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Abstract

:

A simple ultrasonic radiation method was employed for the preparation of zinc and cadmium sulfide solid solution (ZnxCd1−xS; x = 0–0.25 wt.%) with the aim to investigate its efficiency for H2 production via a visible light-driven water-splitting reaction. The catalyst characterization by X-ray diffraction confirmed the formation of solid solution (ZnxCd1−xS) between CdS and ZnS phases. All catalysts exhibited hierarchical morphology (from SEM and TEM) formed by aggregated nanoparticles of ZnxCd1−xS solid solution with crystals showing mainly (111) planes of cubic CdS phase. The crystal size linearly decreased with an increase in Zn incorporation in the crystal lattice (from 4.37 nm to 3.72 nm). The ZnxCd1−xS photocatalysts showed a gradual increase in the H2 evolution, with an increase in the Zn concentration up to 0.2 wt.% making the most effective Zn0.2Cd0.8S catalyst toward H2 production. From the catalyst activity–structure correlation, it has been concluded that the twin-like CdS structure, the (111) plane and specific morphology are the main factors influencing the catalyst effectivity toward H2 production. All those factors compensated for the negative effect of an increase in band gap energy (Ebg) after ZnS incorporation into solid solution (from 2.21 eV to 2.34 eV). The effect of the catalyst morphology is discussed by comparing H2 evolution over unsupported and supported Zn0.2Cd0.8S solid solutions.
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1. Introduction


The new age of energy presents itself as a collection of alternative technologies to establish a world network of energy production by means of renewable sources [1]. Among these technologies, solar panels, wind turbines and biomass-based fuels are now technologies in use [2,3,4]. Nevertheless, in this nascent energy revolution, molecular hydrogen will play a main role in the transformation, transport and use of the renewable sources. It is known that this molecule can be produced from any renewable source and used as a fuel in thermal or electrochemical devices with higher efficiency than gasoline and other fossil fuels [5].



One method of producing hydrogen from water splitting is through electrolysis, however, the energy and monetary cost to electrically power the electrolysis system is greater than the energy obtained from burning hydrogen to generate electricity [6]. Likewise, the possibility of electrifying a system with these characteristics, by means of solar panels or some other renewable energy source, is not feasible, due to the poor conversion efficiencies and the high maintenance costs of the electrolysis cell [6].



The production of H2 from the photolysis of water is one of the current alternatives that are under development, as it is a simple and theoretically efficient way to produce hydrogen from the two most abundant resources on earth: water and solar energy. This process has been found to have an acceptable cost and low sustainable environmental impact. The photocatalytic production of hydrogen requires water and releases oxygen, while the use of hydrogen requires oxygen and releases water vapor; this means a cycle that, in principle, does not compromise the natural environment [7,8]. Since the discovery of the Honda–Fujishima [9] effect in 1972, photoelectric energy and photocatalysts have been applied to splitting water molecules and this process has been studied extensively throughout the world. Since then, many photocatalytic materials have been proposed (SrTiO3, CdS, BiVO4, ZnO, Ni2O3/Mn0.2Cd0.8S/Cu3P@Cu2S) [10,11,12,13,14], nevertheless, the feasibility for practical application has not yet been reached. Derived from the need and the current energy demand, it is necessary to develop photocatalysts with improved efficiency and a low cost of their synthesis.



Cadmium sulfide (CdS) is a direct-band n-type semiconductor material and is one of the most studied photocatalysts because of its efficiency to adsorb visible light (band gap energy of 2.4 eV) and the correct position of its energy states to produce the redox reactions involved in the production of hydrogen [15,16,17]. Numerous applications for CdS have been described in a variety of fields, such as pollutant degradation [18], solar cells [19,20], etc. It is known that the photocatalytic efficiency of the semiconductors is mainly defined by their structural (size, crystalline structure and morphology) and electronic characteristics (band gap energy (Ebg) and energy states distribution). In this sense, the semiconductor materials should be designed at nanoscale [9,10,11,12,13,14,15,16,17,18,19,20,21]. It is known that, according to the synthesis methods applied, the size, shape and morphology of the nanostructured materials can be manipulated and consequently the electronic properties can also be tuned based on the band gap engineering [2,10,11,22,23,24,25,26]. CdS can also improve its efficiency to absorb visible light by incorporating dopants into its crystalline structure as a way to modify the electronic structure, in order to enhance the photochemical processes to produce a larger amount of hydrogen per unit of time [10].



