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Abstract

:

In the present paper, simple hydrothermal and solid-state methods are reported for the synthesis of metal chalcogenide (ZnSe), metal oxide (Co3O4) and their nano-heterostructure (ZnSe/Co3O4 3:1, 1:1 and 1:3 ratios by weight), while their photocatalytic efficiencies are also investigated. The X-ray diffraction results corroborate the good crystallinity and purity of all synthesized products, i.e., ZnSe, Co3O4 and their nanocomposites. The scanning electron micro-images of ZnSe show a mixed morphology of nanoparticles (≈16 nm), including spherical and distorted cubes, while Co3O4 has a worm-like morphology (≈20 × 50 nm). The EDX results show that all the elements are present in accordance with their anticipated amounts in the products. The UV/visible absorption spectrum of ZnSe depicts a sharp absorption at around 480 nm, while Co3O4 demonstrates two prominent peaks, 510 nm and 684 nm. The prepared samples were employed for the photocatalytic degradation of Congo red dye and the nano-heterostructure (ZnSe/Co3O4 3:1) shows an exceptional photocatalytic degradation efficiency of 96%. This enhanced photocatalytic activity was due to the synergic effect of ZnSe and Co3O4 that reduced the electron/hole recombination and caused suitable bandgap alignment.
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1. Introduction


The modern world is suffering from severe environmental pollution due to the unchecked release of various toxic materials. Toxic gases, e.g., chlorofluorocarbons, carbon monoxide and carbon dioxide, are causing air pollution, while toxic chemicals, e.g., azo dyes, are causing water pollution. The azo dyes, similar to methyl orange, Congo red and methylene blue, released by the textile and leather industries are causing severe water pollution [1]. The azo dyes are the most stable type of organic pollutants and they further convert into stable hazardous products [2]. Hence, the removal of these dyes from the water by converting them into non-toxic by-products is crucial.



Various strategies have been employed and various are under way to overcome water pollution. Among the different techniques, photocatalytic dye degradation is the most effective due to its environmentally friendly, reusable and cost-effective nature [3]. The other techniques, such as membrane filtration [4,5], electro-catalysis [6,7], precipitation [8], adsorption [9] and biological treatment [10], are expensive and require advanced setups, but photocatalytic degradation needs an effective catalyst and sunlight. Many researchers have reported various photocatalysts with an excellent dye degradation efficiency. The different metal oxides, e.g., Co3O4 [11], ZnO [12,13], TiO2 [14,15]; metal chalcogenides, e.g., ZnSe [16], ZnTe [17]; metal sulfides, e.g., CuS [18], CdS [19], ZnS [20,21] and their nanocomposites [22,23], are extensively employed as photocatalysts owing to their ease of synthesis, low cost and excellent photocatalytic properties. All the aforementioned semiconductor materials have a suitable bandgap for the acceleration of electrons from conduction band to valance band, under solar energy. The produced electron-hole pairs are the key for redox reactions that convert harmful organic dyes into harmless substances [24]. However, the efficiency of a single semiconductor photocatalysts possesses some limitations, such as a low solar energy response and fast electron-hole recombination. To overcome these limitations, several effective techniques are proposed, including (i) metal doping by different metals, e.g., Al, Cu, Ni, Co [25]; (ii) nano-structuralization by controlling the morphology of synthesized products, e.g., nanorods [26], nanowires and nanoplates [27]; and (iii) the development of heterostructure, e.g., SnO2/GO [28], Co3O4/CoTe [29], CuO/ZnO [30], ZnTe/ZnSe [31] and CNT/TiO2 [32]. These techniques can lead the solar energy response to UV/visible and visible regions. Moreover, they reduce the electron-hole recombination. The development of heterostructure is a well examined and highly reported technique due to the much improved efficiency of heterostructures. In this technique, two photocatalysts can be combined in the form of a single nanocomposite to benefit from the photocatalytic activity of both, simultaneously reducing the recombination of charge carriers.



In the present work, the strategy of developing a semiconductor heterostructure is explored. A cost-effective, simple hydrothermal method was employed, which also provides greater control over the reaction conditions, such as time and temperature. ZnSe and Co3O4 nanoparticles were synthesized, which are already reported as excellent candidates for the photocatalytic break down of organic pollutants. However, for the development of the ZnSe/Co3O4 nano-heterostructure, simple solid state extensive grinding was employed.



