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Abstract

:

A large amount of wastewater from various and discharged sources that are not treated in any way could affect properties of both land and water, causing severe problems for the environment. Advanced oxidation processes seem to be a feasible option to address effluent treatment with regard to salvation of the environment. In this work, a CdO/ZnO/Yb2O3 composite composed of trimetallic semiconductors was synthesized through a simple one-pot hydrophile approach at low temperatures and then was employed as a photocatalyst. The degradation of phenol, a common organic persistent pollutant in industrial wastewater, was efficiently catalyzed in the presence of simulated sunlight. It was demonstrated that the synthesized CdO/ZnO/Yb2O3 photocatalyst was significantly active after 15 min of reaction and facilitated the effective degradation of the phenol. The CdO/ZnO/Yb2O3 photocatalyst achieved 71.5% and 97.81% degradation of the phenol without and with the existence of H2O2, correspondingly. The results show that the synthesized composite possesses high oxygen reduction capability and is available for rapid and potent photodegradation of the organic persistent pollutants such as phenol, with minimal damage to the environment.
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1. Introduction


Contamination of aquatic resources has been recognized among the main concerns of developing and other developed nations. Large amounts of biological contaminants identified in aquatic bodies (drinkable water processing factories) usually come from distinct segments of industry (food, textile, oil and gas, printing, and medical industries). In particular, it is the textile industry that is one of the most polluting sectors for water bodies, because it uses large amounts of water, consumes high quantities of synthetic dyes, and produces a great deal of organic-rich wastewater. In addition to this, the textile industry is severely colored by dyes that do not adhere to the tissue’s fabric in the processing [1,2,3].



Different approaches to water treatment are deployed to alleviate disposition of industrial polluted wastewater and reduce the influence of organic persistent pollutants from water to the environment to a minimum. These can be mentioned among others as biological treatment, which requires extended periods of time to bring the wastewater up to specification, filtration processes with the utilization of membranes [4], electrochemical methods [5], adsorption procedures [6], and advanced oxidation processes (AOP) [7]. Specifically, there has been much interest in the heterogeneous photocatalytic process as an advanced oxidation process due to its greater speed and effectiveness compared to other processes in the purification process.



In the photocatalytic process, the semiconductor material gets exposed to a light resource that has energies equal to or larger than their strip gaps. The radiation therefore fosters the stimulation of electrons that facilitate the generation of hydroxyl radicals (∙OH) and other intervening species such as    O 2  ∙ −     and     HO  2 ∙    that have high oxidation capacity and can function to degrade organic contaminants of concern with even lower levels (<100 ppm) [8,9]. Wide-bandgap semiconductor oxides, comprising TiO2, SnO2, ZnO, and WO3 [8,9,10,11,12,13,14], and metal salts (CdS and PbS) [15,16] have been utilized in light-mediated photosensitizers for the oxygenation and reduction of organic molecules. Nevertheless, there are certain practical inconveniences associated with the implementation of high concentrations of such elements to rapidly mineralize chemical species of environmental concern, in addition to causing detriment to humans and aquatic ecosystems, given their temporary stability. Altogether, these prevent a majority of photocatalysts from being cemented as alternatives towards environmental solutions [17].



Accordingly, transitional metal oxides represent highly prospective candidates for use in photo-oxidation procedures, in particular, because of their redox characteristics and the fact that they are relatively more friendly to the environment than other metal systems. So far, there are various kinds of metal oxides that are used as electron mediators towards photocatalysts, including TiO2, SnO2, WO3, In2O3, Fe2O3, and ZnO [14]. In addition, there are bimetallic nanomaterials, which include In2O3/ZnO nanocomposites [18]. CuO/SnO2 nanoparticles [19], Ga2O3/In2O3 nanocomposites [20], and SnO2/ZnO nanostructures [21], are already studied as competent and effective photocatalysts endowed with n-type wide band gaps and resistivities of 10−4 to 1012 Ω cm, and ZnO has been regarded as a critical material for photocatalysts.



Electron/hole recombination restricts photocatalysis and hence must be prevented. As an additional trap for photogenerated charge generation, the metal cation avoids or decreases the electron/hole reorganization under any circumstances. Semiconductor metal oxides with ZnO as a bimetallic oxide pair, for instance, SnO2, V2O5, WO3, and MoO3 [22], were examined in order to enhance the photocatalytic properties of ZnO [23]. Additionally, combinations of trimetallic oxides, like Zn0.4/Co0.6/Al2O4, ZnO/Al2O3/TiO2, and ZnO/SnO2/TiO2 were also realized and demonstrated good photocatalytic active properties [24,25].



