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Abstract

:

Since semiconductor-based photocatalysis uses solar energy as a free and sustainable energy source and inoffensive photocatalysts, it has been found to be a promising green approach to eliminating dyes, antibiotics, and other pharmaceuticals from water that has been contaminated. In this study, a distinctive magnetic separable Fe3O4-ZnO:V photocatalyst is reported. ZnO:V semiconductors have been produced by seed-assisted growth over preformed magnetite to develop Fe3O4-ZnO:V nanocomposites. The results indicated nanocomposites with the structure of Fe3O4, ZnO:V, according to the findings of the XRD, XPS, and HRTEM investigations. Additionally, magnetic studies revealed at room temperature, the nanocomposite exhibited superparamagnetic properties. Electrochemical Impedance Spectroscopy (EIS) was employed to characterize the ability of the Fe3O4-ZnO:V nanocomposites to transfer electrons. Furthermore, the impact of dopant on optical characteristics was evaluated. When exposed to rhodamine B (RhB), all the samples exhibited photocatalytic activity. Through the use of an ESR experiment and the spin-trapping technique, the existence of reactive oxygen species (ROS) at the solid–liquid interface was demonstrated, and their impact on the samples’ photocatalytic activity was highlighted. After recycling, XRD, XPS, and SEM were performed to illustrate the stability of the material. The impact of V doping on the morphologic, structural, and compositional properties of magnetically separable Fe3O4-ZnO:V composite nanoparticles for photocatalytic applications is the innovative aspect of our work.
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1. Introduction


Nowadays, the extensive use of composites across multiple industrial sectors requires their continued development with respect to both their attributes and their manufacturing techniques [1]. It is possible to produce nanomaterials with remarkable mechanical, optical, electrical, magnetic, and catalytic features that differ considerably from their bulk counterparts. The size, shape, synthesis conditions, and appropriate functionalization can all be accurately managed to provide desired tuning of the aforementioned characteristics [2,3,4].



One of the most important developments in modern green chemistry is photocatalysis, an environmentally friendly and smart oxidation process. The expansion of photocatalysis as a realistic wastewater treatment technology to eliminate emergent pollutants is a priority for researchers [5,6,7,8]. A photocatalyst’s band gap energy and electronic band structure, for instance, have a significant impact on its photocatalytic performance. To optimize solar energy consumption, an effective photocatalyst needs to possess a band gap energy of less than 3 eV, which allows for light absorption into the visible spectrum [9,10,11].



The current photocatalytic system’s drawbacks, which restrict its industrial relevance, include its low visible light consumption [12], quick charge recombination [13], and limited photogenerated electron [14] and hole migration capabilities [15]. Adjustments to the band edge, band gap tuning, and crystal structure may all be applied to boost visible light absorption for the photocatalytic process [13,16].



The remarkable photocatalytic applications of zinc oxide nanostructures, including in the photodegradation of organic contaminants, self-cleaning, and antimicrobial efficiency, are explained by their high specific surface area, optical characteristics, and versatility [7,17,18].



Zinc oxide also has a strong chemical stability, large specific surface area, and low production cost [19]. In a study about the photocatalytic activity of ZnO in degrading the azo dyes, Chen et al. [20] found ZnO photocatalyst prepared with a composite ratio of 4:1 and calcined at 400 °C, displayed a very efficient elimination rate of 99.70% for methyl orange.



Nevertheless, it is also recognized the photocatalyst has several disadvantages as well, including the challenges of agglomerating suspended particles, the difficulty of extracting particles from solution, and the challenge of reusing them for additional applications [21]. It is, however, possible to overcome at least some of these shortcomings and to stimulate their photodegradation abilities by modifying the particles size, varying the morphology, band gap tuning through doping, dual doping, or coupling with other semiconductor nanomaterials [22].



Along with helpful heterojunction that delays charge carrier recombination, the combination of magnetic nanoparticles with semiconductors provides the potential for magnetic recovery at process completion [23]. In semiconductor nanoparticles, doping with different type of metal ions is reported to enhance photocatalytic properties [24,25,26]. This enhancement is related to their electronic structure and strong emission in the visible light [21,27]. In our specific samples, the spectral response can be shifted towards the visible region by doping with vanadium ions, an intriguing element known for its unique electronic configuration which is an essential attribute in real–world applications [17,28,29]. It is essential to recognize the benefits of UV irradiation in photocatalysis, including its ability to eliminate microbes and its potential application in areas limiting access to sunlight [30,31].



RhB is a popular organic dye in the textile industry, but even at low concentrations, it can have harmful effects on human health and the environment [21,32,33]. Several measures are taken to reduce these negative effects on the environment, one of them being the Fenton method [34].