The aim of this study is to develop an excellent semiconductor photocatalyst with an increased solar energy response. To the best of our knowledge, the preparation of the ZnSe/Co3O4 heterostructure photocatalyst by solid state grinding has not been reported, to date. Therefore, the findings of the present work might be helpful for the development of new excellent photocatalysts for the treatment of environmental pollution.




2. Materials and Methods


2.1. Chemicals


Zinc powder (Zn, Sigma Aldrich, St. Louis, MA, USA, 99%), selenium powder (Se, Merck, Kenilworth, NJ, USA, 99%); cobalt chloride hexahydrate (CoCl2·6H2O, Sigma Aldrich, St. Louis, MA, USA, 99%); potassium hydroxide (KOH, Sigma Aldrich, St. Louis, MA, USA, ≥85%); ethanol (C2H5OH, Sigma Aldrich, St. Louis, MA, USA, ≥99.5%) and urea (CH4N2O, Merck, Kenilworth, NJ, USA, ≥99.5%) are used for the synthesis of ZnSe and Co3O4. All the chemicals are of an analytical grade and no further purification was performed. Table 1 shows the details of the conditions and chemicals employed for the synthesis.




2.2. Synthesis of ZnSe


In a typical hydrothermal approach, a 30 mL solution of 3 molar KOH was prepared and then 0.65 g of Zn and 0.39 g of Se were added to it. After stirring for 1 h, the homogeneous solution was transferred to a Teflon-lined autoclave with a total capacity of 40 mL. The closely tight autoclave was placed in an oven at 120 °C and after 2 h it was cooled down naturally. The final product was obtained after centrifugation, washing and vacuum drying at 70 °C for 12 h.




2.3. Synthesis of Co3O4


The hydrothermal approach was also employed for the synthesis of Co3O4. In the typical procedure, a beaker containing 30 mL of distilled water, 0.36 g of CoCl2·6H2O and 0.72 g of urea was stirred for 1 h to obtain a transparent homogeneous solution. Then, the solution was transferred into a Teflon-lined autoclave with a capacity of 40 mL and placed in an oven for 20 h at 120 °C temperature. After cooling naturally, the obtained sample was washed by deionized water and ethanol, and then dried overnight in a vacuum oven. The final product was obtained after annealing the sample in a furnace for 2 h at 300 °C, and the heating rate was set to the 2 °C/min.




2.4. Preparation of the ZnSe/Co3O4 Heterostructure


The nanocomposites were made by a simple solid state method in which a controlled amount of already synthesized ZnSe and Co3O4 were subjected into an agate mortar and pestle. The ZnSe and Co3O4 nanopowder was ground well for an adequate amount of time to obtain 3 nanocomposites with varying amounts of ZnSe and Co3O4: 3:1, 1:1 and 1:3 named as Z1, Z2 and Z3, respectively, and the details are presented in Table 2.




2.5. Characterization


To study the crystal structure and phase analysis, a Bruker D8 focus X-ray diffractometer (XRD, Bruker, Billerica, MA, USA) with a Ni filter and Cu-Kα radiation was used. The recorded angle 2θ ranged from 20° to 80° with a scan rate of 0.1°/min. For the investigation of morphology and elemental composition, a Hitachi S4800 scanning electron microscope (SEM, Hitachi, Tokyo, Japan) coupled with an energy dispersive X-ray (EDX) spectroscopy was employed. For the measurement of the optical bandgap energies, a Lambda 750 UV/Visible/NIR spectrophotometer (PerkinElmer, Waltham, MA, USA) was used. To study the bandgap alignment, the UV/visible diffuse reflectance spectra (DRS) was determined.