The photocatalyst is the core of photocatalysis; thus, developing highly efficient and stable photocatalytic materials is one of the emphases of photocatalytic research. Cadmium sulfide has attracted much attention for its excellent visible light response, and the band structure of CdS semiconductor perfectly satisfies the thermodynamic requirements for many photocatalytic reactions [26,27]. Yb2O3 is a kind of semiconductor material with strong heat resistance and good stability. It is widely used in coatings, fuel, ceramics, energy materials, environmental protection, and environmental catalysis and so on [28,29].



In this context, the objective of this study was to prepare sustainable substances on the basis of CdO/ZnO/Yb2O3 by means of a one-pot hydrothermal method and apply them to the photocatalytic degradation of phenols driven by heterogeneous visible lighting. Phenol, which is considered to be durable, organic pollutants, and regular target molecules in wastewater are extensively exposed to the agate-dyeing, animal-feeding, and textile industries. Furthermore, phenol serves as a water-accessible fluorogenic tracer for the manufacture of inkjet and laser printer cartridges [30]. Notably, there are no studies on the photocatalytic properties of visible light for CdO/ZnO/Yb2O3 hydrothermally synthesized for phenol or other organic dyes.




2. Experiment


2.1. Materials and Methodology


A chemical of analytical grade was purchased from Sigma-Aldrich USA for use with no extra purification. State-of-the-art and extremely reliable equipment, known as the Thermo Scientific Nicolet iS50 FTIR Spectrometer (Madison, WI, USA) and 300 UV/Vis spectrophotometer, was applied to document the UV/Vis and FTIR spectra of CdO/ZnO/Yb2O3 nanosheets (NSs). Analysis of CdO/ZnO/Yb2O3 NSs was carried out as an XPS study with the aim of identifying binding energy (eV) amongst Cd, Zn, Yb, and O, with a K-α1 spectrometer (Thermo Scientific, K-α1 1066), using the excitation source of radiation (A1 Kα1, spot size of ¼ 300.0 mm, flux energy of ¼ 200.0 eV, pressure of ~10−8 Torr). Examination of the molecular alignment, elemental analysis, morphology, particle size, and other optical properties of CdO/ZnO/Yb2O3 NSs was conducted via a FESEM device (JEOL, JSM-7600F, Tokyo, Japan) installed with XEDS. XRD evaluations were carried out under environmental conditions for the purpose of analyzing the crystallinity of CdO/ZnO/Yb2O3 NSs. The surface areas of Brunauer–Emmett–Teller (BET) were acquired on an instrument of Micromeritics Tristar 3000 by means of a nitrogen physisorption isotherm at 77 K (adsorption–desorption branch).




2.2. Synthesis of CdO/ZnO/Yb2O3 NSs


CdO/ZnO/Yb2O3 NSs were generated through a hydrothermal method with 0.1 M of CdCl2, ZnCl2, YbCl3, and NH4OH as reaction precursors. The hydrothermal technique, which is a classic solid-state system, has been broadly implemented in making doped nanomaterials, and the resulting nanomaterials exhibit minor size and rational grain size smaller than the size of the phase formation. According to the method [31], a mixture of CdCl2, YbCl3, and ZnCl2 was solubilized with distilled water (50.0 mL) and stirred constantly in a tapered flask (150.0 mL). After adjusting a pH of 11 to the obtained solution through the addition of NH4OH, it was subjected to a constant magnet stirring regime by putting the entire solution in an oven at 180.0 °C. Eventually, the resulting NSs attained were exposed to a muffle oven and calcined at 600 °C for about 4 h. The calcined samples were then described by UV, FTIR, XPS, XRD, and FESEM.