Wang et al. [35] found Fe3O4-ZnO has an increased photocatalytic activity compared to bare ZnO on RhB degradation, due to the higher concentration of surface oxygen vacancies. An efficient and recyclable catalyst combines the magnetic properties of nanoparticles with the semiconducting properties [36] that can be provided by metal oxides [35,37,38]. Also, the bare metal oxides, without any doping metal, showed significantly lower photocatalytic properties, as demonstrated by Ahmad et al. [39] who compared RhB photodegradation by ZnO compared to ZnO@Ag. Other studies in the literature showed complete removal of a RhB solution by Fe3O4@SiO2@TiO2 after 25 min of UV irradiation, versus Fe3O4@SiO2@TiO2@Pt after 20 min of UV irradiation [40].



Our goal in this paper is to develop an effective and multifunctional Fe3O4-ZnO:V photocatalyst that will contribute to water depollution. The new photocatalyst, designed by adjusting its composition, helps to address the problems regarding currently used photocatalysts: (i) prevent charge carrier recombination; (ii) enhance the usage and absorption of light; and (iii) fast magnetic recovery after utilization. Detailed investigations of Fe3O4-ZnO:V composites were conducted to evidence the influence of vanadium ions on morpho-structural, optical, and magnetic properties. The ability to demonstrate the production of ROS helps in understanding the photocatalytic activity.




2. Results and Discussions


2.1. Structural and Morphological Investigations of Fe3O4-ZnO:V Nanocomposites


By X-ray diffraction, the structural evaluation of the Fe3O4-ZnO:V nanocomposites was carried out. The X-ray diffractograms of Fe3O4-ZnO:V nanocomposites, illustrated in Figure 1, suggested for all prepared samples, the hexagonal ZnO formation was confirmed by diffraction peak values located at 2θ 31.59, 34.48, 47.65, 56.20, 62.83, 67.97, 69.12, 75.59, and 76.86. These peak positions were assigned to the (100), (002), (101), (102), (110), (200), (112), (201), (004), and (202) planes (PDF card No 01-070-8072). Furthermore, the Fe3O4 diffraction peaks are shown at 2θ = 30.15, 35.31, 42.80, 57.08, and 65.53 corresponding to (220), (311), (400), (511), and (440) (PDF card No 01-071-6336).



It is important to note the peaks belonging to the magnetic phase of Fe3O4 are slightly visible and occasionally overlaid on those of the ZnO crystalline phases due to the high weight ratio Fe3O4:ZnO being 1:10. The samples presented no other impurities-associated diffraction peaks.



The XRD line profiles investigation was carried out using the Powder Cell 2.3 program and the Williamson–Hall plot [41] to show the impact of vanadium doping on the ZnO lattice; however, due to the high Fe3O4:ZnO 1:10 ratio, only for ZnO is relevant.



Table 1 summarizes the XRD-calculated microstructural parameters, i.e., unit cell parameters, and effective crystallite mean size (Deff).



According to the structural analysis (Table 1), ZnO’s lattice parameter c value increases linearly from 5.19 Å (for pure ZnO) to 5.20Å (for ZnO doped with 0.5% V). The smaller Zn ions (ionic radius 0.74  Å) in the hexagonal ZnO lattice are substituted for larger V3+ ions (ionic radius 0.93 Å), as confirmed by the increase in parameter value. As expected, the unit cell volume increases by doping. In contrast, the Deff varies between 11 and 29.3 nm. The primary cause of the decrease in crystallite size is the doping ions’ deformation of the host ZnO lattice. And, the vanadium ions’ presence slows down the nucleation and subsequent growth of ZnO nanoparticles [42].



Regarding the morphology of Fe3O4-ZnO:V nanocomposites, Figure 2 displays TEM images of Fe3O4-ZnO:V 0.2% (Figure 2a,b) and Fe3O4-ZnO:V 1% (Figure 2c,d) samples at two different resolutions. These images depict clusters of 12 to 15 nm Fe3O4 surrounded by 20 to 50 nm diameter ZnO nanoparticles. The sizes correspond with the XRD observations.



Additionally, EDX elemental mapping coupled with TEM analysis was utilized to show the chemical composition of Fe3O4-ZnO:V 1% sample. Figure 3a–e indicates the distributions of Zn, Fe, O, and V, supporting the presence of ZnO and Fe3O4 in the composite structure. Vanadium mapping is at the equipment’s limit of detection, while N is present due to residuals.




2.2. Optical Properties of Fe3O4-ZnO:V Nanocomposites


An essential feature of nanocomposites utilized in water purification technologies is their optical properties. Using UV–Vis absorption spectroscopy, the optical characteristics of Fe3O4-ZnO:V nanocomposites were investigated, as depicted in Figure 4. Considering the optical properties of the composite nanostructure are a cumulative contribution of each component, our samples absorb light in both the visible and ultraviolet spectrum [43]. The absorbance peaks of each composite sample were detected at 265, 360, and 500 nm, respectively. The origin of these peaks is still controversial, being related to the nanosized nature of samples, defects, and electronic transitions [44,45].



When comparing the absorbance spectra of Fe3O4-ZnO:V nanocomposites to samples without a dopant, there is a noticeable enhancement in the visible region absorption at around 500 nm [46]. Because of the presence of V ions in a hexagonal ZnO lattice, this type of absorption behavior is connected to electronic transitions.



