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Abstract

:

ZnFe2O4 microspheres were prepared by solvothermal method, and a novel ZnFe2O4@TiO2 core-shell composite photocatalyst was prepared by ultrasonic (denoted as ZT-x) and mechanical stirring (denoted as ZTM-1.2). The morphology, structure, magnetic, and optoelectronic properties of the catalyst were investigated comprehensively, and the degradation performance of the catalyst was explored through the photocatalytic degradation of Rhodamine B (RhB) under UV light. The concentration of RhB was 10 mg/L, and the catalyst concentration was 0.3 g/L. ZT-1.2 showed the best photocatalytic degradation activity, and the degradation rate of RhB reached 97.3% within 60 min. The degradation ability of the catalyst was further evaluated by Methylene blue (MB), Methyl orange (MO), Phenol, and Ofloxacin (OFX). ZT-1.2 also exhibited excellent stability. The improved catalyst degradation performance was attributed to constructing a Z-type heterojunction. Moreover, the low-efficiency degradation of ZTM-1.2 was caused by catalyst agglomeration and low TiO2 loading, confirming the superiority of the ultrasonic method and providing a new method for the preparation of magnetically recoverable TiO2-based core-shell photocatalyst.
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1. Introduction


The many organic dyes in industrial wastewater from textile, clothing, and paper industries have become one of the primary sources of environmental pollution due to their carcinogenicity, refractory degradation, and colored pollution [1]. At the same time, more and more antibiotics are used in human therapy, aquaculture, animal husbandry, and agricultural production, resulting in some stubborn antibiotic residues flowing into the ecosystem. It causes water pollution and the proliferation of drug-resistant bacteria, endangering human health [2]. Therefore, developing an efficient degradation method for organic pollutants such as dyes, phenols, and antibiotics is essential.



Traditional physical methods (such as adsorption and flocculation) can only extract pollutants from wastewater. However, they may cause secondary pollution. Chemical methods can selectively degrade target pollutants, but their reaction process is single, inefficient, and expensive [3]. Photocatalysis is a kind of advanced oxidation process (AOPs), which has been shown to have a broad prospect in the field of environmental remediation because of its high efficiency, environmental friendliness, simple process, good circulation, and the ability to mineralize organic pollutants into non-toxic carbon dioxide completely [4,5].



The semiconductor photocatalyst is the core of the photocatalytic system. Since TiO2 was found to be useful for photocatalytic hydrogen production in 1972 [6], and Carey successfully used TiO2 to degrade polychlorinated biphenyls in 1976 [7], TiO2 has become one of the most popular photocatalysts due to its advantages such as structural stability, non-toxicity, high catalytic activity, and low cost [8]. However, the rapid recombination of electrons and holes affects the catalyst’s performance [9]. Charge separation can be achieved by coupling the semiconductor with TiO2 to construct a heterojunction to further enhance the photocatalytic degradation of pollutants by the catalyst [10].



The reuse of catalysts is also a problem that needs to be solved. Anchoring catalysts on larger supports such as glass or metal foil [11], nonwovens, or carbon fiber cloth can facilitate the recovery of catalysts [12], but this method may reduce the catalytic effect of catalysts. By immobilizing the catalyst on a magnetic semiconductor, it can be quickly recovered just by an external magnetic field. Fe3O4 is one of the most widely used magnetic carriers, but Fe2O3 is formed when Fe3O4 is calcined at a high temperature [13]. As a kind of spinel ferrite, the ZnFe2O4 semiconductor has visible light-response ability, thermal stability, and specific photocatalytic activity [14]. Therefore, it is often used as a carrier for magnetically recoverable photocatalysts [15,16,17]. However, a ZnFe2O4@TiO2 core-shell photocatalyst has not been reported before.