Contrary to the pure CdS, pure ZnS is non-active as photocatalyst upon visible light irradiation due to its very high band gap energy (3.21 eV) [25]. However, this situation is changed after ZnS incorporation into the crystalline network of ZnxCd1−xS solid solutions. It is generally recognized that this solid solution turns out to have better properties under visible light irradiation than its pure components [4,8,27,28]. Reported studies, in which ZnxCd1−xS solid solutions have been used [1,2,3,4], confirmed the versatility and advantages of their use as photocatalysts and emphasize the strong dependence of the photocatalytic properties on the surrounding environment. In general, the electronic properties of the nanostructures are different from bulk matter depending on their size and dimensionality. The 0, 1 and 2D nanostructures confine the electrons which dramatically impacts the density of states (DOS) distribution, generating specific electronic properties unique in semiconductor materials, such as photon absorption and emission with application in optical devices [10], variation in the concentration of electrons and holes [4,29,30] and variation of the band gap [31,32,33], among others, where CdS or ZnxCd1−xS solid solutions are an example [31,32,33,34,35,36,37,38,39,40].



Many synthetic approaches have been suggested for the preparation of group II–IV semiconductors. For example, CdS has been prepared by using different techniques such as electrodeposition [31,32], closed-space sublimation (CSS) [33], spray pyrolysis [35,36,37], screen printing, atomic layer epitaxy and Radio Frequency sputtering [34], including microwave-assisted synthesis in organic solvents [31,32,33,34,35,36,37,38]. Many of these methods require the use of toxic precursors or high temperatures which makes size control difficult. Recently, sonochemical synthesis has proven to be a useful method for generating novel materials with remarkably smaller size, which show novel physical properties [39,40]. Ultrasonic waves are intense enough to produce acoustic cavitation, which can drive chemical reactions such as oxidation, reduction, dissolution and decomposition. The formation, growth and implosive collapse of gas bubbles in a liquid result in a transient temperature as high as about 5000 K and a high pressure of about 1800 atm, followed by rapid cooling to bulk temperature, which makes the application of this method to the synthesis of CdS-based photocatalysts interesting.



Within this scenario, our objective in this work was to study the influence of the ultrasonic irradiation on the morphology and photo-optic properties of ZnxCd1−xS solid solutions. To the best of our knowledge, the preparation of ZnxCd1−xS solid solutions by the ultrasonic radiation method has not been reported to date. There are only two reports on the use this preparation method for the synthesis of CdS catalysts [41,42]. The catalysts were characterized by variety of techniques like X-ray diffraction (XRD), High-resolution transmission electron microscopy High-resolution transmission electron microscopy (HRTEM), Scanning Electron Microscopy (SEM), UV–Vis Diffuse Reflectance Spectroscopy (DRS) and Raman spectroscopy, whereas their photoeffectivity for H2 production was evaluated in the visible light-driven water-splitting reaction. The results are discussed in the context of those reported in the literature.




2. Experimental


2.1. Preparation of CdS and ZnxCd1−xS Solid Solutions


The CdS and ZnxCd1−xS solid solutions (x = 0, 0.05, 0.10, 0.15, 0.20 and 0.25 wt.% of Zn) were synthesized by coprecipitation assisted by ultrasonic radiation. This method of synthesis consists in the dissolution of the reagents in an aqueous (deionized water) medium. CdS and ZnxCd1−xS were prepared using Cd(CH3COO)2·2H2O and Zn(CH3COO)2·2H2O (Fluka, analytical grade) at room temperature using 3.3 g of Na2S·9H2O (analytical grade) as a precipitating agent. The quantity of each precursor was dissolved in 20 mL of water with constant stirring for 15 min at 40 °C. For the preparation of the photocatalysts, the C4H6O4Zn solution was added directly into the C4H6O4Cd solution, creating a homogeneous mixture. Then, the ultrasonic radiation was applied and the Na2S was added dropwise and slowly. A sonotrode was used with a frequency of 27 kHz and an intensity of 50%, then five applications of ultrasonic radiation were done in 90 s intervals. The solution was cooled for 5 min between each application to avoid overheating of the material. The same procedure was employed to obtain the pure CdS and the different ZnxCd1−xS solid solutions. Finally, the materials obtained were washed several times and dried. Subsequently, a thermal treatment was given for 18 h in a muffle at 80 °C, and the heating was slowly brought from room temperature to 80 °C.