Additionally, the absorption spectra show the doping degree has significantly boosted the absorption features for both the visible and ultraviolet regions. Moreover, for doped materials, a clear redshift in the absorption edge at ∼380 nm was found. This could be the result of modifications to their surface microstructures and particle sizes [45].



The charge carrier behavior is known to be highly dependent on the photocatalyst’s energy band gap (Eg). Since ZnO is a direct band gap semiconductor, the following equations were used to determine the energy band gap values (Eg) of the samples:


(αhv)2 = A (hν − Eg)



(1)




where hν is the photon energy and α is the absorption coefficient. The band gap values (Table 1) for these doped samples were found to be 3.12 eV (0%), 3.15 eV (0.2%), 3.09 eV (0.5%), and 3.03 eV (1%). A similar lowering of the gap was noted by earlier studies [47].



For the purpose of obtaining more specific information regarding the recombination efficiency of produced hole and electron pairs in Fe3O4-ZnO:V nanocomposites, photoluminescence spectroscopy was used, as depicted in Figure 5.



The PL of Fe3O4-ZnO and Fe3O4-ZnO:V nanocomposites were recorded at room temperature at an excitation wavelength of 220 nm. A combination of several recombination sites and defects in the vacancy level of oxygen and zinc [48,49] could constitute the reason for the broad and varied intensity of PL peaks. The emissions of green, blue, and violet correlate with these peaks. In our sample, it is possible to connect the broad and weak violet emission peak, detected at 426 nm, to the energy required for electrons to move from the conduction band to the interstitial oxygen (Oi). As shown in Figure 5, the emission of this peak is quenching proportionally with the vanadium concentration. The peak around 506 nm indicates the similar behavior of the PL intensity, responsible for the transition from interstitial Zn (Zni) to Oi [50]. When the electron and hole combine together to produce a photon, the photocatalytic activity’s effect decreases. Therefore, the stronger photocatalytic activity is indicated by the lower PL intensity.



The origin of PL emission features is still controversial but, generally, they are attributed to the so-called self-activated centers and defects such as oxygen vacancies (Vo), which support the analysis of the magnetic data.




2.3. Compositional Analysis by XPS


The XPS qualitative and quantitative elemental analysis was carried out by recording the Fe 2p, Zn 2p, Zn LMM, V 2p, O 1s, and C 1s core-level lines.



As an example, for sample 1% V, in Figure 6a one can see the Zn 2p core-level spectra were deconvoluted with two peaks positioned at 2p3/2 1021.4 and Zn 2p1/2 1044.5 eV, assigned to Zn2+. The observed lower BE values than the expected bulk 1022 eV, are characteristic of oxygen deficiency [51]. Also, two satellite peaks positioned at 1022.7 and 1046.1 eV were used.



The Fe 2p core-level line deconvolution, corresponding to sample 1% V, is shown in Figure 6b. One can see the Fe3O4 model was applied with the peaks Fe2+ 2p3/2 positioned at 710 eV and Fe3+ 2p3/2 positioned at 711.3 eV. Due to the Mg anode X-ray source the O KLL line is also present in the spectrum. The obtained surface atomic ratio Fe/Zn is 0.08.



The V 2p core-level line deconvolution, corresponding to sample 1% V, is shown in Figure 6c. The peaks positioned at 516.7 eV (2p3/2) and 524.1 eV (2p1/2) are characteristic to V3+. Due to the non-monochromatic Mg anode X-ray source two satellite peaks also appear in the spectrum [52]. The obtained surface atomic ratio V/Zn is 0.01.



The O1s spectra for ZnO always have two peaks with the one at higher binding energies at ~532 eV attributed to Zn(OH)2 or oxygen vacancies. For more accurate interpretation, three peaks deconvolution can be used with constraints for the position of the O-Vo peak at ~1 eV higher than O-Zn peak [53]. In Figure 6d, the peak positioned at 530 eV is allocated to metal bonded O2− ions, at 531 eV is allocated to O vacancies, and at 532.1 eV is allocated to loosely bound O ions from H2O. One can see the Vo peak is increasing with V doping. The Vo/O-metal ratio is shown in Table 2.



Zn LMM Auger can be used to obtain information on Zn defects [54]. In Figure 6e, the Zn LMM Auger spectra was deconvoluted with two peaks attributed to Zn in Zn–O (KE 987.8 eV) and the shoulder peak Zn from interstitial sites (Zni) (KE 991.1 eV). The ratio of the peaks area, listed in Table 2, indicates V doping increases Zn defects in ZnO by over 50%. In case of sample 0.5% V, the number of Zni is slightly lower than in the undoped sample, leading to higher than expected saturation magnetization (Table 2).




2.4. Magnetic Characterization of Fe3O4-ZnO:V Nanocomposites


Room temperature magnetization curves are shown in Figure 7. The Fe3O4-ZnO sample saturation magnetization (Ms) value 3.3 emu/g indicates it can be used for magnetic separation, similar to other publications [48,55].