Here, a method for ultrasonically preparing ZnFe2O4@TiO2 core-shell microspheres is proposed, as shown in Scheme 1. ZnFe2O4 nanospheres were prepared by the solvothermal method, then TiO2 was deposited on the surface of the magnetic core in an ultrasonic environment, and calcined at high temperature to obtain anatase ZnFe2O4@TiO2, which has significantly improved catalytic performance compared with monomers. In addition, the core-shell structure of the magnetic photocatalysts is beneficial for reducing the loss of magnetism, which can effectively stabilize the catalytic activity of the catalyst. Meanwhile, compared with the previously reported TiO2-based magnetically recyclable core-shell photocatalysts, the ultrasonic method is simple and efficient, providing a reference for preparing TiO2-based core-shell composite photocatalysts. After five experiments, the catalyst had a good photocatalytic degradation effect on the RhB and maintained excellent catalytic activity. Meanwhile, it also showed a strong decomposition ability for MO, MB, Phenol, and OFX.




2. Experimental Section


2.1. Materials


FeCl3·6H2O,ethylene glycol, tetrabutyl titanate(TBOT), NH3·H2O,CH3COONa, Ofloxacin (OFX) (analytical pure, Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China), ZnCl2 (analytical pure, Shanghai McLean Biochemical Technology Co., Ltd.), polyethylene glycol (PEG-2000) (analytical grade, Saen Chemical Technology (Shanghai) Co., Ltd., Shanghai, China), absolute alcohol, acetonitrile (analytical pure, Guangdong Guanghua Technology Co., Ltd., Shenzhen, China), Rhodamine B (RhB) (analytical pure, Zhengzhou Dezhong Chemical Reagent Factory, Zhengzhou, China), Methyl orange (MO) (analytical pure, Tianjin Tianxin Fine Chemical Development Center, Tianjin, China), Methylene blue (MB), Phenol (analytical pure, Tianjin Aoran Institute of Fine Chemicals, Tianjin, China).




2.2. Preparation of ZnFe2O4@TiO2 Core-Shell Microspheres


ZnFe2O4 microspheres were prepared by solvothermal method [18]. First, 80 mL of ethylene glycol was placed in a 120 mL hydrothermal reactor with a PTFE. Then, 2.703 g FeCl3·6H2O and 0.681g ZnCl2 were added to the solvent and stirred at room temperature for 1 h until fully dissolved. Next, 2.0 g PEG-2000 was added to the reaction solution. The solution was transferred to a 50 °C water bath, stirred for 1 h, combined with 7.2 g CH3COONa, and stirred for 1 h. The lining was put into the outer lining of the hydrothermal reactor and reacted at 200 °C. After 15 h, it was cooled to room temperature, and the solid products were washed three times with deionized water and absolute ethanol each and dried under vacuum at 70 °C for 10 h.



The ZnFe2O4@TiO2 microspheres were prepared by ultrasonic loading method. In total, 90 mL of absolute alcohol, 30 mL of acetonitrile, and 0.5 mL of NH3·H2O were loaded to a 250 mL beaker and mixed by sonication evenly, then 0.05 g of ZnFe2O4 was added. After 10 minutes of ultrasonication, a certain amount of TBOT was added dropwise, and the solution was further ultrasonicated for 1.5 h. The product was collected magnetically, washed thrice with deionized water and absolute ethanol, and dried at 60 °C. The amount of TBOT was controlled to be 0.6, 0.8, 1.0, 1.2, and 1.4 mL, and the composite photocatalysts were recorded as ZT-0.6, ZT-0.8, ZT-1.0, ZT-1.2, and ZT-1.4, respectively. The catalyst prepared by mechanical agitation was named ZTM-1.2 (the dropwise amount of TBOT was 1.2 mL).




2.3. Photocatalytic Performance Evaluation


RhB, MB, MO, Phenol, and OFX were used as the target pollutants, and the concentration of the pollutant solution was 10 mg/L. The concentration of catalyst was kept at 0.3 g/L. The reaction suspension was stirred in the dark for 30 min to reach adsorption equilibrium, and then the degradation reaction was carried out under UV light. The lamp source was a 500 W mercury lamp. RhB, MB, and MO were determined by direct colorimetry. Absorbance values were measured at 554 nm, 664 nm, and 463 nm, respectively. Phenol was determined by 4-amino-antipyrine spectrophotometry with a wavelength of 510 nm, and OFX was determined by UV-vis spectrophotometry with a wavelength of 293 nm.