2.6. Photocatalytic Studies


To investigate the photocatalytic activity of the synthesized products, the photocatalytic degradation of the Congo red (CR) dye was performed under the UV/visible light. Congo red is a carcinogenic, chemically and thermally stable anionic diazo dye with a high environmental risk as an industrial effluent. During the photocatalytic experiment, 10 mg of each photocatalyst (ZnSe, Co3O4 and ZnSe/Co3O4) was dispersed in 80 mL of CR solution (100 mg/L), separately. Then, the reaction vessel was stirred in the dark for 20 min to establish the absorption/desorption equilibrium. A light source in the form of a 300 W Xenon arc lamp was placed 15 cm above the reaction vessel. Before the start of the photocatalysis, two control experiments were also performed: (i) first, a control experiment was performed without light, and (ii) second, a control experiment was performed without the catalysts. No catalytic activity was observed in both of the controlled experiments. In the next experiment, the photocatalytic activity was investigated under the illumination of UV/visible light. To measure the degradation efficiency, 5 mL from the irradiated suspension was taken out of the reaction vessel at a regular time interval of 5 min, followed by centrifugation and UV/visible spectroscopic analysis.





3. Results


3.1. Phase Analysis


The XRD analysis was performed to investigate the phase and purity of the synthesized products, as represented in Figure 1. The XRD results of the ZnSe, Co3O4 and ZnSe/Co3O4 heterostructures indicated that the products with good crystallinity and purity were obtained. The XRD pattern of ZnSe indicated the presence of both cubic and hexagonal structures. The peaks of cubic ZnSe appeared at 27.2°, 45.1°, 53.5°, 65.9° and 72.7° (JCPDS 3-065-9602), while the peaks of hexagonal ZnSe were observed at 26.2°, 29.5°, 36.1° and 68.2° (JCPDS 1-080-008) [33]. The peaks of Co3O4 were in good agreement with the reported literature and confirmed the formation of a cubic structure (JCPDS: 42-1467) [34]. The XRD patterns of Z1 (75:25), Z2 (50:50) and Z3 (25:75) also confirmed that the ZnSe/Co3O4 nanocomposites were successfully synthesized. In all of the nanocomposites, the peaks of both ZnSe and Co3O4 were present and when the amount of ZnSe gradually decreased, the peak intensity of ZnSe also decreased. On the other hand, when the amount of Co3O4 increased, the peak intensity also increased, which confirms that the nanocomposites with desired ratios were prepared successfully, as can be seen from samples Z1 to Z3.




3.2. Morphological Analysis


ZnSe shows a mixed morphology and is present in the form of agglomerates, as shown in Figure 2a. Most of the observed nanoparticles are spherical, while the others appeared as distorted cubes or grains, as observable in Figure 2a. The calculated size of the ZnSe nanoparticles is 16 nm, approximately, while Co3O4 shows worm-like congregates, as represented in Figure 2b, with an approximate length of 50 nm and an approximate diameter of 20 nm. The particle size of both ZnSe and Co3O4 matches well with the size calculated by the Scherrer formula (ZnSe = 16.56 and Co3O4 = 20.32) represented by Equation (1).


   C S  =   0.94   λ   β . cos θ    



(1)




where CS represents the crystallite size, 0.94 is the selected value for the Scherrer shape constant (K), assuming the crystallites to be spherical, λ is the wavelength of the incident X-rays, β is the full width-at-half maxima (fwhm) of a diffraction peak and  θ  is the Bragg’s diffraction angle.



The nanocomposite Z1 contains a high amount of ZnSe compared to Co3O4. The SEM image (Figure 2c) of Z1 shows a high amount of grain-like structures and distorted cubes, while a low amount of worm-like morphologies were perceived, which confirms that a nanocomposite with 3:1 was successfully synthesized. The second nanocomposite named Z2 contained equal amounts of ZnSe and Co3O4, i.e., 1:1 by weight. The worm-like Co3O4 aggregates can be observed in the SEM image and the nanoparticles with a mixed morphology indicate the presence of ZnSe, as shown in Figure 2d. Nanocomposite Z3 (1:3) also contains both of the counterparts, ZnSe and Co3O4, but the amount of worm-like elongated nano-agglomerates is higher, which is an indicator of the enhanced proportion of Co3O4, as shown in Figure 2e. In general, these micrographs confirm the successful fabrication of nano-sized materials.




