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Abstract

:

Wastewater from many sectors that contains hazardous organic pollutants exacerbates environmental contamination. Consequently, outstanding photocatalytic substances that can successfully degrade hazardous substances are needed to provide pollution-free water. From this perspective, zinc oxide/g-C3N4-based composites are desirable due to their low cost, strong reactivity, and environmental friendliness. So, in the current investigation, sequences of Mn/g-C3N4/ZnO (Mn/GZ) and Ni/g-C3N4/ZnO (Ni/GZ) nanocomposites (NCs) containing different concentrations (wt.%) of g-C3N4 were made via the co-precipitation process. The chemical makeup and morphological characteristics of the produced composites were ascertained via the techniques of transmission electron microscopy (TEM), scanning electron microscopy (SEM), energy-dispersive X-ray (EDX), Fourier transform infrared (FTIR), photoluminescence (PL), and UV spectrophotometry. Methyl orange (MO) and Eriochrome Black T (EBT) dyes were used as target pollutants to assess the composite materials’ photocatalytic effectiveness. Compared to g-C3N4/ZnO and g-C3N4, the produced Mn/GZ and Ni/GZ NCs displayed better photocatalytic activity. The improved photocatalytic efficiency of the Ni/GZ and Mn/GZ NCs might be credited to synergistic interactions at the g-C3N4 and ZnO interface that result in a more efficient separation and conduction of photo-induced charges. Furthermore, the Ni/Mn atoms act as the facilitators to improve electron–hole pair separation and conduction in NCs. The nanocomposites were found to be incredibly stable, with consistently high dye decoloration efficiency over five catalytic cycles. Hence, Ni/GZ and Mn/GZ could potentially be very effective and adaptable photocatalysts for the photocatalytic decoloration of wastewater pollutants.
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1. Introduction


Our planet is currently in severe environmental jeopardy. Our world’s environmental conditions are getting worse due to the industrial pollutants being released into the ecosystem directly (water, soil, and air). Wastewater contains a variety of contaminants, including pathogenic bacteria, heavy metal ions, organic dyes, and pharmaceuticals [1,2]. Due to increased water demands and diminishing supply, these dangerous substances must be separated from wastewater and kept away from the aquatic environment. During the past two decades, great emphasis has been placed on the photocatalytic removal of organic contaminants using semiconductor materials. This method is based on the formation of reactive oxygen species (ROS) by semiconductor materials when they are exposed to sunlight [3,4]. Numerous semiconductor photocatalysts with various nanostructures have been explored, including TiO2, ZnO, CuO, NiS, SnO2, ZrO2, and WO3. Due to their large band gaps and quick electron–hole recombination, these photocatalysts are limited in visible-light photocatalysis [4,5].



ZnO is an efficient photocatalyst because of its high yield, stability, affordability, and superior optical characteristics [4,6,7,8]. Its unusual qualities make it useful in photocatalysis, solar cells, and catalytic processes. However, ZnO’s light absorption is primarily restricted to the UV area and is very weakly responsive to visible radiation because of its large Eg value (~3.37 eV) [9,10]. ZnO also has several disadvantages, including the speedy recombination of photogenerated e−/h+ pairs, photo corrosion, and visible-light inactivity [11,12]. Because of the fast e−/h+ pair recombination, very few electrons are transported to the pollutant’s conduction band. These issues pose a practical challenge for using ZnO in photocatalytic processes [13,14]. Many techniques have been emerge to alter its band structure, including doping metal or nonmetal and forming composites with appropriate materials. Doping helps to narrow the band gap by inserting impurities among energy levels in the form of a mid-gap state [15,16,17]. Thus, the most successful method to solve these issues is the composite creation of ZnO with semiconductors and carbon compounds [17,18].



When exposed to visible light, the g-C3N4 semiconductor demonstrated excellent photocatalytic performance. This is due to its high stability and narrow band gap, which allows it to absorb more visible light. It possesses excellent physical, thermal, optical, and electrical characteristics [19,20]. This highly stable metal-free polymer uses inexpensive starting molecules, including urea, thiourea, and melamine, through a simplistic heating procedure. Compared to inorganic conjugative materials, its softness makes it easier to coat on other materials (like CNTs and graphene) [21,22]. Furthermore, its well-crystallized lamellar structure has a higher affinity for charge transfer than other conjugative organic compounds [23,24]. As a polymeric matrix with a moderate band gap, g-C3N4 can generate hydrogen, split water, and reduce CO2 [13]. g-C3N4 is an excellent contender for a variety of uses in the visible spectrum range [25]. However, g-C3N4 is not an effective photocatalyst in pure form due to the fast recombination of photoinduced e−/h+ pairs [26]. As a result, numerous efforts have been made to get around this restriction, including using vacancies, making heterojunctions, and mixing g-C3N4 with nonmetals and other metal oxides [27].