The degradation rates of RhB, MB, MO, Phenol, and OFX were calculated using the following formula:


η = [(A0 − A)/A0] × 100% = [(C0 − C)/C0] × 100%



(1)







In the formula, η is the photocatalytic degradation rate; A0 is the absorbance of the pollutant solution before the reaction; A is the absorbance of the pollutant solution after the reaction; C0 is the concentration of the pollutant solution before the reaction; C is the concentration of the pollutant solution after the reaction. Then, the kinetic constants of photocatalytic degradation were calculated by using the following formula:


ln(C0/C) = kt



(2)








2.4. Characterization


The morphology and internal structure of the samples were characterized by scanning electron microscope (SEM) (JSM-6710F, Tokyo, Japan) and transmission electron microscopy (TEM) (TECNAI G2 TF20, Waltham, MA, USA). X-ray diffractometer (XRD) (D/max-2400, Tokyo, Japan) was used to analyze its phase structure. The specific surface area and pore size distribution of the samples were tested by N2 adsorption–desorption isotherms (BET) (KUBO-X1000, Shanghai, China). The element valence states and valence bond structures of the samples were revealed by X-ray photoelectron spectroscopy (XPS) (EscaLab 250Xi, Waltham, MA, USA). The Vibrating Sample Magnetometer (VSM) (Quantum Design PPMS DynaCool, Waltham, MA, USA) indicates the magnetic strength of the photocatalyst. Fourier-Transform Infrared Spectrometer (FTIR) (IRprestige-21, Tokyo, Japan) was used to determine the functional group composition of the samples, while ultraviolet–visible diffuse reflectance spectroscopy (DRS) (UV-3600 UV-VIS-NIR, Tokyo, Japan) was used to determine the optical properties of the catalysts. Transient photocurrent (I-t), electrochemical impedance (EIS) (Chenhua 660e, Shanghai,, China), and steady-state fluorescence spectroscopy (PL) (HITACHI F7000, Shanghai, China) were used to test the carrier separation efficiency of the catalysts.





3. Results and Discussion


3.1. Morphology Analysis


Figure 1 shows the SEM image of the photocatalyst. The surface morphology characteristics of the catalyst can be observed by scanning an electron microscope. ZnFe2O4 microspheres (Figure 1a) have a spherical structure with good dispersion, a particle size of about 300–420 nm, and a rough surface showing a mesoporous structure of calcination at high temperature. After calcination at 500 °C, the crystal form of the magnetic core becomes more stable, and the rough surface structure benefits from the loading of TiO2 onto its surface. Pure TiO2 (Figure 1b) also has a dispersed spherical structure, and the diameter range is mainly 200–300 nm. Figure 1c–g are ZnFe2O4@TiO2 microspheres. It was observed from the electron microscope photos that the diameter of the composite microspheres was significantly larger than that of ZnFe2O4, indicating that TiO2 is successfully loaded onto the surface of the magnetic core. The thickness of the TiO2 shell increases with the increase in TBOT dosage. When the amount of TBOT added reached 1.2 mL, the TiO2 layer no longer thickened and reached the loading limit, but agglomeration appeared, as shown in Figure 1g, consistent with the phenomenon documented in the study by Wang et al. [19].



Figure 2 is a histogram of the particle size distribution of the catalyst. ImageJ software was used to measure the particle size of the catalyst in the SEM image, and all the catalyst microspheres conform to the normal distribution. With the addition of TBOT, the particle size of the catalyst microspheres increases sharply, the diameter of ZnFe2O4 is mainly distributed between 300 and 420 nm, the diameter of TiO2 is mainly 200–300 nm, and the particle size distribution ranges of ZT-0.6, ZT-1.0, ZT-1.2, and ZT-1.4 are 350–550 nm, 500–640 nm, 500–700 nm, and 540–660 nm, respectively.