2.2. Characterization Methods


The X-ray diffraction (XRD) patterns of the powdered samples were recorded using an Advance D8 diffractometer with a Cu Kα radiation (λ = 1.54060 Å). Volume-averaged crystallite sizes were determined by applying the Williamson–Hall method [43] because it turns out to be more accurate for compounds with low crystallinity. The surface morphology of the synthetized samples was investigated by scanning electron microscopy (SEM) using a JEOL JSM-6060 LV microscope. A micro-Raman spectrometer DRX II Thermo Scientific model was used, employing a light wavelength of 455 nm (blue laser) and a time exposure of 6 s, with an average of 16 samplings. The spectra were recorded at room temperature within the wavelength range of 50–3500 cm−1. The UV-Vis DR spectra in the 190–800 nm range of the samples were recorded at room temperature using an Ocean Optics Inc. spectrometer (Mini-DT2) provided with a diffuse reflectance accessory. The optical energy bandwidth of the different semiconductor CdS and ZnxCd1−xS systems were calculated using the Kubelka–Munk (K-M) function [44] and Tauc’s plot method [45,46,47] in which the linear part of the curve is extrapolated to find its intersection with the horizontal axis. A JEOL brand scanning electron microscope, model JSM-6390L, was used at 20 kV. The samples were coated with a thin layer of Au and then were treated in order to attach them to the metal cylindrical sample holder (copper, aluminum brass, etc.), which had been previously polished and cleaned. A high-resolution transmission electron microscope (HRTEM), model JEOL JEM-2200FS+Cs, was used to determine the phases of preferential crystalline growth of the samples, and the image analysis was performed using the discrete Fourier transform (DFT) identified by the X-ray diffraction technique. The structural analysis was performed from selected TEM areas to obtain the diffraction (SAD) patterns.




2.3. Photocatalytic Activity


The hydrogen production from aqueous solutions of Na2S and Na2SO3 over CdS and ZnxCd1−xS photocatalysts was measured under visible light irradiation in a closed quartz reaction cell designed for withdrawal of the gas samples at desired intervals. To minimize small UV emissions from the lamp, the photocatalysts were irradiated under visible light for 5 h with a 350 W Xe lamp equipped with a cutoff filter (l–420 nm). The powder samples (0.2 g) were kept in suspension under magnetic stirring in an aqueous solution (200 mL) containing 0.35 M Na2S + 0.25 M Na2SO3 as sacrificial reagents. These salts were added to suppress the photocorrosion of the sulfide-based photocatalysts. Using this mixed solution, the photocatalytic reaction should proceed as follows [48]:




	
Photocatalyst + hν → e− (CB) + h+ (VB)



	
2H2O + 2e− (CB) → H2 + 2 OH−



	
SO32− + H2O + 2h+ (VB) → SO42− + 2H+



	
2S2− + 2h+ (VB) → S22−



	
S22− + SO32− → S2O32− + S2−



	
SO32− + S2− + 2h+ (VB) → S2O32−








The amount of H2 evolved was determined with on-line thermal conductivity detector (TCD) gas chromatography (NaX zeolite column, nitrogen as a carrier gas). Blank experiments revealed that no hydrogen was produced without catalyst being added or light irradiation.





3. Results and Discussion


3.1. Physicochemical Characterization


3.1.1. XRD Analysis


Figure 1 displays the XRD patterns obtained for CdS and ZnxCd1−xS samples prepared using the sonochemical-assisted method. As can be seen in Figure 1, the diffractogram lines of the pure CdS show nanoparticle-shaped patterns of low crystallinity. X-ray diffractograms of CdS have three characteristic Bragg diffractions at positions 26.45°, 43.88° and 51.97°, corresponding to the crystallographic planes (111), (220), (311) of the face-centered cubic crystalline phase (Hawleyite phase From International Centre for Diffraction Data the powder diffraction file (PDF) corresponds to 03-065-2887). It should be noted that the relation of intensities between the most pronounced reflections in the diffractogram obtained with respect to the intensities from the (PDF) 03-065-2887 does not exceed a 10% difference, which confirms the similarity between the two sets of reflections.



The XRD patterns of the prepared solid solutions of ZnxCd1−xS are very similar to that of the Hawleyite phase previously detected for the pure CdS sample, with a cubic phase centered on the faces showing prominent peaks at scattering angles (2θ) of 26.46°, 43.89° and 51.97°, which could be indexed to scattering from the (111), (220) and (311) planes, respectively. However, Bragg’s reflections, for all ZnxCd1−xS solid solutions, are constituted by wide and poorly defined peaks, indicating low crystallinity and size. The crystallite size measured by the Williamson–Hall method [43] is shown in Table 1. The calculated crystallite sizes range from 3.7 nm to 4.4 nm and they decrease as the amount of Zn increases.