By V doping Ms decreases to 1.9 emu in case of 1% V. This behavior was observed in theoretical studies and explained by irregular distribution of V atoms [56] and/or Zn defects [57].



Also, by V doping, the coercive field (Hc) value remains almost constant at ~20 Oe, while the remanent magnetization (Mr) decreases from 0.1 (sample Fe3O4-ZnO) to 0.03 emu/g (sample Fe3O4-ZnO 1% V), indicating a superparamagnetic behavior.



The values of Ms, Hc, and Mr for Fe3O4-ZnO and V-doped samples are shown in Table 3. Ms does not decrease linearly with V doping. In accordance with XRD (lower unit cell volume and Deff for sample 0.5% V) and XPS (lower Zni/ZnO ratio for sample 0.5% V), this shows the Zn defects’ influence on magnetic properties, similar to [58].




2.5. Photocatalytic Properties


To evaluate the photocatalytic activity of the prepared samples, the RhB pollutant degradation was monitored under UV light irradiation (365 nm). All samples show similar adsorption capacity, the equilibrium adsorption-desorption been reached after 60 min in the dark. Figure 8 displays the efficiency of RhB removal from the solution by the synthesized samples. The removal rates vary between 38% for Fe3O4-ZnO and 95% for Fe3O4-ZnO:V 1%.



The first-order kinetic model was applied to evaluate the photocatalytic activity:


    − ln  ⁡        C   t       C   0         =   k   i   x   t  



(2)




where     C   t     represents the concentration of RhB at t time;     C   0    —concentration of RhB after adsorption in dark;   t  —irradiation time; and     k   i    —apparent kinetic constant. The obtained results are shown in Figure 9, and a linear dependence with the irradiation time can be observed. After the linear fitting of the curves, the     k   i     and R2 parameters are obtained (Table 4).



It can be observed by increasing the V doping degree, the apparent kinetic constant increases from 1.5 × 10−3 min−1 (for Fe3O4-ZnO:V 0%) to 10.3 × 10−3 min−1 (for Fe3O4-ZnO:V 1%). These results sustained the conclusion that Fe3O4-ZnO:V 1% sample had the best photocatalytic activity. Based on the XPS results, these assumptions support V doping increases Vo.



2.5.1. Effect of the Solution pH on Pollutant Elimination


The RhB solution pH was varied between 2 and 11. The photodegradation was performed in the presence of Fe3O4-ZnO:0.5% V nanoparticles. This system was chosen because it presented the best photocatalytic activity. The obtained results are shown in Figure 10a, and it can be seen the highest photocatalytic activity is obtained using acidic to neutral solution.



When the photocatalytic activity takes place in a basic solution (pH ~ 11), probably a repulsion appears between the nanoparticles and pollutant molecules, both being loaded with a negative charge [59]. This effect reduces the contact between the nanoparticles and the pollutant molecules, driving the photocatalytic activity reduction.




2.5.2. Effect of Photocatalyst Dosage


At pH 6, the photocatalyst amount was varied between 1.1 g/L and 2.0 g/L. As can be seen in Figure 10b, an increase in the photocatalytic activity with the photocatalyst amount is followed by a decrease at higher amounts.



Therefore, an optimal photocatalyst concentration exists that ensures more efficient absorption of photons as well as better adsorption of pollutant molecules due to the larger specific surface area. By exceeding this amount, due to the solution opacity favorizing the light scattering, the photocatalytic activity decreases [60].





2.6. Reactive Oxygen Species Generation


The generation of reactive oxygen species (ROS) under UV light irradiation was highlighted using the EPR spectroscopy coupled with the spin-trapping technique. The experiment was carried out on the sample with the best photocatalytic activity (Fe3O4-ZnO:V 1%), Fe3O4, and ZnO:V 1% nanoparticles. Before irradiation, no EPR spectrum was obtained for all analyzed samples. After 10 min of UV (365 nm) light irradiation, complex spectra composed of several absorption lines were evidenced as shown in Figure 11a–c. To identify the components, a spectra simulation was performed. The simulation of the Fe3O4-ZnO:V 1% and ZnO:V 1% spectra indicates the presence of the same spin adducts namely: •DMPO-OOH (aN = 13.8 G, aH = 11.8, aH = 0.9 G, g = 2.0098), •DMPO-O2- (aN = 12.8 G, aH = 10.4 G, aH = 1.4 G), •DMPO-N (aN = 14 G), and •DMPO-CH3 (aN = 15.5 G, aH =22.3 G).



In the case of the spectrum corresponding to Fe3O4 nanoparticles, the simulation was performed considering only the following two components: •DMPO-OOH (aN = 13.8 G, aH = 11.8, aH = 0.9 G, g = 2.0098 and •DMPO-O2- (aN = 12.8 G, aH = 10.4 G, aH = 1.4 G). The generation of the highlighted ROS can be described by the following equations [61]


NPs + hϑ→ e− + h+



(3)






e− + O2→O2(•−)



(4)






e− + O2(•−)→•OOH



(5)






h+ + H2O→•OH + H+



(6)






DMSO + •OH→CH3 (OH)SO + •CH3



(7)







The last component evidenced in the simulation of Fe3O4-ZnO:V 1% and ZnO:V 1% spectra corresponds to nitroxide-like radical which occurs by breaking C-N bond of DMPO [61].