As shown in Figure 3, to further explore the catalysts’ structural composition, ZT-1.2 and ZT-1.4 were analyzed by transmission electron microscopy (TEM), and the lattice fringes were measured by the transmission images at high magnification (HRTEM). Figure 3a,b shows that the samples are all core-shell structures, and ZT-1.4 has apparent agglomeration, while ZT-1.2 has a better dispersion. It is because when the added amount of TBOT is 1.2 mL, the load saturation has been reached. If TBOT were continued to be added, free TiO2 would be attached to the microspheres, resulting in agglomeration. It matches the particle size distribution. The TiO2 shell is composed of nanocrystals, whose size is about 5–7 nm (Figure 3c). Figure 3d presents an HRTEM picture of ZT-1.2. There are apparent lattice stripes in the picture. The stripe width measured by digital micrograph software is 0.351 nm, entirely consistent with the (101) crystal plane in the TiO2 standard card (PDF#71-1166), confirming the successful preparation of high-purity anatase TiO2.




3.2. EDS Study


To further confirm the elemental composition of the catalyst, EDS analysis was performed on the sample ZT-1.2. The element distribution energy spectrum and element distribution characteristics were obtained by surface scanning, as shown in Figure 4. The catalyst contains C, O, Ti, Fe, and Zn elements, among which Ti element is from TiO2, Fe and Zn elements are from ZnFe2O4, and O element is from TiO2 and ZnFe2O4. The peak of a small amount of Au element appears in the spectrogram because of gold spraying in the sample preparation process. In contrast, the C element is the cause of conductive adhesive in the sample stage (Figure 4a). The element distribution was observed to be uniform (Figure 4b–g), verifying the successful uniform load of TiO2.




3.3. Crystal Analysis


Figure 5 shows the XRD pattern of the catalysts, and the crystal phase structure of the material can also be observed. Figure 5a shows the XRD patterns of ZnFe2O4, TiO2, and ZT-1.2 catalysts. The diffraction peaks of ZnFe2O4 are consistent with the crystal plane positions of the standard card (PDF # 79-1150), corresponding to the (220), (311), (400), (511), and (440) crystal planes of ZnFe2O4 at 30.00°, 35.32°, 42.99°, 56.87°, and 62.44°, respectively. The peak position of TiO2 can be entirely consistent with the standard card of anatase TiO2 (PDF#71-1166), indicating that the TiO2 calcined at a high temperature of 500 °C in the air is a high-purity anatase phase, in which the main peak position is (101) crystal at 25.3°, and the diffraction peaks at 37.88°, 48.08°, 53.98°, 55.12°, and 62.74° correspond to the (004), (200), (105), (211), and (204) crystal planes of anatase TiO2, respectively. After coupling ZnFe2O4 with TiO2, the position of the characteristic peak did not change. However, the diffraction peaks of each crystal plane of TiO2 were weakened to a certain extent. It might be because the addition of ZnFe2O4 reduced the crystallinity of TiO2, and the composite material did not appear in other miscellaneous peaks, indicating that the catalyst still maintains a good crystal structure under high-temperature calcination. Figure 5b shows the XRD patterns of ZT-0.6, ZT-0.8, ZT-1.0, ZT-1.2, and ZT-1.4. With the increase of TBOT addition, the corresponding characteristic peaks of TiO2 gradually strengthened. When TBOT addition was 1.0 ml, the characteristic peak intensity did not change significantly, indicating that the loading amount of TiO2 was close to saturation, consistent with the SEM image.




3.4. BET Test


Usually, the specific surface area and pore size of the catalyst are the key factors affecting the photocatalytic performance. Therefore, in this study, the BET method was used to test the specific surface area of ZnFe2O4, TiO2, and ZT-1.2, and the BJH method was used to analyze the pore size [20]. Figure 6a shows that ZnFe2O4 and ZT-1.2 belong to the H3 hysteresis loop of the type IV isotherm and belong to the mesoporous structure. However, there is no hysteresis loop in TiO2, indicating that there are no pores on the surface of pure TiO2 synthesized by ultrasonic, which is caused by self-assembly in the ultrasonic environment. The mesopores on the surface of ZnFe2O4 are more conducive to the loading of TiO2 onto its surface, and the porous structure of TiO2 nanocrystals appears after the surface is loaded, indicating that ultrasound is beneficial to the preparation of this core-shell structure catalyst, because it is more conducive to the generation of active sites. The specific surface areas of ZnFe2O4, TiO2, and ZT-1.2 are 16.6782, 12.7257, and 54.8083 m2/g, respectively, and the pore size distribution ranges of ZnFe2O4 and ZT-1.2 are 3–10 nm and 3–7 nm, respectively, which are consistent with the results of specific surface area. In addition, the improvement of the specific surface area of ZT-1.2 also contributed to the catalysis experiments, which was consistent with the trend of the degradation curve.