NH4OH(s) → NH4(aq)+ + OH(aq)−



(1)






ZnCl2 → Zn(aq)2+ + 2Cl(aq)−



(2)






CdCl2 → Cd(aq)2+ + 2Cl(aq)−



(3)






YbCl3 → Yb(aq)3+ + 3Cl(aq)−



(4)






NH4(aq)+ + 7OH(aq)− + Zn(aq)2+ + Cd(aq)2+ + Yb(aq)3+ + Cl(aq)− → Zn(OH)2(aq)↓ + Cd(OH)2(aq)↓ + Yb(OH)3(aq)↓ + NH4Cl(aq)



(5)






Zn(OH)2(aq)↓ + Cd(OH)2(aq)↓ + 2Yb(OH)3(aq)↓ → CdO/ZnO/Yb2O3(s)↓ + 5H2O(aq)



(6)







From Equations (1)–(6) above, the progression of the reaction was found to be slow. The pH of the reaction medium acts as an important factor in producing the tertiary metallic oxide CdO/ZnO/Yb2O3 NSs. At a defined pH, ZnCl2 is promptly hydrolyzed to generate zinc hydroxide in an alkaline solution (ammonium hydroxide) based on Equation (5). For this reason, NH4OH served to adjust the pH (alkaline phase) and the slow transport of hydroxyl ions (OH−) into the reaction mediator. On approaching a cut-off value for the concentration of Zn2+ and OH− ions, nuclei begin to form with a solution of Zn(OH)2. As the level of Yb3+ and Cd2+ ions gets higher (reaction (3–5)), soluble Zn(OH)2 crystals nucleate at a slower rate due to the lower energy of activation of Zn(OH)2 and the formation of heterogeneous nuclei with those of other oxides, typically Cd(OH)2, Yb(OH)3, or Zn(OH)2. Reaction regimes with high concentrations of Yb3+ and Cd2+ trigger some bigger Cd(OH)2/Zn(OH)2/Yb(OH)3 crystals to develop immiscible agglomerates featuring a lamellar formation as per reactions (5) and (6). The resulting crystals were then cleaned completely with acetone, ethyl alcohol, and aqueous one after another and kept dry at indoor temperatures. At last, they were calcined by putting the immiscible Cd(OH)2/Zn(OH)2/Yb(OH)3 nanocrystals into a stove (Barnstead Thermoelectric, 6000 furnace, US) at 600.0 °C for 4 h. Based on the nanoparticle growth theory of the Ostwald-ripening approach, initially, the CdO/ZnO/Yb2O3 NSs nuclei advance through self- and inter-agglomeration and subsequently recombine a second time to constitute CdO/ZnO/Yb2O3 NSs. The internal order of molecules in the nanocrystals corresponds to the other via Van der Waals forces.




2.3. Photocatalytic and Absorption Experiment


Photocatalytic effectiveness of CdO/ZnO/Yb2O3 NSs on phenol solutions was assessed. The tests were carried out in a custom-made photoreactor, which incorporated a UV and visually illuminated light source positioned overhead. Irradiation of the samples was carried out with a PHILIPS cleo 90 W TL-D Actinic BL for various times at a maximal emission wavelength of 365 nm. The combined UV radiation on cells at wavelengths in the 290–400 nm range was 90 ± 2 Wm−2. Once irradiated, specimens were passed over a 0.45 µm filter and then analyzed using appropriate analytical technologies.



Throughout the reaction, a distance of 10 cm was kept between the lamp and the solution. To conduct the experiments, 10.0 mg of oxide (667 mg·L−1) was scattered in petri plates that held 15.0 mL of a pre-prepared phenol stock solution with a concentration of 5.0 mg·L−1 at 22 °C. The suspension (solution and photocatalyst) was placed in darkness and stirred magnetically for 60 min to create an adsorption–desorption equilibrium.



All experiments were all undertaken at pH 7.0 (the normal pH of a phenol concentration of 7.0 mg·L−1) and were performed in triplicate. In the same circumstances, photolysis tests were carried out without the photocatalyst, as opposed to adsorption tests, which were conducted in darkness, by applying the identical method outlined in an earlier report [32].



It was necessary to include H2O2 (30 mg·L−1) and isopropyl alcohol in the reaction container for examining the effect of hydroxyl radicals (OH∙) on photocatalysis. According to literature reports, it was found that 0.5 mL of H2O2 suffices to further improve the forming of OH∙ and increase the material’s catalytic efficiency.



Consequently, it was determined that in order to assess the photolysis, adsorption capability, and photocatalytic effectiveness of the oxide both with or without the presence of H2O2, an equal amount of solution was gathered from a Petri dish for 15 min after the reaction, followed by centrifugation and filtration. Subsequently, with the use of a Shimadzu UV-1800 spectrophotometer, it was possible to analyze the resulting solution based on UV-Vis absorption spectroscopy over a wavelength scan ranging from 240 to 800 nm. As a result, the ultimate concentration of the solution could be derived through observing the largest absorption band of phenol at 271 nm following Equation (7), proposed by Rahman et al. [33] and Chantelle et al. [34]:


  Degradation   rate   ( % ) =  (     C 0  − C    C 0     )  × 100  



(7)




in which C0 represents the original concentration at 0 min and C represents the changing concentration as time progresses.





