
      
      
        , 2013b
      
      ; 
      
        2014a
      
      ).
       
      
        Figure 1b–d
      
       
      shows the average grain size and dispersion of sizes for these ZnS polycrystals which were determined from the XRD patterns. In particular, it can be assumed that these samples have a spherical crystallite as a model to XRD calculation of the grain size distribution, which is therefore based on using of a lognormal function. As a general result, these analyses suggest that such obtained powders have nanometric sizes.
    

    
      
    

    
    
      
        [image: ]
      
    

    
      Figure 1. 
      The XRD patterns, grain size distribution and digital photograph of powders.
       (a)
       XRD patterns of spheric ZnS nanoparticles; 
      (b-d)
       Grain size distribution of ZnS samples, with grain sizes of about 2.6 nm, 3.1 nm, and 3.3 nm, for A, B and C samples; 
      (e-g) 
      Digital photograph of as-prepared ZnS nanopowders prepared using different (zinc acetate/thioureia) precursor concentrations in solvothermal conditions.
    

    
      
    

    
      Moreover, another important aspect pertaining to the XRD peaks, as shown in 
      
        Fig. 1a
      
      , reveals a significant widening due to the very small crystallite size, as well as a certain degree of amorphization of the samples may indicate. Thus, from this perspective, the degree of crystallinity was determined for these prepared samples in this study (
      
        Tab. 1
      
      ).
    

    
      
    

    
    
      Table 1.
       Lattice parameters (
      a, b
       and 
      c
      , in Å), crystallite size (nm), crystallinity (%), microstrain, theoretical band, gap energy (E
      gap
      , in eV) and surface energy (E
      surf
      , in J m
      –2
      ). For the (10
      
      0), (11
      
      0) and (0001) the 
      c
       parameters are described by the thickness of the surface.
    

    
    
    
      
        	
          
            
          

        
        	
          
            ZnS A
          

        
        	
          
            
          

        
      

      
        	
          
            
          

        
        	
          
            Crystallite Size (nm)
          

        
        	
          
            Crystallinity (%)
          

        
        	
          
            Microstrain (
            ε
            )
          

        
        	
          
            
          

        
      

      
        	
          
            
          

        
        	
          
            2.85
          

        
        	
          
            90.1
          

        
        	
          
            0.030
          

        
        	
          
            
          

        
      

      
        	
          
            Lattice parameters
          

        
      

      
        	
          
            Plane
          

        
        	
          
            d
            hkl
          

        
        	
          
            a
          

        
        	
          
            c
          

        
        	
          
            Unit cell volume (Å)
          

        
      

      
        	
          
            (100)
          

        
        	
          
            3.2786
          

        
        	
          
            3.7858
          

        
        	
          
            6.5571
          

        
        	
          
            93.9768
          

        
      

      
        	
          
            (002)
          

        
        	
          
            3.0686
          

        
        	
          
            3.5433
          

        
        	
          
            6.1371
          

        
        	
          
            77.0524
          

        
      

      
        	
          
            (101)
          

        
        	
          
            2.8832
          

        
        	
          
            3.3292
          

        
        	
          
            5.7663
          

        
        	
          
            63.9129
          

        
      

      
        	
          
            
          

        
        	
          
            
          

        
        	
          
            
          

        
        	
          
            
          

        
        	
          
            
          

        
      

      
        	
          
            
          

        
        	
          
            ZnS B
          

        
        	
          
            
          

        
      

      
        	
          
            
          

        
        	
          
            Crystallite Size (nm)
          

        
        	
          
            Crystallinity (%)
          

        
        	
          
            Microstrain (
            ε
            )
          

        
        	
          
            
          

        
      

      
        	
          
            
          

        
        	
          
            2.72
          

        
        	
          
            86.2
          

        
        	
          
            0.031
          

        
        	
          
            
          

        
      

      
        	
          
            Lattice parameters
          

        
      

      
        	
          
            Plane
          

        
        	
          
            d
            hkl
          

        
        	
          
            a
          

        
        	
          
            c
          

        
        	
          
            Unit cell volume (Å)
          

        
      

      
        	
          
            (100)
          

        
        	
          
            3.2786
          

        
        	
          
            3.7858
          

        
        	
          
            6.5571
          

        
        	
          
            93.9768
          

        
      

      
        	
          
            (002)
          

        
        	
          
            3.0538
          

        
        	