3.5. Chemical State Analysis


To further confirm the catalysts’ chemical bonds and functional groups, ZnFe2O4, TiO2, and ZT-1.2 were analyzed by infrared spectroscopy in the wavenumber range of 400–4000 cm−1. Figure 7 shows the infrared spectrum of the sample calcined at 500 °C for 2 h. The three catalysts have obvious absorption peaks at 3424 cm−1 and 1606 cm−1, which is caused by the stretching of the O–H bond, indicating that the sample may contain hydroxyl functional groups or residual moisture [21]. For the ZnFe2O4 monomer, the absorption peaks of the metal–oxygen bond at 444 cm−1 and 568 cm−1 correspond to the Fe–O functional group and the Zn–O functional group, respectively [22]. For the TiO2 monomer, the absorption band from 556 cm−1 to 788 cm−1 is due to the tensile vibration of Ti–O–Ti [23]. In the composite material ZT-1.2, these characteristic peaks all exist. The difference is that the surface of the absorption band becomes wider and smoother, while the absorption peak of pure ZnFe2O4 is relatively sharp. It is the result of the successful coupling between ZnFe2O4 and TiO2, further illustrating the successful loading of TiO2 onto ZnFe2O4. The position of the characteristic peak did not change, indicating that the chemical bond of the composite was not damaged in any way.



XPS characterization analysis was performed on sample ZT-1.2 to explore the composition of the composite catalyst and the valence state of the elements (Figure 8). As shown in the survey scope of ZT-1.2 (Figure 8a), the sample contains Fe, Zn, O, Ti, and C elements, where C element may be caused by sample contamination or the instrument itself, consistent with the results of EDS. These results can roughly prove the successful preparation of composite materials. At the same time, each element of the sample was qualitatively analyzed by high-resolution XPS. Figure 8b shows the high-resolution XPS spectrum of Fe 2p, which corresponds to Fe 2p3/2 and Fe 2p1/2 at a binding energy of 711.29 eV and 722.99 eV, respectively, indicating that the Fe element exists in the form of +3 valence [24]. Figure 8c is the XPS spectrum of Zn 2p, corresponding to the binding energy of Zn 2p3/2 at 1021.86 eV and Zn 2p1/2 at 1044.72 eV. The spectrum shows a noise peak with the presence of Zn2+ in the sample. The result might be due to the low content of ZnFe2O4 in the composite and the insignificant absorption peak [22]. Figure 8d shows the characteristic peak of O 1s, which is a typical metal–oxygen bond peak. The absorption peak at 529.92 eV can be attributed to the existence of the Ti–O bond, while the corresponding characteristic peak at 531.68 eV is caused by the existence of the Zn–O bond and Fe–O bond [25]. The binding energy of Ti 2p in Figure 8e shows that Ti2p3/2 and Ti 2p1/2 correspond at 458.65 eV and 464.29 eV, respectively, indicating that the material contains Ti element and exists in the form of Ti4+. It proves the successful generation of anatase TiO2 on the surface of ZnFe2O4 [26]. The binding energy of C 1s at 284.91 eV is attributed to the existence of the C–O bond, while the binding energy at 287.97 eV is the reason for the binding between C and hydroxyl oxygen (Figure 8f). It might be caused by the adsorption of water by C element [23].




3.6. Optical Performance Analysis


The samples were analyzed by UV-vis diffuse reflectance spectroscopy to investigate the optical absorption properties of different photocatalysts and calculate the band gap width (Figure 9).