On the other hand, it should be noted there is a slight shift to larger angles upon increasing the x value in the ZnxCd1−xS samples. It is known that ZnS also crystallizes in the face-centered cubic crystalline phase (PDF) 01-005-0566 [46] and therefore the peak displacements towards the diffraction angles of the ZnS seem to indicate the formation of a solid solution of ZnxCd1−xS by an insertion of Zn2+ atoms into the CdS network [47,49,50]. This can be explained in terms of the inverse relationship that exists between the real and reciprocal space of the crystalline lattice: the inter-planar distances decrease with an increase in the concentration of Zn. This fact is associated with the lattice compression of the crystalline network originated by the substitution of Cd ions by a smaller Zn ionic radius (0.97 Ǻ against 0.74 Ǻ [51]).




3.1.2. SEM and TEM Analysis


SEM images in Figure 2 show the morphology and surface texture corresponding to the pure CdS and Cd0.75Zn0.15S and Cd0.8Zn0.2S as representative samples of the ZnxCd1−xS solid solutions. All the samples consist of particle agglomerates with irregular morphologies that indicate macroporosity and morphology.



The catalyst morphology, interplanar spacing, shape and growth orientation of crystallites was studied by TEM and HRTEM. Figure 3 shows images corresponding to pure CdS, and Zn0.1Cd0.9.1S and Zn0.2Cd0.8S, as representative samples of the ZnxCd1−xS solid solutions. As can be seen, all samples are polycrystalline. However, small regions can be detected where the lines that mark the different atomic planes of the expected crystalline network are not clearly observed, which seems to indicate that there are regions that are amorphous. HRTEM images in Figure 4 and Figure 5 show different interatomic planes of the crystalline network formed during the growth of the synthesis of the CdS and ZnxCd1−xS samples, respectively.



To confirm the exact structure of the material, a small portion of the micrographs obtained with TEM were selected (Figure 4(a-1) and Figure 5(b-1,c-1)) and then the selected portion was processed by the DFT, obtaining the interference pattern in the reciprocal space, which chose a diffuse band in a circular shape formed by points in different positions for pure CdS (Figure 4(a-2)), Cd0.9Zn0.1S (Figure 5(b-2)) and Cd0.8Zn0.2S (Figure 5(c-2)). The first transformation confirmed the polycrystalline nature of the samples by the different orientations shown in the reciprocal space.



In a second step, two points of the circle were selected to reconstruct the lattice of the underlying crystalline structure; then, with the help of a virtual mask and a virtual filter included in the software (SAD), an inverse Fourier transform was finally executed, returning the image to its almost original appearance, but with a single orientation of planes and better definition, sharpness and contrast. As a result, the distances between the mountains and valleys of these line patterns were obtained, which can be seen in Figure 4, where all the indexes obtained (hkl) of the diffracted rings coincided well with those of the JCPDS data 01-089-0440 for the cubic phase of the CdS (Figure 4(a-3) and Figure 5(b-3,c-3)). The patterns showed that the materials consisted of randomly oriented polycrystalline material with the (111) plane being the most intense (showing a distance between lines of 3.3 nm), which is consistent with that obtained in the DRX diffraction patterns, with a more intense Bragg reflection corresponding to (111), regardless of the content of Zn in the samples, and corresponding mainly to the cubic phase. Similarly, the diameters of some crystallites were measured, which are also shown in Figure 4(a-1) and Figure 5(b-1,c-1). An almost circular shape can be observed and the size is within the average calculated by the Williamson–Hall method (Table 1), obtained with the DRX analysis.



In order to obtain a deeper analysis regarding the elemental composition and Zn distribution at an atomic scale, high-angle annular dark field (HAADF) associated with scanning transmission electron microscopy (HAASF-STEM) was carried out for the Zn0.1Cd0.9S and Zn0.2Cd0.8S samples and the results are presented in Figure 6 and Figure 7, respectively. Comparing the images presented in both figures, it is possible to observe that Zn atoms are homogeneously distributed in the solid solutions. The homogeneous distribution of Zn in the resulting solid solution was verified by the chemical composition analysis, Energy Dispersive Spectroscopy—Scanning Transmission Electron Microscope (EDS-STEM), performed on the Zn0.2Cd0.8S sample (Figure 8) that shows a Zn/Cd ratio of 0.19, very close to the theoretical value (0.20).