          
            3.5263
          

        
        	
          
            6.1077
          

        
        	
          
            75.9460
          

        
      

      
        	
          
            (101)
          

        
        	
          
            2.8832
          

        
        	
          
            3.3292
          

        
        	
          
            5.7664
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            Microstrain (
            ε
            )
          

        
        	
          
            
          

        
      

      
        	
          
            
          

        
        	
          
            2.48
          

        
        	
          
            83.2
          

        
        	
          
            0.034
          

        
        	
          
            
          

        
      

      
        	
          
            Lattice parameters
          

        
      

      
        	
          
            Plane
          

        
        	
          
            d
            hkl
          

        
        	
          
            a
          

        
        	
          
            c
          

        
        	
          
            Unit cell volume (Å)
          

        
      

      
        	
          
            (100)
          

        
        	
          
            3.2786
          

        
        	
          
            3.7858
          

        
        	
          
            6.5571
          

        
        	
          
            93.9768
          

        
      

      
        	
          
            (002)
          

        
        	
          
            3.0408
          

        
        	
          
            3.5113
          

        
        	
          
            6.0817
          

        
        	
          
            74.9805
          

        
      

      
        	
          
            (101)
          

        
        	
          
            2.8588
          

        
        	
          
            3.3010
          

        
        	
          
            5.7176
          

        
        	
          
            62.3035
          

        
      

      
        	
          
            
          

        
        	
          
            
          

        
        	
          
            
          

        
        	
          
            
          

        
        	
          
            
          

        
      

      
        	
          
            Models
          

        
        	
          
            DFT
          

        
      

      
        	
          
            a
          

        
        	
          
            b
          

        
        	
          
            c
          

        
        	
          
            E
            gap
          

        
        	
          
            E
            surf
          

        
      

      
        	
          
            Bulk
          

        
        	
          
            3.77
          

        
        	
          
            3.77
          

        
        	
          
            6.14
          

        
        	
          
            4.01
          

        
        	
          
            -
          

        
      

      
        	
          
            (10
            
            0)
          

        
        	
          
            3.77
          

        
        	
          
            6.15
          

        
        	
          
            17.78
          

        
        	
          
            3.88
          

        
        	
          
            1.07
          

        
      

      
        	
          
            (11
            
            0)
          

        
        	
          
            6.14
          

        
        	
          
            6.53
          

        
        	
          
            21.04
          

        
        	
          
            4.13
          

        
        	
          
            1.10
          

        
      

      
        	
          
            (0001)
          

        
        	
          
            3.77
          

        
        	
          
            3.77
          

        
        	
          
            8.87
          

        
        	
          
            4.47
          

        
        	
          
            1.61
          

        
      

    

    
      
    

    
      However, based on the XRD data for a more accurate structural analysis we performed the peak deconvolution according to JCPDS #36–1450. Therefore, nine peaks are evident in the XRD pattern and were then deconvolution using a Voight function, as shown in 
      
        Fig. 2a–c
      
      . After deconvolution of the XRD peaks, these results were analyzed and used to calculate the crystallite size, microstrain, interplanar distance, and lattice parameters for all prepared samples are summarized in 
      
        Tab. 1
      
      . Here, the crystallite size for these samples as prepared was estimated by two methods. First, using the deconvoluted XRD peaks, the average crystallite size (
      T
      ) was calculated by the Scherrer method (
      
        Eq. 2
      
      ).
    

    
      
    

    
      
              (
      
      2)
    

    
      
    

    
      where 
      λ
       is defined as Cu Kα radiation; 
      θ
       is defined as Bragg diffraction angle, and 
      β
       is defined as peak width at half the maximum (FWHM) in radians (
      
        Guinier 
      
      
        et al.
      
      
        , 1964
      
      ). In this case, as the particles of ZnS have a spherical form the value of Scherrer constant is 0.9. Second, both the average strain and crystalline size of all prepared samples were then calculated using the Williamson–Hall method (
      
        Eq. 3
      
      ) (
      
        Suryanarayana, 1998
      
      ). That is:
    

    
      
    

    
      
              (
      
      3)
    

    
      
    

    
      Here, FWHM can be expressed in terms of deformation (
      ε
      ) which is determined by the slope of the straight line, and, in this case, 
      T
       is determined by the intersection with the vertical axis, and the other parameters have the same meaning as in the 
      
        Eq. 2
      
       (
      
        Guinier 
      
      
        et al.
      