The absorption band of pure TiO2 is in the ultraviolet region, with strong light absorption at wavelengths below about 405 nm, which is attributed to the octahedral coordination of titanium in anatase TiO2 [27]; the absorption edges of ZnFe2O4 and ZT-1.2 are at 785 nm and 694 nm (Figure 9a), respectively. The addition of ZnFe2O4 makes the light absorption band of the composite material between pure TiO2 and ZnFe2O4, which broadens the light absorption range of TiO2. At the same time, the following formula is used to calculate the band gap width [28]:


(αhυ) = A(hυ − Eg) n/2



(3)




where α, h, υ, A, and Eg are the material’s absorption coefficient, Planck constant, optical frequency, constant, and band gap, respectively. For a direct bandgap semiconductor, n = 1; for an indirect bandgap semiconductor, n = 4. As shown in Figure 9b–d, the forbidden band widths of ZnFe2O4, TiO2, and ZT-1.2 are 1.82 eV, 3.28 eV, and 2.03 eV, respectively.




3.7. Magnetic Evaluation


The magnetic strength of the ZnFe2O4 and ZT-1.2 was measured with a VSM magnetometer to verify the catalyst’s magnetic recyclability. The test results are shown in Figure 10. ZnFe2O4 and ZT-1.2 exhibited superparamagnetic properties, and the saturation magnetization of ZnFe2O4 reached 44 emu/g. When TiO2 was loaded, the magnetism of the sample ZT-1.2 decreased, and the saturation magnetization became 11 emu/g. However, as shown in the figure, Catalysts can be collected by magnetic forces.




3.8. Photocatalytic Performance


The photocatalytic performance of the catalyst was investigated under UV irradiation, RhB was selected to find the optimal amount of TBOT, and the photocatalytic activity of the catalyst was further investigated by simulated pollutants, including MB, MO, Phenol, and OFX. The degradation rates of RhB by ZnFe2O4, TiO2, ZT-0.6, ZT-0.8, ZT-1.0, ZT-1.2, and ZT-1.4 were 14.2%, 94.9%, 31.8%, 64.1%, 78.5%, 97.3%, and 69.8% within 60 min, respectively (Figure 11a). The improvement of the degradation ability of ZT-1.2 was due to the formation of a heterojunction, while the decrease in the catalytic performance of ZT-1.4 might be caused by the agglomeration of the samples. The photolysis rate of the RhB solution was higher than that of ZnFe2O4 and ZT-0.6, which could be explained by the shading effect of the catalyst. The first-order kinetic reaction constant k of ZT-1.2 is 0.06207 min−1, 1.39 times that of TiO2 (Figure 11b). The gradual decrease in the absorption peak intensity at 554 nm in Figure 11c signifies the efficient degradation of RhB.



To explore the recovery efficiency of the catalyst and the degradation rate of the cycling experiment, the catalyst after the photocatalytic reaction was recovered by a magnet, washed with deionized water and anhydrous ethanol alternately three times, and dried in a blast drying oven at 60 °C for the next experiment. The recycling experiment was conducted 10 times. The recovery rate of the catalyst remained between 91.3% and 95.5%. In comparison, the degradation effect remained at 95.6% after 10 cycles, showing excellent stability (Figure 11d). The dissolution of Fe ions in the reaction process was measured by flame atomic absorption spectrophotometry, and the test results were all lower than the national standard detection limit of 0.03 mg/L, which could be regarded as not detected [29]. It shows that the TiO2 shell plays a protective role on the magnetic core ZnFe2O4, which confirms the stability of the core–shell structure. The absence of magnetic bleed is one of the main factors maintaining the stability of the catalyst. The photocatalytic performance of ZnFe2O4/TiO2 hybrid materials has been studied in the literature, but the cycling effect is not ideal, indicating that the core–shell structure can effectively improve the stability of the catalyst [30,31]. This study provides a reference for applying magnetic recovery catalysts to environmental sewage treatment. In addition, the degradation rate of OFX by ZT-1.2 was 93.0% within 30 min (Figure 11e), and the degradation rates of MB, MO, and Phenol reached 90.6%, 83.8%, and 80.3%, respectively, within 60 min (Figure 11f).