Consequently, both O2(•−) and •OH radicals are formed during Fe3O4-ZnO:V 1% and ZnO:V 1% sample irradiation, O2(•−) being the main species as shown by the higher intensity of the corresponding spectrum. On the contrary, in the case of Fe3O4, only O2(•−) is generated.



Based on the above results, a photocatalytic mechanism is proposed as illustrated in Figure 12. During the irradiation e−-h+ pairs are generated in both components of the composite material. The photoexcited electrons from the Fe3O4 conduction band (CB) are transferred to CB of ZnO, characterized by a lower energy. Its interaction with the surface-adsorbed O2 drives generation of the •O−2 radicals. Simultaneously, the holes from the ZnO valence band (VB) will migrate to the VB of Fe3O4. However, since the VB potential of Fe3O4 is lower compared with the oxidation potential of OH−/•OH and H2O/•OH redox pairs, these reactions cannot occur [62]. Therefore, only the remaining holes from the VB of ZnO will interact with H2O molecules generating •OH radicals.




2.7. Stability Tests


To evaluate the reuse of the prepared photocatalysts, five degradation cycles were carried out under similar conditions. Before reuse, the material was recovered from the solution using a magnetic field, after which it was washed with distilled water and dried. It can be seen the degradation efficiency does not change substantially after the cycles performed (Figure 13a).



To demonstrate the stability of the material, XPS (Figure 13b), XRD patterns (Figure 13c), and SEM (Figure 13d) spectra of Fe3O4-ZnO:V% nanocomposites after the photocatalysis reaction were performed. The XPS O1s Vo/O-metal ratio slightly decreased from 0.34 to 0.32 after recycling, while the Zn LMM Zni/ZnO ratio also slightly decreased from 0.35 to 0.31 after recycling. Also, as expected, after recycling the absorbed water content on the sample 0.2% V surface increased by 44% from 0.25 to 0.36, calculated from O1s O-H/O-metal ratio. Since XPS is a surface-sensitive technique one can conclude the material is stable after recycling. Furthermore, the XRD pattern for the same sample after RhB degradation suggests the composite samples do not have any additional secondary phases. There are no obvious modifications to the crystallite size. In addition, no noticeable modification was observed in the SEM images (Figure 13d).




2.8. Electrochemical Studies


Electrochemical Impedance Spectroscopy (EIS) was employed to characterize the ability of the modified electrodes to transfer the electrons across the solution/electrode interface. The technique can provide information about the charge transfer resistance (Rct) of various materials by applying a small sinusoidal signal (5 mV) of various frequencies (0.1–105 Hz). In this case, we compared the EIS spectra (Nyquist plots) of the two modified electrodes (Figure 14).



The recorded spectra were interpreted based on the equivalent electrical circuit, which model each spectrum (see the circuits in the insert). In both cases, the recorded EIS spectra are characterized by a large semi-circle in the high-medium frequency range, attributed to the charge-transfer resistance (Rct) of the material. At low frequencies, a straight line can be observed, describing the diffusion of the redox species within the double-layer (Warburg impedance (W)). At the electrode/solution interface, the accumulation of ions generally takes place, leading to the charging of the double-layer; this was modeled by a constant phase element (CPE) and not by a pure capacitance, due to the porous morphology of the surface. In addition, the circuits contain the electrolyte resistance (Rs), which has a low value due to the good conductibility of the solution. It is interesting to see in the case of Fe3O4-ZnO:V-1% material, the Rct value is 8.61 kΩ, being considerably lower than that corresponding to the Fe3O4-ZnO:V-0% material (12.9 kΩ). This indicates the material containing 1% vanadium (Fe3O4-ZnO:V 1%) is more efficient for the transfer of electrons, in comparison with Fe3O4-ZnO:V 0% nanocomposite.



This behavior was further confirmed by testing the electrodes modified with the two materials for the oxidation of RhB, in the presence and absence of visible irradiation (Figure 15). The halogen lamp used for photocatalytic experiments was also employed as irradiation source.



As shown in Figure 15, a well-defined oxidation peak was recorded in 10−4 M RhB solution at a potential of +0.85 V (black curve) with DS/Fe3O4-ZnO:V 0% electrode, and slightly increased for DS/Fe3O4-ZnO:V 1% (blue curve; both in dark conditions). After illumination with visible light, the current density and hysteresis in the CV curve were considerably higher for the DS/Fe3O4-ZnO:V 1% electrode. This result suggests the photo catalytic activity of Fe3O4-ZnO may be considerably improved by doping with low amounts of vanadium (1%), which leads to smaller charge transfer resistance and consequently easy transfer of charge.