      
        , 1964
      
      ; 
      
        La Porta 
      
      
        et al.
      
      
        , 2014a
      
      ; 
      
        Suryanarayana, 1998
      
      ). The Williamson–Hall plot for spheric ZnS nanocrystals as-prepared are here shown in 
      
        Fig. 2d-f
      
      . In general, this trend observed in these Williamson–Hall results (negative slope) is due to the small crystallite size of about 3 nm obtained for these samples. This behavior has been explained in detail in a previous work (
      
        Suzuki 
      
      
        et al.
      
      
        , 2019b
      
      ).
    

    
      Moreover, the interplanar spacing (
      d
      hkl
      ) is related to the ZnS lattice parameters 
      a
       and 
      c
      , from 
      
        Eqs. 4
      
       
      and 
      
        5
      
      :
    

    
      
    

    
      
              (
      
      4)
    

    
      
    

    
      
              (
      
      5)
    

    
      
    

    
      Using the estimated values of interplanar distance, according to the above expression, the lattice parameters 
      a
       and 
      c
       were calculated by the following relation (
      
        Eq. 6
      
      ):
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      Figure 2. 
      Deconvolution of XRD and Williamson–Hall analysis. 
      (a-c)
       Deconvoluted XRD pattern into nine bands (according to JCPDS #36–1450); 
      (d-f)
       Williamson–Hall analysis of the ZnS nanopowders.
    

    
      
    

    
      As is well-known, the ZnS hexagonal structure (space group P63mc) is formed by tetragonal [ZnS
      4
      ] clusters as shown in 
      
        Fig. 3a
      
      . As is well-known, the low-Miller index (10
      
      0), (11
      
      0) and (0001) surface planes, in general, are the most stable faces of hexagonal ZnS structure and hence are usually predominant in the obtained crystals, it has been extensively characterized from the diverse theoretical and experimental methodologies (
      
        Hamad 
      
      
        et al.
      
      
        , 2002
      
      ; 
      
        La Porta 
      
      
        et al.
      
      
        , 2017
      
      ; 
      
        Meng 
      
      
        et al.
      
      
        , 2013
      
      ).
       
      However, a more detailed analysis of clusters formed by the (10
      
      0), (11
      
      0) and (0001) surfaces show different atom arrangements as seen in 
      
        Fig. 3
      
      . The surface modeling shows that for the (10
      
      0) and (11
      
      0), the outermost layers are mainly composed by [ZnS
      3
      ] clusters, as its inner layers are composed by [ZnS
      4
      ]; as well as the (0001) which is formed by [ZnS
      4
      ] clusters (
      
        Fig. 3
      
      ). This leads to modulation of the catalytic activity in these crystal planes. In line with theoretical and experimental results, a decrease in cluster coordination of these exposed surfaces, particularly, contributes to an increase in surface energy, leading to a high chemical reactivity of these crystal planes (
      
        La Porta 
      
      
        et al.
      
      
        , 2017
      
      ; 
      
        Huang 
      
      
        et al.
      
      
        , 2012
      
      ; 
      
        Su 
      
      
        et al.
      
      
        , 2014
      
      ); however, as it can depend on the symmetry and between system planes, the results do not follow it perfectly. The surface energy of the (0001), (10
      
      0) and (11
      
      0) surfaces are shown in 
      
        Tab. 1
      
      , in which the following stability order (10
      
      0) > (11
      
      0) > (0001) is shown. Even though the (0001) does not follow perfectly the rule, the (10
      
      0) is more favorable than the (11
      
      0) due to its lower concentration of [ZnS
      3
      ] in the exposed surface (
      
        La Porta 
      
      
        et al.
      
      
        , 2017
      
      ).
    

    
      It is well-known that the UV-Vis absorption spectrum of colloidal semiconductor nanocrystals is size-dependent, as a direct consequence of the quantum confinement effect (
      
        El-Sayed, 2004
      
      ; 
      
        Jesus 
      
      
        et al.
      
      
        , 2021
      
      ; 
      
        Talapin 
      
      
        et al.
      
      
        , 2010
      
      ). 
      