3.3. Elemental Analysis


To measure the elemental composition of ZnSe, Co3O4 and their heterostructure, an energy dispersive X-ray spectroscopy (EDX) was carried out. Figure 3a shows the EDX results of ZnSe with a high weight and atomic ratio of Zn and Se, which indicates the successful synthesis of the sample. Figure 3b shows the EDX analysis of Co3O4, which confirms the presence of both Co and O, while C is also present in a minute amount as an impurity.



The EDX results of nanocomposite ZnSe/Co3O4 indicated that all the elements, i.e., Zn, Se, Co and O, are present in it, as shown in Figure 3c–e. In the nanocomposites ranging from Z1 to Z3, the composition of Zn and Se gradually decreases, which is also evident in the EDX results. In Z1, the concentration of ZnSe is higher compared to Co3O4 (3:1); hence, the weight and atomic percentage of Zn and Se is present in higher amounts, as shown in Figure 3c. In Z2, the concentrations of ZnSe and Co3O4 are equal (1:1); therefore, the weight and atomic percentage of Co and O is higher and the atomic percentage of Zn and Se is lower, compared to Z1, as shown in Figure 3d. Furthermore, in Z3, the concentration of ZnSe is lower than Co3O4 (1:3); therefore, the EDX exhibits a higher weight and atomic ratio for Co and O, as presented in Figure 3e.




3.4. Optical Studies and Bandgap Estimation


The optical properties and bandgap of ZnSe and Co3O4 have been studies with the help of the UV/visible absorption spectra and Tauc plot. During the calculations, two factors affecting the bandgap estimation were also considered: (i) the bandgap of a semiconductor nanomaterial is inversely related to the crystallite site [35], and (ii) nanomaterials with dimensions lower than the Bohar radius at an excited state absorb at higher energies [36].



ZnSe shows a sharp absorption of around 480 nm with a direct bandgap of 2.64 eV, as shown in Figure 4, which matches well with the reported value [3]. The Tauc plot is a curve in which (αhv)2 is drawn on the y-axis and hv (eV) on the x-axis. The bandgap energy is calculated by extrapolating the graph with the help of Equation (2) [37] given below.


(αhv)n = B(hv − Eg)



(2)




where




	
hv = photon energy (eV);



	
α = absorption coefficient;



	
B = constant relative to material;



	
Eg = bandgap;



	
n = ½ for an indirect transition and 2 for direct transition.
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Figure 4. (a) UV/visible spectra and (b) the Tauc plot of ZnSe. 






Figure 4. (a) UV/visible spectra and (b) the Tauc plot of ZnSe.
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The UV/visible spectra of Co3O4 shows two prominent peaks, one at 510 nm and the second at 684 nm, and 2 bandgaps can be observed, ranging from 1.5 to 2.5 eV [29,38]. The calculated fundamental bandgap energy is 2.51 eV, attributed to the transfer of charge from O2− to Co2+, while the second bandgap energy is 2.2 eV and is attributed to the transfer of charge from O2− to Co3+, which is present beneath the conduction band of Co3O4. The UV/visible spectra and both the bandgap energies are shown in Figure 5.



The valance band edge of ZnSe and Co3O4 are already reported in the literature. Hence, the previously reported data of XPS studies were used to calculate the conduction band position and bandgap of both the nanomaterials with the help of Equation (3).


Ec = Ev − Eg



(3)




where




	
Ec = CB energy;



	
Ev = VB energy;



	
Eg = calculated bandgap of the material.








The bandgap alignment of ZnSe/Co3O4 has indicated their capability as highly efficient photocatalysts under UV/visible light, as shown in Figure 6. The valence and conduction band positions of these materials were assumed from the previous reports. [3,39,40]




3.5. Photocatalytic Activity


Among many colored pollutants, Congo red dye is a hazardous industrial effluent ascribed to its carcinogenic properties, and extensive research was performed to degrade it via semiconductor photocatalysis. Recently, Ehsan M. F. et al. [39] reported the utilization of a g-C3N4/ZnSe nano-heterostructure for the photocatalytic degradation of CR dye, with a degradation efficiency of 95%. In a few other reports, ZnSe-based nanocomposites, e.g., ZnO/ZnSe [3] and ZnTe/ZnSe [31], also presented enhanced photocatalytic efficiencies of 90% and 94%, respectively. In the present work, ZnSe blends with Co3O4; the materials possess suitable bandgaps to prepare an excellent heterostructure for maximum charge separation as well as the surface potentials to yield reactive oxygen species, such as superoxides and hydroxide radicals. Moreover, Co3O4 is extensively reported as a good semiconductor photocatalyst for the degradation of organic dyes [40,41].