Integrating g-C3N4 and metal ions with ZnO has been one of the most successful methods for improving ZnO’s photocatalytic efficiency. It is reported that ZnO modified with g-C3N4 or doped with a metal ZnO accelerates e−/h+ pair transmission and promotes the production of active species [28,29,30]. Li et al. reported that mesoporous carbon/g-C3N4 NCs made via a thermal process had improved photocatalytic efficiency against RhB as compared to g-C3N4 [31]. According to Wang et al., Mn-g-C3N4 outperformed pristine g-C3N4 in the photocatalytic diminution of Cr (VI) and degradation of RhB by nearly nine times and six times, respectively [32]. According to the findings of Wang et al., Eu-g-C3N4 demonstrated photocatalytic degradation of RhB that was six times superior to that by g-C3N4 [33]. Similarly, Tonda et al. showed that Fe-g-C3N4 displayed better photocatalytic decoloration of RhB dye in visible wavelengths, as compared to g-C3N4 [34].



In current study, we fabricated metal/g-C3N4/ZnO NCs by doping g-C3N4/ZnO with Ni and Mn metal ions individually to realize significant photocatalytic performance. The metal-doped/g-C3N4/ZnO NCs were fabricated via a surfactant (PEG) assisted precipitation method, and the resulting Ni/g-C3N4/ZnO (Ni/GZ) and Mn/g-C3N4/ZnO (Mn/GZ) NCs were used to decompose methyl orange (MO) and Eriochrome Black T (EBT) dyes. EBT and MO are water-soluble azo dyes that cause human ailments. Their removal from water is challenging since they are not destroyed by aerobic or biological oxidation [35,36]. The decoloration results of these dyes can be considered as a model for other organic contaminants/dyes. The photocatalytic decoloration study was carried out in two steps.



In step one, Mn/GZ and Ni/GZ photocatalysts of varying g-C3N4 percentages (20, 30, 40, 50, 60, 70, and 80 wt.%) were synthesized. In the current research, the effect of Ni/Mn substitution (3 wt.% for Ni and Mn metal ions, since this is the mainly cited doping amount in the literature) and g-C3N4 percentages on the photocatalytic properties of Ni/GZ and Mn/GZ NCs was observed. The Mn (4s23d5) and Ni (4s23d8) metal ions were chosen as dopants because these can be considered as preventative for transition metals (having a filling trend from half-filled d orbital towards complete filling). The Mn/50%g-C3N4/ZnO (Mn/50GZ) and Ni/60%g-C3N4/ZnO (Ni/60GZ) photocatalysts manifested the maximum decoloration efficiency under solar light. In step two, the comparative photocatalytic efficiency of Ni/60GZ and Mn/50GZ NCs was observed against EBT and MO dyes. The results showed that the photocatalytic activity of Ni/60GZ and Mn/50GZ NCs was increased because of enhanced sunlight absorption and improved separation of e−/h+ couples. The current investigation proves the usefulness of (Ni/Mn)/g-C3N4/ZnO for eliminating contaminants from our environment.




2. Materials and Methods


2.1. Materials


Nickel nitrate (Ni(NO3)2·6H2O) (99.99%), polyethylene glycol (PEG), zinc acetate dihydrate (Zn(CH3COO)2·2H2O) (98%), sodium hydroxide (NaOH) (98%), manganese (II) acetate tetrahydrate ((CH3COO)2Mn·4H2O) (99.99%), Eriochrome Black T (99.99%), methyl orange (99.99%), and urea (CO(NH2)2) (99.99%) were buyed from Merck Pakistan and which were utilized exactly as received.




2.2. Synthesis of g-C3N4


Thermal polycondensation of urea to 570 °C in a muffle furnace for 5 h at 5 °C min−1 produced a yellowish g-C3N4 powder [37]. In summary, an alumina crucible con-taining 5 grams of urea was placed in a muffle furnace. The urea was then calcined for 5 h at 5 °C min−1 at 570 °C to produce light-yellow urea. Before being processed into a finer powder, the final material was cooled to room temperature.




2.3. Synthesis of Composite Nanostructures


A range of targeted Ni/GZ and Mn/GZ NCs with varying g-C3N4 percentages (20, 30, 40, 50, 60, 70, and 80 wt.%) were produced via the PEG-assisted chemical co-precipitation method [38]. For the preparation of Ni/20GZ NCs, 0.34 gm of g-C3N4, 0.01 M Ni(NO3)2·6H2O, and 0.1 M of Zn(CH3COO)2·2H2O (2.20 g) were placed in a beaker and homogenized in 200 mL of deionized water (D. I). Then, 10 mL of PEG solution was added, and the mixture was stirred on the magnetic stirrer for 1 h. Finally, orange-brown precipitates were obtained by adding 2 M NaOH solution. After filtering off the precipitates, they were rinsed with 100% ethanol and D. I water. The precipitates were then dried at 85 °C and calcinated in an oven at 560 °C for 5 h (5 °C·min−1). The similar method was used to produce Ni/GZ and Mn/GZ NCs containing other percentages (20, 30, 40, 50, 60, 70, and 80 wt.%) of g-C3N4; the percentages for different combinations are detailed in Tables S1 and S2. For the synthesis of Mn/GZ NCs, the (CH3COO)2Mn·4H2O salt was used as the Mn precursor, and the remaining steps were the same as detailed for Ni/GZ NCs. g-C3N4/ZnO NCs and ZnO NPs were also synthesized for comparative study, as explained by Mudassar et al. [37]. The main steps involved in synthesizing NCs are given in Figure 1.