3. Experimental Part


3.1. Materials


To synthesize Fe3O4-ZnO:V composite nanoparticles, the following chemical reagents were used: FeCl3 × 6H2O (98% Alfa Aesar, Ward Hill, MA, USA), FeCl2 × 4H2O (98% Alfa Aesar), NH3 (25% Merck, Darmstadt, Germany), zinc acetate—Zn (CH3COO)2 × 2H2O (Alpha Aesar), diethylene glycol—C4H10O3 (VWR, Radnor, PA, USA), and sodium metavanadate-NaVO3 (Alpha Aesar). All compounds are analytical grade and were used just as supplied, without additional purification.




3.2. Sample Preparation


The synthesis of Fe3O4 nanoparticles and their subsequent decorating with ZnO:V nanoparticles were the two steps involved in the synthesis of the Fe3O4-ZnO nanocomposites.



The co-precipitation method [2] was implemented to produce the Fe3O4 nanoparticles, with a few minor adjustments. Initially, a molar ratio of 2:1 was used to stoichiometrically dissolve FeCl3.6H2O and FeCl2·4H2O into deionized water containing an excess of ammonia until pH = 12 was reached, at 80 °C. After 60 min, the sample was magnetically recovered and completely rinsed with high-purity deionized water. The prepared sample was dried for 24 h at 60 °C.



The sol–gel process was carried out for decorating the ZnO:V nanoparticles onto the preformed magnetite nanoparticles. Under magnetic stirring, 50 mL of diethylene glycol (DEG) was mixed with a set quantity of zinc acetate hexahydrate (Zn(CH3COO)2·6H2O) (98%) in a Berzelius beaker. A few drops of water (1 mL) were added once the reactants had dissolved. To produce a sol, the mixture is heated to 160–180 °C for 10 min, and then allowed to evaporate for 4 h.



Subsequently, Fe3O4 nanoparticles that were ultrasonically dispersed were introduced, according to a mass ratio Fe3O4:ZnO of 1:10. Then, the process was allowed to continue for an additional four hours at 160–180 °C under magnetic stirring. The resultant product was dried in an oven at 65 °C for 24 h after being separated by centrifugation. The illustration of synthesis process is depicted in Figure 16.




3.3. Methods


The crystalline structure of the samples was validated by X-ray diffraction (XRD), which was recorded using a Bruker D8 Advance (Bruker, Karlsruhe, Germany) X-ray diffractometer set up at 40 kV and 40 mA fitted with a germanium monochromator in the incidence. The X-ray diffraction patterns were obtained in the 2θ range of 10°–80° using Cu Kα1 radiation (λ = 1.54056 Å) in a step-scanning mode with increments of Δθ = 0.02.



The morphology of the nanocomposites was examined by transmission electron microscopy (TEM), using a Hitachi SU8230 Transmission Electron Microscope (Hitachi, Tokyo, Japan) fitted with a cold field emission gun. By applying a BANDELIN SonOREX homogenizer, the powder was mixed with ethanol and spread out onto a 400 mesh copper grid that had been covered in carbon film.



The qualitative and quantitative chemical composition of the samples was studied with X-ray Photoelectron Spectroscopy (XPS) by using a custom-build SPECS spectrometer with a Mg X-ray source (hv = 1253.64 eV). The samples were drop-cast with ethanol on the sample holder. The CasaXPS software (SPECS, Berlin, Germany, CasaXPS version 2.3.23) was used for spectral analysis with Shirley background subtraction. The integral intensities were calibrated by the corresponding relative sensitivity (RST), transmission (T), and electronic mean free path factors (MFP). Binding energy was corrected by referencing the adventitious C 1s at 284.6 eV.



The magnetic behavior of the samples was investigated with a cryogen-free VSM (CRYOGENIC Ltd., London, UK), using an applied magnetic field up to 5 T at room temperature.



The UV–Vis characterization was realized by JASCO V570 UV–Vis–NIR Spectrophotometer (JASCO Deutschland GmbH, Pfungstadt, Germany) equipped with absolute reflectivity measurement JASCO ARN-475 accessory. The reflectance spectra obtained were transformed into absorbance by the internal software of the spectrophotometer.



Fluorescence emission and excitation spectra were measured using a JASCO FP-6500 spectrofluorometer (JASCO Deutschland GmbH, Pfungstadt, Germany), equipped with a Xe lamp of 150 W, 1800 lines/mm monochromator, and 1 nm spectral resolution.



The photodegradation of Rhodamine B (RhB) was performed in a Laboratory-UV-Reactor system that contains a 400 W halogen lamp (Osram). The irradiance was 0.91 mW/cm2 at a distance of 25 cm from the sample. The catalyst (10 mg) was dispersed in aqueous solution of RhB (1.0 × 10−5 mol L−1, 10mL) followed by stirring the mixture in the dark to realize the adsorption equilibrium on the catalyst surface.