3. Results and Discussion


3.1. Photocatalytic Characteristics


3.1.1. Analysis of Optics and Structures


One of the key features in evaluating the photocatalytic efficiency of CdO/ZnO/Yb2O3 NSs is their optical properties. The spectrum presents an intense, consistent, and extensive band at 307 nm, which indicates the valence band electronic transition from lower to higher energy levels for the CdO/ZnO/Yb2O3. Figure 1a illustrates the data derived from the Tauc plot with the use of a UV-Vis spectrophotometer. The photon energy and absorption coefficient could be achieved with the Tauc model by means of a relation, as shown in Equation (8), in which the notations, α, hυ, A, Eg, and n denote the absorption coefficient, proportionality constant, photon energy, optical bandgap energy, and an integral number, correspondingly. The band-gap values are derived through additional plotting of Tauc curves to the energy axis (X-axis), as shown in the figure. The band gap of CdO/ZnO/Yb2O3 was 4.04 eV, which is higher than ZnO (3.30 eV). The CdO/ZnO/Yb2O3 ternary composite could induce more electronic species that are placed at certain higher Fermi sites compared to the single materials, thus expanding the energy band gap [27]. The newly prepared ternary composite with the higher band gap was able to absorb a higher portion of irradiated UV from the lamp than ZnO, and thus, photocatalytic performances could be improved.


   (  α h v  )  = A    (  h v −  E g   )   n   



(8)







FTIR offers a modern tool for analysis, enabling the identification of the functional characteristics of atoms or molecules through their appropriate vibrances of the atoms and molecules. Accordingly, the NSs synthesized by CdO/ZnO/Yb2O3 were researched through FTIR analysis, which was carried out within the 450–4000 cm−1 region, as shown in Figure 1b. Based on the FTIR spectra, the primary peaks identified were found at 3445, 1621, and 540 cm−1. The peaks at 3445 and 1621 cm−1 are, respectively, correlated with the standard OH stretched and H2O bent modes. At 540 cm−1, the peak is associated with Cd-O or Zn-O or Yb-O stretching [35,36], X-ray powder diffraction (XRD) being considered among the standard techniques of analysis and extensively adopted to identify the phase of crystalline nanomaterials, which conveys information on the size of the single cell. To investigate the structural characteristics and crystalline phases of the synthesized CdO/ZnO/Yb2O3 NSs, the XRD method is applied using Cu-K1 radiation (=1.54178 Å) at a 2° min−1 scan rate in the range of 10–80°. The XRD pattern observed demonstrated that the NSs possessed good crystalline properties and presented a mixed phase of Cd-O, Zn-O, and Yb2O3, as illustrated in Figure 1c. The pronounced diffraction reflexes with ZnO Index of β were (100), (110), (103), (112), and (200), comparable to the hexagonal phases of ZnO bulk and ZnO [37].



The observations report showed significant resemblance to the JCPDS standard data card (JCPDS No. 36-1451), with several additional peaks for CdO index, as θ were (111), (200), (220), (311), and (222) respectively, which are in excellent agreement with the literature reports [38].



In addition to this, several other sharp peaks with a Yb2O3 index of µ were identified in the mode of XRD diffraction, respectively, denoted as (110), (101), (112), and (200), in full agreement with the literature reports [39,40].



Furthermore, sharpness of the peaks indicates excellent crystallization of the product NSs.




3.1.2. Analysis of Morphology and Elements


The morphological studies of the synthesized CdO/ZnO/Yb2O3 NSs were probed by FESEM, resulting in representative low and high magnification FESEM images illustrated in Figure 2a,b. Typical TEM images of the sample are shown in Figure 2c. These images clearly demonstrate homogeneous and arranged CdO/ZnO/Yb2O3 nanoflakes [41]. Energy-dispersive X-ray spectroscopy (EDS) probing of the CdO/ZnO/Yb2O3 NSs showed the presence of aligned Cd, Yb, Zn, and O among the pure calcined–doped materials of the nanosheets and explicitly revealed the organization of the calcined–prepared materials with Cd, Zn, Yb, and oxygen elements, as shown in Figure 2d. The contents of Cd, Yb, Zn, and O are 4.67%, 9.24%, 61.22%, and 24.87%, respectively. The absence of any other peaks in the EDS indicates the CdO/ZnO/Yb2O3 NSs product is exclusively composed of Cd, Yb, Zn, and O [34].