2.4. Characterization


The Structure of the Produced Materials Was Studied by XRD (Bruker AXS, D8-S4, USA) at 40 kV and 30 mA at Room Temperature with Cu K Radiation (k = 1.54056)


The structure of the produced materials was studied by XRD (Bruker AXS, D8-S4, Billerica, MA, USA) at 40 kV and 30 mA at room temperature with Cu K radiation (k = 1.54056 Å), while the elemental composition and surface morphology were determined using SEM-EDS (Hitachi, S-4800, Tokyo, Japan). A UV-vis-NIR spectrophotometer was used to analyze the reflectance and photocatalytic absorption spectra (UV-770, Jasco, Tokyo, Japan). The surface morphologies of the photocatalysts were studied using a transmission electron microscope (TEM, JEOL-JEM-1230, Billerica, MA, USA). FT-IR spectrometers with a resolution of 1 cm−1 recorded functional groups in the 4000–400 cm−1 range (Perkin 400 FT-IR, Billerica, MA, USA).





2.5. Photocatalytic Activity


The photocatalyzed dye decoloration activity of each produced photocatalyst was assessed under presence of sunlight. As organic dyes, EBT and MO aqueous solutions were used as the standard contaminants for examining the photocatalytic efficiencies. A quantity of 0.2 g of photocatalyst was diffused in 100 mL of dye solution (10 mg·L−1). Each suspension was sonicated for 15 min and then placed in the dark for 30 min to achieve adsorption–desorption equilibrium. After that, the suspension was positioned under solar light (68–73klux) (LT300, Extech, UK) in an open atmosphere, and aliquots of 5 mL were collected after every 30 min. After centrifugation, a UV-vis spectrophotometer was used to measure the sample’s photocatalytic activity. The λmax for EBT was measured at 531 nm, and that for MO was measured at 464 nm [39,40,41].





3. Results and Discussion


3.1. FTIR Analysis


Figure 2 shows a comparison of the FT-IR spectra of the photocatalysts in the 4000–450 cm−1 wavenumber band. The observed band at 879 cm−1 in the FT-IR spectrum of ZnO confirms the presence of the metal–oxygen bond and the absence of all other functional groups [11]. Stretching of the O-H bond causes the peak at around 3300–3450 cm−1, while bending of the O-H bond causes the peak at about 1696 cm−1 [11]. The bending at 1504 cm−1 is caused by H-O-H vibrations, which suggests that the ZnO NPs absorbed H2O. A wide-ranging band at 3178 cm−1 in the FT-IR spectrum of g-C3N4 appeared due to O-H bond stretching; the peaks in the range 1500–2000 cm−1 are due to the stretching vibrations of C=N, and peaks in the range 1500–1000 cm−1 are due to C-N bond stretching [42]. A peak at 805 cm−1 indicates the triazine unit. Also, a band at 2355 cm−1 can be accredited to adsorbed carbon dioxide in all the samples [43]. The FT-IR spectra of the Ni/GZ and Mn/GZ composites contain the peaks corresponding to both ZnO and g-C3N4, signifying that the composites were formed successfully [43,44,45].




3.2. XRD Analysis


X-ray diffractograms were used to characterize the phase and purity of the synthesized samples, as exhibited in Figure 3a,b. The XRD pattern of zinc oxide showed peaks (2θ values) with conforming crystal planes at 31.82° (100), 34.73° (002), 36.34° (101), 47.61° (102), 56.48° (110), 62.79° (103), 68.29° (112), and 69.41° (201), correspondingly, and these planes are recognized as the hexagonal wurtzite structure of ZnO (JCPDS # 043-0002) [46,47,48,49]. The g-C3N4 XRD pattern contained two distinct peaks at 13.02° and 27.3°, which correspond to the (100) and (002) facets of the crystals and confirmed its nanosheet morphology (JCPDS # 00-087-1526) [50,51]. The principal peaks ((100), (002), and (101)) in the XRD patterns of the Ni/GZ and Mn/GZ composites showed a minor decrease in intensity, supporting the successful incorporation of Ni/Mn metal ions into ZnO and its heterostructure development with g-C3N4 (Figure 3b) [52,53]. The successful synthesis of Ni/GZ and Mn/GZ composites is supported by the existence of characteristic g-C3N4 and ZnO diffraction peaks in the XRD patterns [17].