When UV/visible light with an intensity equal to or greater than the bandgap of the semiconductor (  h υ   ≥ Eg) is irradiated onto a photocatalyst, it excites the electrons of the semiconductor from VB to CB, leaving behind the positively charged holes in VB. These electrons and holes are the keys behind the photocatalytic reactions, but their recombination would cease the photocatalytic activity. Heterojunction formation is an excellent approach to prevent the recombination of these charges, as discussed earlier.



In the present research, the heterojunction of ZnSe and Co3O4 has been prepared to prohibit the electron/hole pair recombination. As shown in Figure 6, in the ZnSe/Co3O4 composite, the photo-excited electrons of ZnSe migrate to the CB of Co3O4 and the positively charged holes of Co3O4 migrate to the VB of ZnSe. These electron–hole pairs participate in different redox reactions, e.g., pollutant degradation and hydrogen production. Electrons present in the CB of both ZnSe and Co3O4 react with dissolved O to produce −•O2 (superoxide) radical ions, which become protonated by water to produce OH• (hydroxyl) radicals, while the holes present in the VB of these materials produce hydroxyl radicals through the dissociation of water molecules. The hydroxyl radicals are strong oxidizing agents for pollutant degradation. Direct redox-based degradation cannot be ruled out. A generalized pathway for the formation of reactive oxygen species [39] can thus be proposed as:


  MX  →    h υ       MX  *     (   h +      (  VB  )    +  e −      (  CB  )     )  ;   MX   =     ZnSe   or   Co  3   O 4   










h+(VB) + H2O → H+ + OH•










e−(CB) + O2 → −•O2










2 H+ + 2 −•O2 → H2O2 + O2










H2O2 → 2 OH•










OH• + Substrate → Degraded Products










    MX  *  + Substrate  →    h υ     MX + Degraded Products  











After the irradiation of UV/visible light on the CR solution charged with a photocatalyst, the gradual degradation of CR dye began and continued for the next 60 min. It can be observed that the pristine nanoparticles of Co3O4 and ZnSe individually possess inferior photocatalytic activity than that of the nanocomposites under UV/visible light irradiation, as presented in Figure 7. Pristine Co3O4 possesses a low photocatalytic activity for CR dye degradation, which is about 22% in 60 min, owing to its rapid electron/hole recombination, while pristine ZnSe shows photocatalytic activity of about 64% in 60 min, which might be the result of its suitable surface potential, as indicated by Figure 6. However, ZnSe/Co3O4 nanocomposites have shown a significant increase in their photocatalytic degradation efficiencies. After 60 min, the degradation efficiency of the Z1 (ZnSe/Co3O4 3:1) nanocomposite reached 96%, which is the highest percentage among all the investigated nanocomposites. The reason might be the high amount of ZnSe, which has better photocatalytic activity as compared to Co3O4 and a better charge separation due to the optimal ratio of nanomaterials. The role of ZnSe in the overall photocatalytic degradation is high, which can be easily understood from the photocatalytic degradation efficiency of the Z3 (ZnSe/Co3O4 1:3) nanocomposite showing the least degradation efficiency due to having the least amount of ZnSe. The Z2 (ZnSe/Co3O4 1:1) nanocomposite shows better photocatalytic activity compared to the Z3 (ZnSe/Co3O4 1:3) nanocomposite due to better charge separation. The amount of ZnSe is also greater and refers to its active catalytic role. This enhanced photodegradation activity of ZnSe/Co3O4 is chiefly attributed to the reduced electron/hole recombination, due to the heterojunction formation in the nanocomposites. The bandgap alignment of ZnSe/Co3O4 represents that both the charge carriers are well separated, as shown in Figure 6. Hence, the efficiency of the photocatalytic redox reaction for the degradation of Congo red dye was improved. However, the effective charge separation is not the only reason for this improved photocatalytic efficiency; there might be few other physicochemical phenomena, such as the surface charge transfer between the photocatalyst and the substrate molecule, which will be investigated in future studies.