3.1.3. Raman Spectroscopy Analysis


Figure 9 shows the Raman spectra for the pure CdS and ZnxCd1−xS solid solutions. A blue laser (455 nm) was used to obtain the longitudinal vibrational modes of the crystal CdS lattice. From the set of spectra shown in Figure 9, a very prominent band around 300 cm−1 corresponds to the first longitudinal mode of optical vibration (LO) of CdS, and another less intense band around 600 cm−1 corresponds to the second 2-LO vibrational mode of cubic CdS.



The presence of segregated CdS and ZnS phases is discarded because an appreciable change in the spectra of the samples containing Zn with respect to the spectrum of pure CdS is not observed (two bands would appear at wavelengths around 345 and 690 cm−1). Only a small shift of the Raman lines to higher frequencies is observed in the profiles of the ZnxCd1−xS samples. These shifts increase as the Zn content in the ZnxCd1−xS samples increases. The energy shifts of the 1(LO) phonon mode of CdS are very sensitive to lattice strain along the c-axis and therefore the shift to higher frequencies observed in these samples corroborates that Zn is substituted in the CdS network, causing a compression of the lattice, as was previously observed by XRD. Changes in the intensities and widening of the 1-LO (first longitudinal optical) and 2-LO (second longitudinal optical) bands are observed as the Zn ratio in ZnxCd1−xS samples increases, which is consistent with what was previously reported for ZnxCd1−xS solutions in the form of films [52]. The formation of Cd-S-Zn bonding is related to the lattice compression when ZnxCd1−xS solid solutions are formed.



In Table 2, the peak position and intensity of the more representative vibrational modes are set to get a better understanding of the exciton–phonon coupling strength behavior, which is represented by the intensity ratio of 2-LO to 1-LO modes (I2LO/I1LO) of the semiconductor. This intensity ratio slightly decreases as Zn2+ concentration increases, as shown in Figure 8, which is in line with some literature surveys for other dopants like Mn+2 [53]. From Table 2, it can be observed that the intensities of 1-LO and 2-LO are the highest for the Zn0.2Cd0.8S solid solution.




3.1.4. UV–Vis Diffuse Reflectance Spectra (UV–Vis DRS)


To obtain the electronic properties of synthesized materials, the study of UV–Vis diffuse reflectance spectroscopy was performed. The semiconductor nature of CdS and ZnS causes a response under stimulation by light in the visible region for CdS (near 600 nm) and in the range of soft or intermediate UV for ZnS (200–340 nm). All the photocatalyst samples show a similar absorption edge with differences in the absorption edge position depending on the concentration of Zn in the ZnxCd1−xS solid solution. From the UV–Vis spectra shown in Figure 10A, it is possible to observe that the absorption edges of ZnxCd1−xS photocatalysts gradually shift from 570 nm to 540 nm as the Zn concentration increases. All visible radiation found after 600 nm is reflected by the material, providing the characteristic color of these compounds, from orange to yellow (Figure 10C) which is in line with what was obtained in the UV–Vis spectra. It should be mentioned that, in the case of samples of ZnxCd1−xS and pure CdS synthesized in this work, the energy widths of the prohibited band are expected to be less than 2.4 eV (reported for CdS bulk [54]) because of the crystalline quality and the small crystallite size that promotes changes in the energy gap, as will be discussed below.



For the semiconductors, such as ZnxCd1.xS, the absorption edge is defined as the charge transition between the highest nearly filled band and the lowest nearly empty band. Their optical bands can be calculated by the following equation:


αhν = A(hν − Ebg)n








where α is the absorption coefficient, h is Planck’s constant, ν is the photon frequency, A is the probability parameter for the transition, Ebg is the optical bandgap and n = 2 for direct allowed transition, as is the case for these semiconductor solid solutions.



Figure 10B shows the (αhν)2 values versus hν for synthetized ZnxCd1−xS photocatalysts. The energy bandwidth (ΔEbg) of the pure CdS and ZnxCd1−xS samples, which were calculated from the slope of the Tauc’s plot, are listed in Table 1. As can be observed, the energy band gap increases linearly with an increase in the Zn concentration (Figure 11A). This quantification of the energy gap confirms the trend observed qualitatively in the spectra of Figure 10A. The observed changes in the gap of the ZnxCd1−xS solid solutions might be caused by variations in the insertion of Zn in the structure of CdS (Figure 11A), as well as by changes in the degree of order associated with the crystalline size of the material. The size of the CdS and ZnxCd1−xS solid solutions directly affect the energy band gap. For the solid solution prepared by the sonochemical method, the band gap energy increased when the crystalline size decreased. As can be seen in Figure 11B, there is a linear correlation between the ZnxCd1−xS crystal size and the band gap energies. The energy band gap of the CdS and ZnxCd1−xS solid solutions are in the 2.21–2.39 eV range. These values are much lower than those reported for the bulk CdS [55].