3.3. Compositional and Morphological Study


To check the morphology and structural composition of the generated photocatalysts, TEM and SEM micrographs were acquired. The sphere-shaped morphology of ZnO NPs with 10–15 nm diameter is exhibited in Figure 4a. A lamellar sheet-like structure was observed for pure g-C3N4 in the TEM image (Figure 4b). The (Ni/Mn)-ZnO NPs were consistently integrated with thin sheets of g-C3N4, as exhibited in the TEM images of Mn/GZ (Figure 4c) and Ni/GZ (Figure 4d) NCs. The photocatalytic efficiency of the Ni/GZ and Mn/GZ NCs is improved by the correct integration of NPs into g-C3N4 layers, which aids quicker separation of e−/h+ pairs. The samples’ exterior architecture was characterized by SEM, and the subsequent findings are shown in Figure 5a–d. The SEM image of ZnO NPs shows sphere-shaped particles (Figure 5a). Figure 5b shows the free g-C3N4 in the form of stacked thin sheets. The sheets are built up in piles to produce a bulk of nanosheets. The dispersal of spheroidal and rod-shaped particles on the g-C3N4 NSs was revealed in the scanning electron micrograph (SEM) picture of Ni/GZ NCs (Figure 5c), while the Mn/GZ NCs exhibited the fluffier sheet morphology, as shown in Figure 5d. It is widely accepted that this kind of composite shape considerably improves the active sites and surface area, and, correspondingly, the catalytic proficiency of the heterojunction composites.



An EDX study was performed to determine the chemical and elemental makeup of the produced composites. The Zn and O peaks were seen in the ZnO EDX spectra, confirming the purity of NPs (Figure 6a). Only peaks for the elements carbon and nitrogen were seen in the EDX spectrum of g-C3N4 (Figure 6b). The EDX spectra of Ni/GZ (Figure 6c) and Mn/GZ (Figure 6d) NCs showed elemental peaks for carbon, nitrogen, zinc, and oxygen, in addition to peaks for nickel and manganese, respectively. The elemental data of each fabricated sample has been given by Tables S3–S6.




3.4. Optical Properties


UV-vis DRS experiments were employed to investigate the optical characteristics of the synthesized samples, as shown in Figure 7a. The corresponding Eg values of the synthesized samples were assessed by plotting the Kubelka-Munk function, as shown in Figure 7b [54]. The ZnO sample’s reflectance band edge was about 375 nm, and it exhibited the greatest band gap value of 3.1 eV. In contrast, Mn/GZ NC had the smallest band gap energy of 1.9 eV. When g-C3N4 was incorporated into ZnO, the UV-vis reflectance decreased (or the absorption increased) throughout the entire wavelength range. These results are in accord with earlier results [55]. The band edge of GZ photocatalysts was somewhat expanded to a longer wavelength after adding g-C3N4. The same trend was also observed for Mn/GZ and Ni/GZ samples. Further, the integration of Ni/Mn ions into ZnO along with the addition of g-C3N4 broadened the light absorption of Mn/GZ and Ni/GZ photocatalysts into the visible region, as compared to that of pure ZnO [56]. The estimated band gap energies for GZ and Ni/GZ NC were 2.8 and 2.6 eV, respectively. These results indicate that the rate of e/h+ pair recombination is reduced in Mn/GZ and Ni/GZ NCs.




3.5. Photocatalytic Study


The photocatalytic efficiency of the produced materials was observed under sunlight in two phases. In the first phase, the photocatalytic activity of the fabricated set of (Mn/Ni)/(20, 30, 40, 50, 60, 70, & 80) GZ NCs was investigated using EBT and MO solutions in sunlight (Figure 8a–d). The rates of dye decoloration were monitored using a UV-Vis spectrophotometer. To achieve adsorption-desorption equilibrium, each dye-composite solution was maintained in the dark for one hour before being exposed to the sun and realize the created materials’ adsorption capacities. The Mn/GZ NCs in the adsorption experiment absorbed various amounts of EBT (Figure 8a) and MO dye (Figure 8b). The maximum dye adsorption (20% of EBT and 19% of MO) was observed for the Mn/50 GZ NCs as compared to other Mn/GZ NCs in the synthesized series. Likewise, in the adsorption experiment, the Ni/60 GZ NC revealed the best adsorption as compared to other Ni/GZ composites in the produced series (23% of EBT and 24% of MO).



The photocatalytic decoloration efficiency levels of Mn/g-C3N4/ZnO NCs against EBT and MO dyes are given by Figure 8a,b, respectively. The photocatalytic activity of Mn/GZ NCs increased with increasing concentration of g-C3N4 up to 50 wt.%. Thus, 50 wt.% g-C3N4 is the optimal concentration, and increasing the g-C3N4 concentration beyond this (<50 wt.%.) causes a reduction in the photocatalytic efficiency of Mn/GZ NCs (Figure 8a,b). Under the impact of sunlight, the Mn/50GZ NC totally decolorized MO and EBT in 70 and 50 min, correspondingly. Likewise, Ni/60GZ NC showed the best photocatalytic efficiency against EBT and MO dyes as compared to other Ni/GZ NCs (Figure 8c,d). The observed optimal concentration of g-C3N4 for Ni/GZ NCs was 60 wt.%. The Ni/60GZ NC completely decolorized EBT and MO in 60 and 90 min, respectively.



There is a possibility that the greater charge separation is responsible for the better photocatalytic efficiency exhibited by the Ni/60GZ and Mn/50GZ NCs [57,58,59]. The Ni/60GZ and Mn/50GZ NCs would exhibit rapid charge transfer and higher absorption of visible radiation as a result of g-C3N4 coupling in ZnO, as well as doping with Mn and Ni. Intrinsically, for Ni/60GZ and Mn/50GZ NCs, the observed optimal weight proportions of g-C3N4 were 60% and 50%, respectively. A decreasing trend in photocatalytic proficiency was observed for NCs when the g-C3N4 concentration increased beyond the optimal limits. This might be because, if we increase the g-C3N4 contents, lengthier transport paths are generated for photoinduced charges, and extra charge recombination centers are created in the NCs [57,58,59]. A preliminary inquiry is needed to analyze this rationalization further.