The photocatalytic degradation of Congo red dye is evidenced from the fall in the absorption intensity during the UV/visible analysis collected after a fixed time interval. Figure 8a represents the degradation spectra obtained during the employment of the Z1 nanocomposite, while Figure 8b indicates that negligible degradation occurs under illumination without any of the photocatalysts. A few technical articles are also being recommended, regarding the basic and detailed study surrounding visible light-driven photocatalysis. [3,39,40,42,43].





4. Conclusions


The hydrothermal approach was applied for the preparation of ZnSe and Co3O4 nanoparticles, and a simple solid state method was employed for the fabrication of the ZnSe/Co3O4 nano-heterostructure. The prepared nanomaterials were characterized by several techniques, XRD, SEM and EDX, to investigate the crystal phase, morphology and elemental composition, respectively, while UV/visible spectroscopy was used to explore the optical properties.



The XRD pattern of ZnSe indicated the presence of both cubic and hexagonal structures, while the peaks of Co3O4 were in good agreement with the reported cubic structure. The intensities of both the ZnSe and Co3O4 characteristic peaks were varied in all the nanocomposites, in accordance with the individual component quantity, which confirmed that nanocomposites with desired compositions were successfully prepared. Scanning electron micro-images of ZnSe showed a mixed morphology, including spherical and distorted cubes or grains, while Co3O4 had a worm-like morphology. The EDX results showed that all the elements, Zn, Se, Co and O, are present in accordance with their anticipated amounts in the products. The UV/visible absorption spectrum of ZnSe depicted a sharp absorption of around 480 nm with a direct bandgap of 2.64 eV, while Co3O4 demonstrated 2 prominent peaks, 510 nm and 684 nm, corresponding to the 2 bandgaps, 2.51 eV, attributed to the transfer of charge from O2− to Co2+ and 2.2 eV, due to the transfer of charge from O2− to Co3+. In addition, the Tauc plot and bandgap alignment were also investigated, which confirmed that ZnSe/Co3O4 is a type II heterostructure. The photocatalytic activity for the degradation of Congo red dye was also analyzed and it was observed that the nano-heterostructure has exceptionally high photocatalytic efficiency. The reason might be the effective electron/hole separation due to the suitable bandgap alignment of both the nanomaterials. This study reveals the use of a nano-heterostructure for the degradation of organic pollutants, which are a major cause of environmental pollution.
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Figure 1. XRD results of (a) Co3O4, (b) Z1, (c) Z2, (d) Z3 and (e) ZnSe. Cubic #, Hexagonal *. 
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Figure 2. SEM images of (a) ZnSe, (b) Co3O4, (c) Z1, (d) Z2 and (e) Z3. 
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Figure 3. EDX results of (a) ZnSe, (b) Co3O4, (c) Z1, (d) Z2 and (e) Z3. 
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Figure 5. (a) UV/visible spectra and (b,c) the Tauc plots of Co3O4. Adapted with permission from Adeel Zia et al., Journal of Materials Science: Materials in Electronics; published by Springer Nature, 2018 [29]. 
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Figure 6. Schematic bandgap alignment of ZnSe/Co3O4. 
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Figure 7. Photocatalytic efficiency of (a) Z1, (b) Z3, (c) ZnSe, (d) Z2 and (e) Co3O4 for the degradation of Congo red dye. 
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Figure 8. Degradation of Congo red dye observed for Z1 (a) and a control experiment (b). 
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Table 1. Conditions and chemicals used for the preparation of ZnSe and Co3O4 nanoparticles.
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	Sample Name
	Temperature
	Time
	Chemical Used





	ZnSe
	120 °C
	2 h
	Zn powder,

Se powder and KOH



	Co3O4
	120 °C
	20 h
	CoCl2·6H2O and

CH4N2O
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Table 2. Nanocomposites with the weight% ratios of ZnSe and Co3O4.
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	Sr. #
	Composite

Name
	% of ZnSe

by Weight
	% of Co3O4

by Weight





	1
	Z1
	75
	25



	2
	Z2
	50
	50



	3
	Z3
	25
	75
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