3.2. Photocatalytic Activity–Structure Correlation


The photoeficiency of the pure CdS and ZnxCd1−xS photocatalysts was evaluated in hydrogen production via a water-splitting reaction under visible light irradiation (λ = 420 nm). The reaction was carried out at room temperature in aqueous solution containing Na2SO3 and Na2S as sacrificial reagents. In the control experiments, in pure Na2S/Na2SO3 solutions, no hydrogen evolution was observed neither in the absence of visible light radiation nor photocatalysts.



The hydrogen evolution rate as a function of the irradiation time is shown in Figure 12. As can be seen, the pure CdS photocatalyst shows low photoactivity and H2 evolution increases going from CdS to Zn0.2Cd0.8S photocatalyst. The amount of hydrogen production increases as the Zn concentration in solid solutions is gradually increased from 0.05 to 0.2 wt.%. A further increase in Zn concentration (0.25), however, led to a slight reduction of hydrogen production as compared the 0.2 Zn concentration sample. A similar limitation of the Zn content (up to 0.3) in the solid solution was observed previously for the catalysts prepared by coprecipitation of CdS and ZnS from aqueous solutions of Cd2+ (Cd(CH3COO)2 2H2O) and Zn2+ (Zn(CH3COO)2·2H2O) at 298 K using Na2S as a precipitating agent [30]. In this work, the decrease in the hydrogen production going from Zn0.2Cd0.8S to Zn0.25Cd0.75S was the reason that the catalysts with the higher Zn concentration were not prepared. In addition, one might expect that an increase in Zn concentration might to lead to an undesired increase in the band gap energy, shifting the catalyst absorption capacity out of the visible light region.



As it has been mentioned, the photocatalytic performance of CdS-based semiconductors is related to their structural (size, crystalline structure and morphology) and electronic characteristics (Ebg and DOS distribution). In the case of photocatalysts based on CdS in which Zn is incorporated into the crystalline network, the electronic properties of the resulting solid solution depend on the substitution degree. The incorporation of Zn into the CdS lattice by the sonochemical-assisted method generates nanocrystals of small sizes (about 4 nm) in which the incorporation of the Zn was homogeneous, according to the results obtained by XRD (Figure 1), TEM (Figure 3 and Figure 4) and HAADF-STEM (Figure 5, Figure 6 and Figure 7). However, the properties of the ZnxCd1−xS solid solutions related to their crystalline quality determine the grain boundary effects, electronic effects related to electronic transfer and charge polarization, among others. The observed changes in the gap of the ZnxCd1−xS solid solutions might be caused by variations in the insertion of Zn in the structure of CdS (Figure 10A) as well as changes in the order degree associated with the crystalline size of the material. Indeed, a linear correlation between the ZnxCd1−xS crystal size and the band gap energies was observed in this work (see Figure 10B).



It is known that the presence of meso- and macroporosity in the photocatalysts, together with low crystallite size, facilitate the diffusion of molecules and improve the photoactivity [56]. The longitudinal modes obtained with the Raman technique (Figure 8) show that incorporation of Zn in the CdS lattice is substitutional, forming Cd-S-Zn-type bonding in the sulfide structure, with the exciton-phonon coupling strength being highest for the Zn0.2Cd0.8S sample. The TEM micrographs of the ZnxCd1−xS samples (Figure 3 and Figure 4) prepared by the sonochemical-assisted method show that the synthesized materials have more defects in the crystalline network when compared to the precipitation method [2,4,56,57] where the number of defects is quite considerable.



The correlation between the total H2 production at 5 h and the energy band gap of the pure CdS and ZnxCd1−xS solid solutions is clearly seen in Figure 13. DRS UV–Vis data strongly suggest that the observed difference in the catalyst’s activities could be mainly due to their different capacities for visible light absorption, as deduced from the changes in the band gap energy originated by incorporation of Zn into the structure of CdS. The H2 production increases linearly with an increase in the energy band gap up to 2.34 eV (Zn0.25Cd0.75S) and then decreases for the Zn0.25Cd0.75S catalyst showing the highest energy band gap among the catalysts studied (2.39 eV). For the latter catalyst, one might deduce that the visible light does not have the sufficient capacity to excite the electrons from the valence band to the conduction band of the corresponding ZnS states in the ZnxCd1−xS solid solution. The highest hydrogen evolution rate was achieved with Zn0.2Cd0.8S, which can be explained by considering the higher degree of Zn insertion in the CdS lattice of this photocatalyst.