In the second phase, the comparative photocatalytic efficiency of Mn/50GZ and Ni/60GZ NCs was observed against EBT and MO dyes. From Figure 9a–d, it is evident that Mn/50GZ NC had better photocatalytic efficiency than Ni/60GZ NCs against both dyes. According to recent research, the optical, electrical, and catalytic characteristics of g-C3N4 and ZnO are significantly improved by the addition of Mn and Ni. So, this could be a reason for the highest photocatalytic efficiency of the Mn/50GZ and Ni/60GZ NCs compared to g-C3N4 and ZnO. Additionally, Mn ions have a greater effect on the optical, electrical, and photocatalytic capabilities of g-C3N4 and ZnO than do Ni and other metal ions [60]. This could be the cause for the Mn/50GZ NC’s superior photocatalytic activities when compared to Ni/60GZ NC and other synthesized composites.



The kinetics of EBT dye decolorization are explained by the Langmuir-Hinshelwood model for ZnO, g-C3N4, Ni/60GZ, Mn/50GZ, 60% g-C3N4/ZnO, and 50% g-C3N4/ZnO NCs, as shown in Figure 10a,b [61]. Figure 10a makes it clear that the EBT dye decoloration by the manufactured samples when exposed to sunlight fits to pseudo-first-order dynamics. The determined values of each NC’s decolorization rate constant (k) are displayed as a bar graph in Figure 10b. The highest and lowest “k” values were found in Mn/50GZ (0.027 min−1) and ZnO (0.008 min−1). The Mn/50GZ NCs totally decolored the EBT in 50 min, and their “k” value is 3.3 and 2.58 times higher than those of ZnO (0.008 min−1) and g-C3N4 (0.0105 min−1), which both decolored the EBT in less time. The maximum “k” value for Mn/50GZ supports the maximal synergic activity of g-C3N4, Mn, and ZnO in Mn/50GZ NC, which increased the composite’s active sites and photocatalytic efficiency against EBT dye. Similarly, the observed kinetics of MO dye decoloration by ZnO, g-C3N4, Ni/60GZ, Mn/50GZ, 60% g-C3N4/ZnO, and 50% g-C3N4/ZnO NCs are given in Figure 10c,d. The photocatalytic efficiency of Mn/50GZ and Ni/60GZ NCs was significantly higher than those in various prior reported research, as given in Table 1 [62,63,64,65,66,67]. The most effective photocatalyst was utilized in the recycling study, which was Mn/50GZ NC.




3.6. Photoluminescence Spectra


An important method frequently used to assess the photo-excited (e−/h+ pairs) charge separation capability in photocatalytic systems is photoluminescence (PL) spectroscopy [68]. The PL emission spectra of the produced photocatalysts at 365 nm excitation wavelength are shown in Figure S1. The strong emission peak for g-C3N4 can be seen at about 440 nm, which indicates a high rate of recombination for the photo-excited e–h pair of graphitic carbon nitride. When compared to ZnO, Mn/50GZ and Ni/60GZ exhibit a significant decrease in PL intensity. This decrease may be attributed to zinc defects, surface oxygen vacancies, and the growth of Mn/50GZ and Ni/60GZ heterostructures [69]. Mn/50GZ exhibited the smallest PL peak, demonstrating that the strong junction between the Mn, ZnO, and g-C3N4 sheets strongly inhibits e–h pair recombination as compared to the Ni/60GZ heterostructure. This finding demonstrates that the photo-excited electrons used in the generation of reactive oxygen species (ROS) are productively conducted by the Mn/50GZ and Ni/60GZ nanocomposites. As a result, the rate of charge recombination is decreased, and Mn/50GZ and Ni/60GZ NC photocatalytic competence is increased.




3.7. Recyclability and Constancy of the Mn/50GZ Composite


A photocatalyst must sustain its stability and endurance under repeated photocatalytic activities in order to be useful in practical applications. Five consecutive photocatalytic recycling experiments were performed to monitor the stability of the Mn/50GZ NC. In the recyclability test, the Mn/50GZ NC kept up its rate of dye degradation. The composite’s dye decoloration efficiency did not decrease significantly even after the fifth recycle, as shown in Figure 11a. Interestingly, following the fifth cycle, there were no discernible variations in the XRD profile of the Mn/50GZ NC (Figure 11b). Possible explanations for the small reduction in catalytic efficiency of the nanocomposite involve partial blockage of active sites. The Mn/50GZ NC might thus function as a reliable, reusable, and efficient photocatalytic material.