3.1.3. Analysis of XPS


In order to pre-prove the compositional configuration present in the prepared specimens CdO/ZnO/Yb2O3 NSs, XPS, a quantitative spectroscopy technology, was practiced for the NSs. The implications of XPS detection allow the chemical nature and kinetic energy of the elements present to be expected, which includes the amount of electrons present in the specimen at the time of X-ray beam irradiation [42]. Figure 3 shows high resolution XPS spectra of Cd 3p, O 1s, Yb 4d, and Zn 2p. With respect to the primary two same peaks of the Cd 3d orbital, no significant variation is observed between the two peaks, which both are indicative of an equal Cd oxidation status. In Figure 3c, the binding energies are 406.08 and 414.08 eV for Cd 3d5/2 and Cd 3d3/2, separately, which are eigenvalues of Cd2+ in CdO. The O 1s, which is wide and asymmetric in Figure 3b, illustrates the existence of hyper-component oxygen species [43]. In Figure 3d, binding energies of 1023.08 and 1046.08 eV were observed for the Zn 2p3/2 and Zn 2p1/2 peaks, corresponding to eigenvalues of Zn2+ oxidation in ZnO [44]. In addition, the apparent peak of the Yb 4d spectrum from Figure 3e is orientated at 185.08 eV and could be identified as Yb 4d5/2, in considerable agreement with the Yb 4d binding energy of Yb2O3 [45,46].





3.2. Photocatalytic Experiments


3.2.1. Photocatalytic Activation and Potential Mechanism


In view of the photo-stability of phenol, it is necessary to apply a photocatalyst to facilitate the complete degradation. On this background, the photodegradation of phenol solutions (5 mg·L−1, pH 7) by CdO/ZnO/Yb2O3 NSs under UV-visible light for 15 min was carried out.



Two different mechanisms have been reported in the literature to characterize photocatalysis, i.e., a direct mechanism and an indirect mechanism. With respect to the direct mechanism, there is a transfer of electrons from the catalyst to the compound being oxidized, whereas in indirect photocatalysis the catalyst surface yields strong oxidants. Such oxidants have the ability to react uniformly with organic compounds to degrade them [47,48]. The adsorption on the catalyst is required for the indirect mechanism to take place. Therefore, the adsorption experiments were also carried out to better understand this point, as illustrated in Figure 4a. It was noticed that when CdO/ZnO/Yb2O3 NSs were employed, the adsorption of the phenol reached approximately 28.5%. On the other side, the BET surface area of NSs were 19.7 m2·g−1. The BET surface area of ZnO was 15.6 m2·g−1. In particular, it is possible that the distinct adsorption behavior of the CdO/ZnO/Yb2O3 NSs could account for the existence of various sorts of flaws on the catalyst surface, as the high specific surface areas under observation for both types of materials appear to play a significant role in this procedure, while we can assume that indirect mechanisms may be the most significant manner in which phenol photodegradation takes place in the existence of such catalysts.



In order to quantify the reaction kinetics of phenol degradation in the experiment, we employed a pseudo-first order model for low concentrations.


ln(Ct/C0) = −kt



(9)







C0 and Ct are concentrations in the aqueous solution by time t = 0 and t and ka is the pseudo-first order rate constant, derived from the equation ln (Ct/C0) vs t plotted in Figure 4b. The largest reaction rate constant was 0.02882 min−1 for CdO/ZnO/Yb2O3 under UV-vis light. In this respect, the degradation of phenol by CdO/ZnO/Yb2O3 NSs attained 71.5% (Figure 4d).



For the assessment of the photostability of phenol under UV-Vis exposure, a photolysis test (control reaction) was conducted without a photocatalyst. The UV-Vis spectra of the phenol solutions prior to and after photolysis are indicated in Figure 4c. There was no significant drop in the maximal absorption band of phenol after 15 min of radiation. The maximal absorption at 271 nm (E = 4.57 eV) features the chromophore that is in charge of the coloration of the dye. The low reduction of this band following photolysis is equivalent to a discoloration of around 4.66%.