        Figure 4a
      
       shows the first derivative UV–Vis absorption spectra of spheric ZnS nanocrystals, which were recorded after the powder sample being dispersed in water. For ZnS samples, it shows a red-shifted of the UV-Vis absorption peak at about 315, 317 and 323 nm, which is consistent with an increase in particle size and with the literature of ZnS (
      
        Yoffe, 2001
      
      ). According to 
      
        Calandra 
      
      
        et al.
      
      
         (1999)
      
      , the mathematical relation for the estimation of spherical diameter of the ZnS nanocrystals from the UV-Vis absorption peak is expressed as:
    

    
      
    

    
      
              (
      
      7)
    

    
      
    

    
      As expected from the following power law (
      
        Eq. 7
      
      ), the spherical diameter values of samples A, B and C are, respectively, 55.9, 58.7 and 67.8 nm. Optical energies of the bandgap for these ZnS samples have been determined in this study by the analysis of their first derivative UV-Vis absorption curves according to a methodology discussed by 
      
        Suzuki 
      
      
        et al.
      
      
        , (2019a)
      
      . As a result, the bandgap for the samples under study are shown in 
      
        Tab. 1
      
       
      and are in the range of 3.78 to 3.62 eV. In principle, a comparison of these results and theoretical calculations are also shown in 
      
        Fig. 4c
      
      , reveals the formation of intermediate levels inside the bandgap due to structural polarization, as has been proposed by Varela and co-authors (
      
        La Porta 
      
      
        et al.
      
      
        , 2013b
      
      ; 
      
        2014a
      
      ).
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      Figure 3.
       Illustration of the hexagonal ZnS unit cell and the cluster configurations for the (0001), (10
      
      0) and (11
      
      0) crystal planes.
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      Figure 4. (a)
       First-derivative curves of the UV-Vis spectra. 
      (b)
       DLS particle size analysis of the ZnS nanoparticles in water. Density of states of ZnS; 
      (c)
       bulk; 
      (d)
       (10
      
      0); 
      (e)
       (11
      
      0); 
      (f)
       (0001) surfaces.
    

    
      
    

    
      Additionally, the projected density of states analysis for bulk ZnS model in 
      
        Fig. 4c
      
       
      shows that the valence bands are mainly composed of sulfur 3p orbitals with a minor contribution of the zinc 3p orbitals, along with 3p and 4s zinc orbitals in the conduction band. From the ZnS surface models, it can be observed that the valence bands are quite similar to what was observed for the bulk, but in the conduction band the (10
      
      0) and (0001) has a major contribution of the zinc 4s orbital and a minor of zinc 3p orbital, but the (11
      
      0) has an equal contribution of the zinc 4s and 3p orbitals with a minor contribution from the 3p from the sulfur (
      
        Fig. 4d
      
       and 
      
        f
      
      ).
    

    
      Next, to complement the experimental results, the hydrodynamic diameter of the dispersed phase particles in solution was determined by DLS, in which the method is based on the analysis of light intensity fluctuations of light scattered by particles in the chaotic Brownian motion state (
      
        Lorber 
      
      
        et al.
      
      
        , 2012
      
      ; 
      
        Stetefeld 
      
      
        et al.
      
      
        , 2016
      
      ). 
      
        Figure 4b
      
       
      shows the hydrodynamic diameter values for the ZnS nanoparticles, dispersed in water. An analysis of the particle distribution obtained by the DLS suggests an increase in the size distribution with a decrease in the concentration of precursors, which is consistent with the UV-Vis results.
    

    
      Also, the zeta potential of ZnS nanoparticles with varying concentrations of precursors was also measured on the same instrument, as shown in 
      
        Fig. 5
      
      , which presents the stability characteristic of the system, for nanoparticles in solution by detecting the Doppler frequency change in scattered light because of particle motion (
      
        Kuznetsova 
      
      
        et al.
      
      
        , 2016
      
      ). As expected, an increase in the positive charge of ZnS nanocrystals was seen, which consists of the formation of sulfur vacancies. In addition, these results have agreed with the theoretical calculations.
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      Figure 5.
       Zeta potential, hydrodynamic diameter (HD) and polydisposition index (PDI) of the ZnS nanoparticles.
    

    
      
    

    
      The photocatalytic degradation of aqueous MB dye solution by ZnS samples was also investigated in this study (
      
        Fig. 6a–d
      
      ). It is well-known that the photodegradation efficiency of the catalysts can, in principle, be fully adjusted through pseudo-first order reaction kinetics (
      
        Eq. 8
      
      ):
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      Figure 6. (a-c)
       UV-Vis absorption spectra of MB solutions at various irradiation times in the presence of the catalysts; 
      (d) 
      ln(C/C0) vs. degradation time.
    