It is crucial to identify the fundamental ROS photoinduced by the Mn/GZ and Ni/GZ NCs responsible for the photocatalytic decomposition of dyes. In order to investigate the potential mechanism of photocatalytic dye decoloration, three chemical traps were employed to capture the ROS generated during the dye decoloration reaction. The influence of the trapping compounds on the dye decoloration reaction is shown in Figure 12a,b. The results show that •OH and •O2− are the principal reactive species involved in the photocatalytic dye degradation, with 91% and 60% inhibition, respectively. On the other hand, h+, accounting for 14% of the inhibition, is the lesser oxidative species engaging in dye photodegradation.




3.8. Mechanism


The enhanced decoloration of EBT/MO dyes by Ni/GZ and Mn/GZ NCs may be accredited to the production of e−/h+ pairs in the produced photocatalysts, as shownvia schematic sketch (Figure 13). When sunlight irradiates the NCs, both ZnO and g-C3N4 are excited, and e/h+ couples are formed on their respective conduction bands (CB) and valence bands (VB) [18]. ZnO and g-C3N4 valence bond electrons are promoted to their conduction bands.The excited electrons from the CB of g-C3N4 (−1.12 eV) are transported to the CB of ZnO (−0.5 eV). On the basis of the CB/VB edge potentials, Photo-induced electrons may easily migrate from the g-C3N4 conduction band (CB) to the CB of ZnO. Simultaneously, the h+ in the VB of ZnO might shift to g-C3N4, because ZnO has higher VB potential than g-C3N4 [70]. To enhance the electron transportation and reduce e/h+ pair recombination, the Mn/Ni metal ions in the Mn/GZ and Ni/GZ NCs not only function as a facilitator at the g-C3N4 and ZnO interface but also decrease the Eg value of ZnO [62]. The produced e and h+ react with the water and oxygen adsorbed on the photocatalyst surface to form radicals (•OH and •O2−) [71]. These radicals are used to decolorize dye molecules by converting them into low-molecular-weight intermediates, which are then oxidized into H2O, CO2, and inorganic ions.





4. Conclusions


In this study, extremely effective (Mn/Ni)/g-C3N4/ZnO (Mn/GZ and Ni/GZ) photocatalysts were made via the co-precipitation method. The assembly and purity of the samples were studied using the XRD, TEM, SEM, EDX, and FTIR methods. Photocatalytic dye decoloration testing of the synthesized (Mn/Ni)/(20, 30, 40, 50, 60, 70, and 80) GZ samples was carried out against MO and EBT, and it was observed that the Mn/50GZ NCs had a very high decolorizing efficiency under sunlight. The Mn/50GZ NC completely decolorized EBT and MO in 50 and 70 min, respectively, while Ni/60GZ NC decolorized the same dyes in 60 and 90 min, respectively. Further, Mn/GZ and Ni/GZ NCs exhibited pseudo-first-order kinetics during the dye-reduction reaction. The number of active sites, surface defects, and reduction in e−/h+ pairs in nanocomposites were improved by the successful integration of metal ions, ZnO, on the fragile sheets of g-C3N4, as exhibited by TEM images and PL study. In general, the findings of this work contribute to a better understanding of the processes involved in synthesizing photocatalysts and their uses for the decoloration of organic pollutants from wastewater.
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Figure 1. Schematic description of the synthesis of metal/g-C3N4/ZnO nanocomposites. 
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Figure 2. FTIR spectra of ZnO, g-C3N4, and (Ni/Mn)/g-C3N4/ZnO NCs. 
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Figure 3. XRD patterns of ZnO, g-C3N4, and (Ni/Mn)/g-C3N4/ZnO NCs (a) Magnified XRD patterns of ZnO and (Ni/Mn)/g-C3N4/ZnO NCs (b). 
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Figure 4. Morphological analysis of ZnO (a), g-C3N4 (b), Ni/g-C3N4/ZnO (c), and Mn/g-C3N4/ZnO (d) by TEM. 
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Figure 5. Morphological analysis of ZnO (a), g-C3N4 (b), Ni/g-C3N4/ZnO (c), and Mn/g-C3N4/ZnO (d) by SEM. 
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Figure 6. EDX analysis of ZnO (a), g-C3N4 (b), g-C3N4/ZnO (c), Ni/g-C3N4/ZnO (c), and Mn/g-C3N4/ZnO (d). 
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Figure 7. UV-vis DRS spectra (a) and band gap energy of ZnO, GZ, Mn/GZ, and Ni/GZ NCs (b). 
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Figure 8. Photocatalytic decoloration rates of EBT (a) and MO dye (b) by Mn/50GZ NC, and decoloration rates of EBT (c) and MO dye (d) by Mn/50GZ NC. 
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Figure 9. Photocatalytic dye decoloration rates of EBT (a) and MO (b) and bar graphs of the percentage of decoloration of EBT (c) and MO (d) by Ni/60GZ, Mn/50GZ, 50-GZ, 60-GZ, and g-C3N4. 
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Figure 10. EBT decoloration kinetic characteristics (a) and k (min−1) values (b) and MO decoloration kinetic characteristics (c) and k (min−1) values (d) by Ni/60GZ, Mn/50GZ, 50-GZ, 60-GZ, and g-C3N4. 
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Figure 11. XRD analysis of Mn/50GZ NCs (a) and the recyclability test (b) after the fifth cycle. 
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Figure 12. Scavenger effects (a) and the capture of reactive species with percentage inhibition (b). 
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Figure 13. Mechanism of MO/EBT dye photocatalytic decoloration using Mn/GZ and Ni/GZ NCs as photocatalysts. 
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Table 1. Comparison of decoloration capabilities of Mn/50GZ with some earlier works.
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	Sr. No
	Photocatalyst
	Contaminant
	Light Source
	Dye (mg/L)
	Catalyst (mg/L)
	Radiation Time (min.)
	Decoloration%
	Ref.