Table 3 reveals the importance of the catalyst morphology and preparation method for the final catalyst behavior by comparison of H2 evolution of the unsupported and SBA-15(16)-supported Zn0.2Cd0.8S catalysts [4,28]. Contrary to expectations, the catalysts supported on ordered mesoporous silica materials (SBA-15 and SBA-16) exhibited a lower H2 evolution than unsupported ones tested in the same reaction conditions. This is a surprising result because it is generally recognized that the bulk photocatalysts exhibit easy carrier migration, trapping and recombination inside the bulks [58]. The enhancement of H2 production over unsupported catalysts with respect to supported ones suggests that the morphology of the bulk Zn0.2Cd0.8S catalyst allows the surface redox reaction instead of recombination inside the bulks [59]. Therefore, we conclude that the specific 3D hierarchical morphology of unsupported catalysts might contribute to their photocatalytic behavior, favoring the accessibility of the visible light to the active phase. Similarly, higher H2 evolution on Zn0.2Cd0.8S/SBA-16 with respect to Zn0.2Cd0.8/SBA-16 can also be explained as being due to their 3D and 2D structures, respectively [4,28]. In this case, the confinement of the ZnxCd1−xS nanoparticles within the 3D porous support structure might favor active phase dispersion and provide a certain degree of protection for photocatalysts by protecting them from photocorrosion and/or agglomeration [4,28]. Finally, the heterojunction formed between ZnS and CdS phases and the formation of subsurface/surface defects allows for more effective utilization of the electron/hole energy carriers. For the most optimized Zn0.2Cd0.8S solid solution, the preferential orientation of the (111) plane, optimal band gap and small crystallite size play an important role in the photocatalytic process. Finally, the presence of the sacrificial agent in the aqueous solution participated in the overall catalyst photoactivity. It has been well documented that sacrificial agents effectively prevent the photocorrosion of sulfide catalysts participating in the reaction mechanism [48]. In this sense, the recent study by Huang et al. demonstrated a significant increase in the H2 evolution rate with an increase in S2−/SO32− ion concentration in solution, suggesting that the photogenerated holes (h+) were consumed by the less stable S2− ions [60]. In other words, the differences in hole consumption by Na2S/Na2SO3 on ZnxCd1−xS solid solutions might occur and they can be derived from differences in the presence of sulfur vacancies on the surface of solid solutions affected by the concentration of Zn in the solution. Therefore, the possibility for the consumption of holes on sulfur vacancies could increase as the particle size of ZnxCd1−xS solid solutions decreases. The comparison of photoactivity with the particle size of ZnxCd1−xS solid solutions follows the expected trend and the smaller particle size of the solid solutions with a Zn content of 0.2–0.25 wt.%, which was translated into an increased hydrogen production.