The ROS production of Fe3O4-ZnO:Vx% nanocomposites in DMSO (dimethyl sulfoxide) suspensions was investigated by using the Electron Spin Resonance (ESR) coupled with the spin-trapping probe technique. The 5,5-dimethyl-1-pyrroline N-oxide (DMPO, Sigma–Aldrich, Merck, KgaA, Darmstadt, Germany) was used as spin-trapping agent. The samples were investigated by dispersing 10 mg of Fe3O4-ZnO:V 1% in 1 mL of DMSO. These suspensions were homogenized in an ultrasonic bath (30 s) before use. The DMPO concentration was 0.2 M. The experimental and simulated spectra of Fe3O4-ZnO:V 1% sample were prepared immediately before measurements and transferred into a quartz flat cell optimized for liquids measurements. The measurements were performed with a Bruker E-500 ELEXSYS X-band (9.52 GHz) spectrometer (Rheinstetten, Baden-Württemberg, Germany) in the same experimental conditions.



Electrochemical measurements (Cyclic Voltammetry (CV); Electrochemical Impedance Spectroscopy (EIS)) were recorded with an AUTOLAB-302N Potentiostat/Galvanostat (Utrecht, The Netherlands) coupled with a screen-printed electrode (DS) and a personal computer. The CV data were recorded with the NOVA 1.11 software. The surfaces of the electrodes were modified with the synthesized materials and were subsequently denoted DS/Fe3O4-ZnO:V 1% and DS/Fe3O4-ZnO:V 0%, respectively. For surface modification, a volume of 9 µL suspension containing 2 mg/mL Fe3O4-ZnO:V-1% or Fe3O4-ZnO:V-0% in DMF, was drop-cast on top of each electrode. After that, the modified electrodes were left to dry at room temperature until the next day. The cyclic voltammograms were recorded between +0.4 and +1.1 V versus Ag/AgCl in electrolyte solution containing 10−4 M Rhodamine B and 0.2 M KCl supporting electrolyte. The EIS measurements were recorded between 0.1–105 Hz range, in solution containing 10−3 M potassium ferrocyanide and 0.2 M KCl. The active areas of DS/Fe3O4-ZnO:V 1% and DS/Fe3O4-ZnO:V 0% electrodes were determined to be 0.0428 cm2 and 0.0483 cm2, respectively.





4. Conclusions


For the purpose of water treatment, Fe3O4-ZnO:V nanocomposites were synthesized by seed-mediated growth of ZnO:V nanoparticles on preformed magnetite. XRD and TEM were employed to estimate the size, shape, and structure of the nanoparticles. The structural study demonstrates the integration of V ions in the ZnO lattice induces a decrease in particle size. At the same time, optical assessment of Fe3O4-ZnO:V nanocomposites revealed the band gap’s narrowing by the vanadium ions.



The sample with 1% V exhibits the best photocatalytic activity toward RhB degradation. The existence of Vo and Zni increased by V doping is revealed by the XPS data. Magnetization is decreasing by V doping in accordance with Zni. According to the EPR data, the main reactive oxygen species (ROS) in the photocatalytic process are both     O   2   • −     and •OH radicals.



The sample shows a significant quenching of PL emission for the highest photocatalytic activity, suggesting stability between electrons and holes (e−/h+).



EIS showed Fe3O4-ZnO:V 1% nanocomposite is more efficient for transferring electrons, in comparison with Fe3O4-ZnO:V 0%.



The stability of the material after recycling was confirmed by XRD, XPS, and SEM.
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Figure 1. The XRD patterns of Fe3O4-ZnO:V nanocomposites and corresponding indexations. 






Figure 1. The XRD patterns of Fe3O4-ZnO:V nanocomposites and corresponding indexations.



[image: Inorganics 12 00119 g001]







[image: Inorganics 12 00119 g002a][image: Inorganics 12 00119 g002b] 





Figure 2. TEM images of (a,b) Fe3O4-ZnO:V 0.2% and (c,d) Fe3O4-ZnO:V 1% nanocomposites. 
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Figure 3. EDX mapping (a–e) of Fe3O4-ZnO:V 1% nanocomposite. 
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Figure 4. UV–Vis absorption spectra of Fe3O4-ZnO:V nanocomposites. 
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Figure 5. PL spectra characteristic to the Fe3O4-ZnO:V nanocomposites. Excitation at 220 nm. 
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Figure 6. XPS spectra deconvolution of (a) Zn 2p, (b) Fe2p, (c) V2p core-level corresponding to sample 1% V and comparison of (d) O1s core-level and (e) Zn LMM Auger for all Fe3O4-ZnO:V nanocomposites. 
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Figure 7. Room temperature magnetization of Fe3O4-ZnO:V nanocomposites. 
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Figure 8. Photocatalytic degradation of RhB and in the presence of Fe3O4-ZnO:V nanocomposites. The insert presents the UV–vis absorption spectra of RhB aqueous solution in the presence of Fe3O4-ZnO 0% V at different irradiation time intervals. The error bars indicate the standard deviations (n = 3). 
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Figure 9. Evaluation of the photodegradation kinetic. The error bars indicate the standard deviations (n = 3). 
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Figure 10. (a) Effect of initial solution pH on RhB photodegradation. (b) Effect of Fe3O4-ZnO:0.5% V photocatalyst concentration on RhB photodegradation. The error bars indicate the standard deviations (n = 3). 
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Figure 11. Simulated spectra of DMPO spin adducts generated by (a) Fe3O4-ZnO:V 1%, (b) ZnO:V 1%, and (c) Fe3O4 samples after UV irradiation. 
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Figure 12. Photodegradation mechanism mediated by Fe3O4-ZnO:V nanocomposites. 
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Figure 13. (a) Photocatalyst stability test of the Fe3O4-ZnO:V 1% nanocomposites for the photodegradation of RhB. (b) XPS spectra deconvolution of O1s core-level for Fe3O4-ZnO:0.2% V sample before and after recycling. (c) The XRD patterns of Fe3O4-ZnO:0.2% V sample before and after recycling. (d) SEM image corresponding to recycled Fe3O4-ZnO:0.2% V sample. 