Diverse variables may influence the photocatalytic behavior of a material. The crystalline architecture and surface deficiencies, in combination with the particle size and surface area, for example, are essential factors influencing the photocatalysis that takes place as a result of the reaction between the phenol molecules and the catalyst [34]. It was noticed that the superior photocatalytic activities of CdO/ZnO/Yb2O3 NSs may be due to the structural flaws in the material itself or the existence of ionic deficiencies in the material. Consequently, high interaction between phenol and the surface of CdO/ZnO/Yb2O3 NSs arises, resulting in the enhanced adsorption capability of such oxides (Figure 4), as observed. Apart from this, it is possible that the morphology of the particles and the energy of the band gap might also facilitate the photogeneration of    e  C B  −   /   h  V B  +    pairs to contribute to the photodegradation of phenol in this system.



Variations in photocatalytic efficiency amongst those catalysts that have been prepared by these authors and the CdO/ZnO/Yb2O3 NSs synthesized from our investigations could be explained by the diverse patterns and electronic characteristics of the prototypes, which reflect variations in the terms of synthesis.



Considering the previous references, and on the basis of the assessed adsorption capabilities (Figure 4a), the potential indirect mechanisms of photodegradation of phenol can be interpreted with regard to the photocatalytic performances of the two substances produced in this work.



The mechanism, as investigated by Honorio et al. [49] and Ong et al. [50], is related to the interaction of the reactions described in the equations below (Equations (10)–(20)). To summarize, it is possible that photogenerated electrons could react with O2 to generate the anionic radical    O 2  ∙ −     of superoxide and eventually the hydroxyl radical OH∙. Alternatively, the photo-generated vacancies    h  V B  +    would interact with water in the medium to produce the hydroxyl radical OH∙. An attack of the produced hydroxyl radicals on the dye molecules that adsorbed on the photocatalyst surface leads to the rapid generation of intermediate chemical compounds, and consequently to environmentally palatable green chemicals, namely H2O and CO2 (Equations (19) and (20)):


   CdO / ZnO /  Yb 2   O 3     →  h ν       CdO / ZnO /  Yb 2   O 3    (  e  C B  −    ) + (  h  V B  +  )     



(10)






  CdO / ZnO /  Yb 2   O 3    (  h  V B  +  ) +  H 2  O   →   CdO / ZnO /  Yb 2   O 3  +  H +  +  OH ∙     



(11)






  CdO / ZnO /  Yb 2   O 3    (  h  V B  +  ) +  OH −    →   CdO / ZnO /  Yb 2   O 3  +  OH ∙     



(12)






   CdO / ZnO /  Yb 2   O 3    (  e  C B  −    ) +  O 2    →   CdO / ZnO /  Yb 2   O 3  +  O 2  ∙ −     



(13)






    O 2  ∙ −     +  H +    →   H  O 2 ∙    



(14)






   H  O 2 ∙    + H  O 2 ∙    →    H 2   O 2  +  O 2      



(15)






  CdO / ZnO /  Yb 2   O 3    (  e  C B  −  ) +  H 2   O 2    →    OH ∙  +  OH −     



(16)






   H 2   O 2  +  O 2 −    →    OH ∙  +  OH −  +  O 2     



(17)









H2O2 + hυ → 2OH∙



(18)









Organic compounds + OH∙ → Intermediaries



(19)









Intermediaries → CO2 + H2O



(20)








3.2.2. Enhanced Photocatalytic Activity


Xiao et al. [51] and Miklos et al. [52] have implemented the integration of hydrogen peroxide (H2O2) and ultraviolet (UV) radiation to oxidize many biological contaminants, because H2O2 allows for improved generation of hydroxyl radicals (OH∙) to facilitate photodegradation. Nevertheless, the kinetics of the creation of these radicals is limited by an exclusive use of H2O2 and UV radiation. For this reason, to increase the photocatalyst production of hydroxyl radicals (OH∙) and the photodegradation of phenol, the photo-Fenton method was implemented.