4. Conclusions


The present paper describes the successful preparation of nanosized ZnxCd1−xS photocatalysts using ultrasonic radiation. The catalysts exhibited an increased amount of subsurface/surface defects due to the formation of morphology, which overcame the negative effect of an increase in the energy band gap originated by ZnS incorporation into CdS. The most optimized Zn0.2Cd0.8S solid solution was more effective toward hydrogen production via a visible light-driven water-splitting reaction than SBA-15(16)-supported ones prepared by coprecipitation. Dispersive Raman spectroscopy and XRD show that the incorporation of Zn in the network is carried out, resulting in lattice compression within the framework. The synthesis of ZnxCd1−xS photocatalysts assisted by ultrasonic radiation promotes the formation of smaller crystallite sizes compared to the coprecipitation method. The presence of Zn incorporated in the structure of the CdS significantly increases its catalytic photoactivity. Changes in the optical properties of the catalysts (band gap size), of ZnxCd1−xS nanoparticles derived from the different size and insertion of Zn in the CdS lattice play an important role in the photoactivity, with Zn0.2Cd0.8S being the most optimized one.
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Figure 1. XRD patterns of CdS (a) and ZnxCd1−xS samples: x = 0.05 (b), 0.10 (c), 0.15 (d), 0.20 (e) and 0.25 (f). Red lines correspond to the CdS (JCPDS 03-065-2887). 
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Figure 2. SEM images of pure CdS (A,B), Cd0.8Zn0.2S (C,D) and Cd0.75Zn0.15S (E,F) solid solutions. 
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Figure 3. TEM images of pure CdS (a), Cd0.9Zn0.1S (b) and (c) Cd0.8Zn0.2S solid solutions. 
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Figure 4. High-resolution transmission electron microscopy (HRTEM) patterns of pure CdS. (a-1) The growth patterns (randomly oriented polycrystalline material), (a-2) the selected portion shows the Fourier Transformed from a-1, and (a-3) shows the interplanar spacing between planes. 
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Figure 5. HRTEM patterns of Zn0.1Cd0.9S (b,c) and Zn0.2Cd0.8S solid solutions. Diameters of the crystallites (b-1), (c-1), Cd0.9Zn0.1S (b-2), Cd0.8Zn0.2S (c-2), the cubic phase of the CdS (b-3), (c-3). 
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Figure 6. HAADF images of Zn0.1Cd0.9S solid solution: (a) Zn atomic distribution; (b) Cd atomic distribution and (c) S atomic distribution. 
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Figure 7. High-angle annular dark field (HAADF) images of Zn0.2Cd0.8S solid solution: (a) Zn atomic distribution; (b) Cd atomic distribution and (c) S atomic distribution. 
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Figure 8. EDS-STEM for Zn0.2Cd0.8S solid solution with the elementary composition of the analyzed section. 
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Figure 9. Raman spectra recorded with the 455 nm laser line for pure CdS and ZnxCd1−xS solid solutions: (a) pure CdS; (b) Zn0.05Cd0.95S; (c) Zn0.1Cd0.9S; (d) Zn0.15Cd0.85; (e) Zn0.2Cd0.8S and (f) Zn0.25Cd0.75S. 
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Figure 10. Diffuse Reflectance (DR) UV–Vis spectra of pure CdS and ZnxCd1−xS solid solutions (A), Tauc’s plots (B) and sample colorings (C). 
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Figure 11. Energy band gap against Zn concentration in solution (A) and the correlation between the crystal size (from XRD) and Ebg (B). 
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Figure 12. H2 production as a function of time for pure CdS and ZnxCd1−xS solid solution photocatalysts (0.2 g photocatalyst: 350 W Xe lamp with a cutoff filter (λ > 420 nm), 0.25 M Na2SO3 and 0.35 M Na2S aqueous solutions). 
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Figure 13. H2 production during 5 h of reaction time against the energy band gap of pure CdS and ZnxCd1−xS solid solutions. 
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Table 1. Crystallite size (from XRD), wavelength (λ) and energy band gap estimation (ΔEbg) of pure CdS and ZnxCd1−xS solid solutions.
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	Catalyst
	Crystal Size (nm)
	λ (nm)
	ΔEbg (eV)





	CdS
	4.37
	570
	2.21



	Zn0.05Cd0.95S
	4.16
	564
	2.24



	Zn0.1Cd0.9S
	4.12
	558
	2.28



	Zn0.15Cd0.15S
	3.84
	549
	2.32



	Zn0.2Cd0.8S
	3.80
	546
	2.34



	Zn0.25Cd0.75S
	3.72
	541
	2.39
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Table 2. Peak position and intensity of undoped and Zn-doped CdS nanoparticles.
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	Sample
	1-LO (cm−1)
	Intensity I1-LO
	2-LO (cm−1)
	Intensity I2-LO





	CdS
	294.61
	270.29
	595.12
	137.74



	Zn0.05Cd0.95S
	294.87
	302.86
	598.97
	127.63



	Zn0.1Cd0.9S
	300.25
	274.03
	602.56
	114.90



	Zn0.15Cd0.15S
	303.84
	248.20
	606.15
	96.93



	Zn0.2Cd0.8S
	305.64
	347.42
	609.74
	125.38



	Zn0.25Cd0.75S
	296.10
	344.27
	603.96
	123.97
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Table 3. Comparison of some characteristics of unsupported and supported Zn0.2Cd0.8S photocatalysts tested in water-splitting reaction in the same conditions a.
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	Bulk Zn0.2Cd0.8S
	Zn0.2Cd0.8S/SBA-16
	Zn0.2Cd0.8S/SBA-15





	Reference
	This work
	[4]
	[28]



	Preparation method
	Sonochemical coprecipitation
	Thermochemical coprecipitation
	Termochemical coprecipitation



	Morphology
	Hierarchical 3D morphology
	Ordered 3D cage structure with interconnected micro- and mesopores
	Hexagonal 2D array of long 1D uniform tubular channels; mesoporous structure



	H2 production at 5 h [μmol]
	1045
	987
	972



	Ebg (eV)
	2.34
	2.20
	2.23







a Reaction conditions were: Wcat. = 0.2 g, Vsolution = 200 mL, 350 W Xe, visible light irradiation time of 5 h, 0.35 M Na2S/0.25 M Na2SO3 sacrificial agents.
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