	1
	Mn-ZnO/CSAC
	BG
	Sunlight
	30
	200
	175
	96
	[62]



	2
	ZnO/Fe2O4/Pt
	Ciprofloxacin
	Xe lamp
	10
	150
	75
	100
	[63]



	3
	Mn-ZnO/RGO
	RhB
	Visible
	20
	20
	140
	99
	[58]



	4
	ZnO/ZnFe2O4
	MB
	Visible
	10
	50
	100
	98
	[64]



	5
	Pt-BiFeO3
	MG
	Visible
	10
	100
	240
	96
	[65]



	6
	ZnO/Fe3O4/g-C3N4
	MO
	Visible
	30
	10
	150
	97.87
	[66]



	7
	Mn-ZnO/CNT
	MG
	Visible
	50
	100
	150
	>95
	[57]



	8
	ZnFe2O4@ZnO
	MO
	Visible
	56
	660
	240
	99
	[67]



	9
	Mn/50% g-C3N4/ZnO
	EBT
	Sunlight
	10
	200
	50
	100
	Present work
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Reflectance (a. )






media/file4.png
(n°*g) uepmusue.a],

%o

3500 3000 2500 2000 1500 1000

4000

Wavenumber (cm)





media/file18.png
1.2 T T
(a) ' Dark ! EBT dye
1 1
1.0 - : —l—7n0
. ———— —8—Ni/60% g-C,N,/ZnO
: e —A—Mn/50% g-C,N /ZnO
: \\ —¥—60-g-C,N /ZnO
0.8 " \ —4—50-g-C,N /ZnO
: : —d—g-C,N,
o 1 1
& 0.6 - ! :
U 1 1
1 1
1 1
041 |
1 1
1 1
1 1
02{ !
1 1
| Adsorption : [Degradation’
1 1
0.0 ! 1 : | 1 v ||
-40 -20 0 20 40 60

(©) 10

% Degradation

NN NN

Time (mint.)

% Degradation of EBT after 50 minutes.

Zn0O

S0-GZ 60-GZ

g-C3N;

Mn/S0GZ

NI/60GZ

(b) 1.2 ' '
Dark | Light erdiaion MO aye
1.0 = . . —8—7Zn0
: —8—Ni/60% g-C,N,/Zn0
; —A—Mn/50% g-C,N,/Zn0
0.8 : —¥—60-g-C,N,/ZnO
. ——50-g-C,N,/ZnO
o : —4—g-C,N,
& 0.6 = -
o \
0.4 =
0.2 - . :
Adsorption. Degradation
0.0 ey : r r r Y
-40 -20 0 20 40 60 80 100

(d) .,

90

% Degradation

Time (mint.)

% Degradation of MO after 70 minutes.






media/file21.jpg
()

Mg €110

At Restin

20 (degree)

)

)

" Timea )





media/file26.png
Potential (eV) Vs NHE

h-!-

h+

Degradation
Products

h+

h+

h+ h+ h+

Degradation
Products





media/file3.jpg
% Transmittance (a.u)

Mn/g-C\N /ZnO

4000 3500 3000 2500 2000 1500 1000

‘Wavenumber (cm)





media/file22.png
Time (h)

\.
P . ..l\-lll.
- -.l.lll\.
_P-\‘-Il.ll.lu
st it i mimi st mimm s i mimimd
Ill.\.l.
- . \\\.\I-
- -.I‘Ill.ll
M.l-l_ll\l.-\lll_ll
N
| |
- . ..ll.l.\l-lll‘lll
u
= g— —
i
| W—_
-ll.ll.l.-
[ |
g— -
— | v ! | p——
© t N
- o) =) o)
< 0D
=
o
=
—
)
>
.nn_U >
> L2
o)
<
oo -
p L =
-
=
-
5 k= i
z k> - K
—= =

( ne) AJIsudyuy

20 (degree)





media/file19.jpg
n{CiCe)

Koy

Lisisisisk






media/file7.jpg





media/file10.png





media/file14.png
1.0

~
o
-

Reflectance (a. u)

0.0

(b)

(F(R)hv)1/2 (eVem™)?

200 300 400 500 600 700

Wavelength (nm) Energy (eV)





media/file11.jpg
Ni/g-C;N/ZnO






media/file6.png
~
oo
-

—
=
S i
‘E: Mn/g-C N /ZnO
o; - *—‘-ﬁ,_ujL - A A A A
5 an  gCN, (002)
- P . —A_
|—=| (101)
(100)
(002)
ZnO 2 ,
n (102) (110) (103) (]1_)(201)
A
v ' v J v ’ . J v ’ . 1 v
10 20 30 40 50 60 70 80
20 (degree)

(b)

Ni/g-C;N,/ZnO

Mn/g-C;N /ZnO

ZnO

Intensity (a.u)

40
20 (degree)





media/file15.jpg
) = e X

Time (nint)






nav.xhtml


  catalysts-12-01388


  
    		
      catalysts-12-01388
    


  




  





media/file16.png
C/Co

| |

1 ) K

I .