Figure 13. (a) Photocatalyst stability test of the Fe3O4-ZnO:V 1% nanocomposites for the photodegradation of RhB. (b) XPS spectra deconvolution of O1s core-level for Fe3O4-ZnO:0.2% V sample before and after recycling. (c) The XRD patterns of Fe3O4-ZnO:0.2% V sample before and after recycling. (d) SEM image corresponding to recycled Fe3O4-ZnO:0.2% V sample.



[image: Inorganics 12 00119 g013a][image: Inorganics 12 00119 g013b]







[image: Inorganics 12 00119 g014] 





Figure 14. Nyquist plots of the modified electrodes, recorded in solution containing 10−3 M potassium ferrocyanide and 0.2 M KCl; 0.1–105 Hz frequency range. Insert: the equivalent electrical circuits employed to fit the Nyquist plots of the modified electrodes. 
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Figure 15. CVs recorded in dark and visible irradiations with DS/Fe3O4-ZnO:V 0% electrode and DS/Fe3O4-ZnO:V 1% in solution containing 10−4 M RhB and 0.2 M KCl at 10 mV/s scanning rate. 
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Figure 16. Illustration steps for synthesis of Fe3O4-ZnO:V nanocomposites. 
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Table 1. Microstructural parameters of Fe3O4-ZnO:xV nanocomposites.






Table 1. Microstructural parameters of Fe3O4-ZnO:xV nanocomposites.





	
Sample

	
ZnO

	
Eg

(eV)




	
a = b (Å)

	
c (Å)

	
V (Å3)

	
Deff (nm)






	
Fe3O4-ZnO:V 0%

	
3.2467

	
5.1985

	
47.45

	
26.2

	
3.12




	
Fe3O4-ZnO:V 0.2%

	
3.2481

	
5.2038

	
47.54

	
29.3

	
3.15




	
Fe3O4-ZnO:V 0.5%

	
3.2474

	
5.2006

	
47.50

	
21.1

	
3.09




	
Fe3O4-ZnO:V 1%

	
3.2530

	
5.1860

	
47.53

	
11.0

	
3.03











 





Table 2. Vo/O-metal and Zni/ZnO atomic ratio determined from XPS.






Table 2. Vo/O-metal and Zni/ZnO atomic ratio determined from XPS.





	Sample
	O1s

Vo/O-Metal Ratio
	Zn LMM

Zni/ZnO Ratio





	Fe3O4-ZnO:V 0%
	0.31
	0.23



	Fe3O4-ZnO:V 0.2%
	0.34
	0.35



	Fe3O4-ZnO:V 0.5%
	0.36
	0.20



	Fe3O4-ZnO:V 1%
	0.37
	0.36










 





Table 3. Ms, Hc, and Mr values for Fe3O4-ZnO:V nanocomposites.
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	Sample
	Ms (emu/g)
	Hc (Oe)
	Mr (emu/g)





	Fe3O4-ZnO:V 0%
	3.3
	20
	0.1



	Fe3O4-ZnO:V 0.2%
	2.3
	20
	0.09



	Fe3O4-ZnO:V 0.5%
	2.5
	21
	0.09



	Fe3O4-ZnO:V 1%
	1.9
	20
	0.03










 





Table 4. The apparent first-order rate constant, k of photocatalytic degradation, and correlation coefficient, R2.






Table 4. The apparent first-order rate constant, k of photocatalytic degradation, and correlation coefficient, R2.





	Sample
	Fe3O4-ZnO:V 0%
	Fe3O4-ZnO:V 0.2%
	Fe3O4-ZnO:V 0.5%
	Fe3O4-ZnO:V 0.7%
	Fe3O4-ZnO:V 1%





	    k   i      × 10−3 (min−1)
	1.5
	2.97
	4.97
	2.36
	10.3



	R2
	0.97
	0.94
	0.98
	0.99
	0.99
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