To prove that hydroxyl radicals are the major reactive species, a photocatalytic test in the presence of isopropyl alcohol should be carried out. Following photocatalysis in the presence of H2O2 and isopropyl, the UV-vis spectrum of phenol is shown in Figure 4c. Photo degradation results in view of the existence of H2O2 and isopropyl are illustrated in Figure 4d. It is observable that a satisfactory improvement in the percentage degradation was recorded after 15 min of photocatalysis involving the catalyst/H2O2/isopropyl/UV-Vis, in contrast to the experiments carried out in the lack of H2O2 (Figure 4b). It could also be noted that a relatively low rate of degradation for phenol was realized without a photocatalyst (H2O2/visible light) (Figure 4b). The outcome could be related to the low quantities of hydroxyl radicals (OH∙) generated in the procedure, suggesting a restriction of the activity of hydrogen peroxide in the Fenton approach.



In the case of the CdO/ZnO/Yb2O3 NSs, greater efficiencies were obtained after about 15 min, attaining a photodegradation rate of 97.81% of phenol (Figure 4d). With of H2O2 present, CdO/ZnO/Yb2O3 NSs gained a much higher catalytic efficiency than that observed in the lack of H2O2 (Figure 4d). Improved hydroxyl radical (OH∙) production from the breakdown of the Cd2+, Zn2+, and Yb3 cations facilitated by H2O2 is attributable to this result, which is reproduced by the interaction between the cation and the photo-generated electrons    e  C B  −    and by the reaction of the vacancies    h  V B  +    with the water molecules present on the catalyst surface. It has been reported in the literature that hydrogen peroxide could also be catalyzed by Cd2+, ions; however, because of the low reaction of Cd (III) relative to H2O2, the decomposition of organic contaminants with photon Fenton reagents (Cd3+/H2O2) is considerably slower than that with Cd2+/H2O2 reagents [52].



According to the above, the application of H2O2 is a key factor in enhancing the rate of photogenerated hydroxyl radicals (OH•) and consequently the photodegradation of organic dyes. As a result, we demonstrate that the reorganization of electron–hole pairs in this study is significantly inhibited and the phenol/catalyst/H2O2/isopropyl/UV-visible light irradiation (Figure 4c) generates more oxidation radicals (OH•) compared to the normal photocatalytic phenol/catalyst/UV-visible light (Figure 4b). In addition, all the above-mentioned results together indicate that the photocatalytic performance of the synthesized oxide materials is significantly improved.






4. Conclusions


The simple, well-controlled, one-pot hydrothermal approach was adopted for the effective synthesis of CdO/ZnO/Yb2O3 catalyst at elevated temperatures. After calcination at 600 °C, well-crystallized CdO/ZnO/Yb2O3 was produced, which is described by XRD, XPS, FTIR, SEM, and EDS. With H2O2 present, CdO/ZnO/Yb2O3 showed a higher catalytic activity (97.81%) for phenol photodegradation. There is a considerable relationship between the effectiveness of the photocatalytic process and an indirect mechanism of heterogeneous photocatalysis. Our results demonstrate that light-driven photo-catalysis with the use of CdO/ZnO/Yb2O3 as catalyst may be regarded as more advantageous because of its financial feasibility and environmental durability, as solar light could be easily employed for such a process. Furthermore, the photocatalytic procedure could also facilitate the total decomposition of the organic pollutants (the mineralization of such chemical compounds in an environmentally acceptable manner, CO2 and H2O) and reduce their toxicities. The synthesized composite is therefore a prospective candidate for the quick disposal of wastewater pollution with persistent organic pollutants.
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Figure 1. Optical and morphological assessment via (a) UV-vis DRS, (b) FTIR, and (c) XRD modes of CdO/ZnO/Yb2O3 NSs. 
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Figure 2. (a,b) FESEM analysis of low to high magnetic images, (c,d) TEM image and EDS of the CdO/ZnO/Yb2O3 NSs. 
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Figure 3. Binding energy analysis of CdO/ZnO/Yb2O3 NSs studied by XPS: (a) full spectrum, (b) O 1s, (c) spin orbit Cd 3p level, (d) spin orbit Zn 2p level, and (e) spin orbit Yb 4d level. 
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Figure 4. (a) Comparison of the photocatalytic properties of pure ZnO, CdO, Yb2O3, and CdO/ZnO/Yb2O3 samples. (b) The corresponding rate constant k for different photocatalysts. (c) UV-Vis absorption spectra of phenol, phenol under UV-Vis, and phenol with CdO/ZnO/Yb2O3/H2O2/isopropanol under UV-Vis. (d) Degradation rate of the phenol solution with UV-Vis, catalysts/UV-Vis, and catalysts/UV-Vis/H2O2/isopropanol. 
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