1 \
I : -

0.8 - ' \*\\
:+Mn/20%g-C3N4/Zn0:

—@— Mn/30%g-C,N /ZnO NN
1—&— Mn/40% g-C,N /ZnOl \

0.6 + ¥ Mu/50%g-CsN/ZuO,
—®—Mn/60%g-C,N /ZnO)
l—4—Mn/70%g-C,N /ZnOl

0.4 - :+Mn/80%g—C3N4/Zn0:
|+g_CSN4 1
I—=e—ZnO !

" I
" I
0.2 1 !
. I
. I
. I
0.0 - " :
1 [ |
.- | d : v | v ' .
-40 -20 0 20 40 60
Time (mint.)
]

(c) 1.0

C/Co

0.8

0.6

0.4

0.2

0.0

=—de—Ni/20% g-C,N/ZnO

| —*—Ni/40% g-C,N/ZnO
| —*—Ni/70% g-C,N/ZnO

—de—g-C,N,

/

~——

\4,\4 \

~—Ni/30% g-C,N /ZnO

ke Ni/50% g-C,N,/ZnO
~—e—Ni/60% g-C,N ,/ZnO

—de—Ni/80% g-C,N,/ZnO
70O

-40

A ——— I N !

20 0 20 40 60

Time (mint.)

(b)

c/C,

@,

C/Co

Sunlight MO dye
1.0 =
0.8 =
0.6 =
—&— M1/20%g-C,N /ZnO
—8— Mn/30%g-C,N,/ZnO
0.4 = —he— Mn/40%g-C,N /ZnO
—¥— Mn/50%g-C;N/ZnO
——Mn/60%g-C,N/ZnO
0.2 4 —&— Mn/70%g-C,N /ZnO
— — Mn/80%g-C,N,/ZnO
0.0 ——g-CN,
1 =*—1Zno
-40 -20 0 20 60 80
Time (mint.)
1 |
1
| i Pk ! Lighthmidiation oy,
0.8 - ::".""In.~
\ R
[ g \
0.6 = —*—Ni20%g-C,N/ZnO
—he—Ni/30%g-C,N /ZnO
1 ——Nindowg-c,N/zno
04 o ——Ni/50%g-CN/ZnO
=== Ni/60% g-C,N/ZnO
1 —*—Ni/70%g-C,N /ZnO
02 4 ——Niso%gcN/zno
) —de—7Z1n O
4 —d—gC,N,
"1 Adsorption  [Degradation
. | v | ¥ | ¥ | || |
-40 -20 0 20 40 60 80 100

Time (mint.)





media/file2.png
S

=
~
&
(g
o
=

Mixing + Stirring Precipitation

Photocatalysts





media/file20.png
In(C/Co)

In(C/Co)

0.2
0.4 =
0.6 =
(0.8 =
. ® 7ZnO
1.0 e go-C3N4
: A 50-GZ
1 + 60-Gz
-1.29 | & Mn/50GZ
1 | <« Ni60GZ
14 -
v hd v hd | J hd | ) hd | J hd | J
0 10 20 30 40 50
Time (mint.)
0.0 (C)
! P N A
0.5 = \
O ®
o
-1.5= = 7ZnO <
1| o g-C3N4
2.0 A 50-GZ
v 60-GZ
' ¢ Mn/50GZ
<]
25 = 4 NV/60GZ
0 20 40 60 80 100

Time (mint.)

K (min™?)

K (min™?)

0.025

0.02

0.015

0.01

0.005 -

(]

0.015

0.01

0.005 -

NN NN NN

N N N N\

(b)

ZnO

g-GNy

50-GZ

60-GZ

Mw/S0GZ

Ni/60GZ

(d)

Zn0O

2-C3N;

50-GZ

60-GZ

Mn/50GZ

Ni/60GZ





media/file23.jpg
(b)

Scavengers

Reactie % Inhibiion
Spectes

Captarea
Nocapturing 00

w 1
o7 o1
-on o





media/file5.jpg
(@) ez

=z

3

2 | wmcpmo

£ Sk

2

z g

H

o

A
- =
R SR S S S SN 1

20 (degree)

(b)
Nig-CN 200

NN

Mu/g-C,N/ZnO

A AN

o

Intensity (a.u)

30 35 “0
20 (degree)





media/file24.png
(b)

Scavengers Reactive % Inhibition
Species

Captured

No capturing 00

h* 14

'02- 91

‘OH 60

No Scavenger





media/file1.jpg
_>_>
()

Mixing + Stirring

Photocatalysts

Precipitation

j,

uonenIy





media/file25.jpg
Potential (eV) Vs NHE

Degradation
Products

b b b

Degradation
Products






media/file12.png





media/file9.jpg





media/file0.png





media/file8.png





media/file17.jpg