    
      
    

    
      As a result, it was observed that sample C is a better photocatalyst (k = 0.0115) than B (k = 0.0111) and A (k = 0.0082). This is due to the greater number of structural defects and sulfur vacancies on the ZnS samples, considerably favoring the adsorption of water (H
      2
      O) and molecular oxygen (O
      2
      ) dissolved in MB solution. Thus, the following 
      
        Eqs. 9–13
      
      , based on the Kröger–Vink notation (
      
        Chen 
      
      
        et al.
      
      
        , 2015
      
      ; 
      
        Kröger and Vink, 1956
      
      ; 
      
        La Porta 
      
      
        et al.
      
      
        , 2017
      
      ; 
      
        Sousa 
      
      
        et al.
      
      
        , 2020
      
      ), are used to explain the formation of the reactive oxygen species (ROS), which are usually responsible for degrading MB dye solution (
      
        Chen 
      
      
        et al.
      
      
        , 2015
      
      ; 
      
        Pereira 
      
      
        et al.
      
      
        , 2018
      
      ; 
      
        Su 
      
      
        et al.
      
      
        , 2014
      
      ).
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      9)
    

    
      
    

    
      
              (
      
      10)
    

    
      
    

    
      
              (
      
      11)
    

    
      
    

    
      
              (
      
      12)
    

    
      
    

    
      
              (
      
      13)
    

    
      
    

    
      It is well-known that photodegradation reactions are conducted by ROS (
      
        Chen 
      
      
        et al.
      
      
        , 2015
      
      ; 
      
        Pereira 
      
      
        et al.
      
      
        , 2018
      
      ; 
      
        Zhang 
      
      
        et al.
      
      
        , 2012
      
      ), as shown in the proposed mechanism above (
      
        Eqs. 9–13
      
      ). Thus, with the specific purpose of confirming the formation of ROS, photodegradation tests were performed in the presence of different radical scavengers (
      
        Suzuki 
      
      
        et al.
      
      
        , 2021
      
      ).
       
      
        Figure 7
      
       
      showed that the addition of AO, as a holes (h
      ●
      ) scavenger, did not cause significant changes in the photocatalytic degradation of the MB dye solution.
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      Figure 7. (a-c)
       Variation of degradation efficiency and 
      (d-f)
       ln(C/C0) vs. degradation time for the ZnS samples in the presence of different scavengers.
    

    
      
    

    
      In comparison, as illustrated in 
      
        Fig. 7
      
      , it was found that the photodegradation of the MB dye solution is notably inhibited by the addition of ISO, Ag and p-BQ, which are reactive species such as radical species (OH*), electron (e’) and superoxide radicals (
      ●
      O
      ’
      2
      ), indicating a more significant role to the photocatalytic mechanism. Photodegradation tests suggest that the high concentration of sulfur vacancies and structural defects significantly contribute to the adsorption of H
      2
      O and O
      2
      , improving the material's photocatalytic activity (
      
        Chen 
      
      
        et al.
      
      
        , 2015
      
      ; 
      
        Liqiang 
      
      
        et al.
      
      
        , 2006
      
      ). Therefore, from this perspective, it can be assumed that these ROS are the active species responsible for leading to the complete degradation of the MB dye solution (
      
        Amorin 
      
      
        et al.
      
      
        , 2019
      
      ).
    

    
      
    

    
      4. Conclusions
    

    
      	
        
      

    

    
      ZnS nanoparticles with different degrees of crystallinity were synthesized by the one-pot solvothermal method under different concentrations of zinc acetate/thiourea precursors. It was found from XRD patterns that the samples have a hexagonal structure, varying the crystallite size range from 2.48 to 2.85 nm. The DLS and UV-Vis measurements were also performed to analyze the particle size distribution and its optical properties. Overall, the results show the decrease in the concentration of precursors favors the formation of sulfur vacancies. Furthermore, bandgap engineering has a significant impact on the photocatalytic response of these samples. A photocatalysis mechanism was investigated and confirmed the formation of ROS. Therefore, these complex defects are more effective sites for adsorption, leading to improved photocatalytic response. Studies are ongoing to assess the interaction of ZnS nanocrystals with the main protease of SARS-CoV-2.
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