3.9. Photoelectric Properties


In order to explore the separation efficiency of photogenerated electron-hole pairs of the catalyst, steady-state fluorescence emission spectroscopy (PL), electrochemical impedance spectroscopy (EIS), and transient photocurrent measurements (I-t) were performed on the samples, as shown in Figure 12. ZT-1.2 had the lowest fluorescence peak intensity, indicating that the recombination of ZnFe2O4 and TiO2 inhibits the recombination of photogenerated carriers (Figure 12a) [32]. To further explore the state of internal charge transport during the reaction, EIS impedance spectroscopy was performed on the samples [33]. Figure 12b is the Nyquist curve, from which it can be clearly seen that the EIS curve has a semicircular arc. For EIS, the larger the radius of circular arc curvature, the greater the charge transfer impedance, that is, the more difficult the ionic reaction diffusion in the solution. Zview software was used to fit the experimental data. The attached figure in Figure 12b shows the equivalent fitting circuit, where Rs represents the resistance corresponding to the solid electrode (catalyst), including the electrode itself and the ionic resistance of the electrolyte, and RCT represents the resistance from the solid/liquid interface (the resistance of the sample and solution), C is the constant phase angle element, and the capacitance of the electrical layer is mathematically modeled to express non-ideal behavior due to the roughness of the electrode surface. The charge transfer resistance RCT reflects the difficulty of charge crossing the two-phase interface between the solution and the sample surface during the reaction, and the transfer rate of ions in the electrolyte can be seen visually. For the three groups of samples measured, ZnFe2O4 has the largest radius of curvature, followed by TiO2, and the smallest is ZF1.2, that is, the ZF1.2 sample has smaller reaction resistance for electron-hole transport to reach the surface, and better charge transport ability, which avoids the recombination problem caused by the delayed separation of electron holes, and is conducive to the photocatalytic reaction. In addition, the distribution characteristics of effective carriers of the catalyst were characterized by I-t spectra (Figure 12c). Higher photocurrent means more photo-generated carriers are enriched [34], ZT-1.2 had the highest photo-current intensity, indicating that the formation of a heterojunction inhibited the recombination of photo-generated electron-hole pairs, which was consistent with PL and EIS characterization results. In conclusion, compared with ZnFe2O4 and TiO2, ZT-1.2 could achieve efficient charge separation, which was attributed to the construction of the heterojunction.




3.10. Photocatalytic Mechanism Study


ZT-1.2 was selected for active species trapping experiments to explore the photocatalytic mechanism. Isopropanol (IPA), p-benzoquinone (BQ), and disodium ethylene diamine tetraacetate (EDTA-2Na) were selected as trapping agents for ·OH, O2−, and h+, respectively. The dosage of IPA was 0.03 mL, and the dosage of BQ and EDTA-2NA was 0.03 g. After the addition of IPA, BQ, and EDTA-2NA, the degradation rates of RhB by ZT-1.2 were 51.3%, 56.9%, and 63.7% (Figure 13), respectively, which showed a significant decrease compared with the control group, indicating that the three active species all played a certain role in photocatalytic degradation, and the central role was played by · OH. However, after adding EDTA-2Na, the catalytic effect was enhanced within 10 min. This might be due to the inactivation of part of h+, which prevented the recombination of e− and h+. As the reaction continued, the degradation of RhB was inhibited.



To further clarify the charge transfer mechanism of the catalyst during the photoreaction process, the following formula was used to calculate the band position [35]:


ECB = χ − E0 − 0.5Eg



(4)






EVB = ECB + Eg



(5)




where χ represents the electronegativity of semiconductor materials, in which the electronegativity of TiO2 and ZnFe2O4 is 5.81 eV and 5.045 eV, respectively [36], and E0 represents the energy of free electrons of the hydrogen atom, which is a constant with a value of 4.5 eV. The results show that the ECB and EVB of ZnFe2O4 and TiO2 are −0.37/1.46 eV and −0.33/2.95 eV, respectively.



Assuming that the heterojunction forms a type II heterojunction, following the principle of e− and h+ transfer from high to low, the e− on the CB of ZnFe2O4 will be transferred to the CB of TiO2 by photoexcitation. However, the h+ on the VB of TiO2 will be transferred to the VB of ZnFe2O4. However, this transfer mechanism is inconsistent with the results of the active species capture experiment, because the potential of O2/O2− is −0.33 eV (vs. NHE) [37], which means that the position of CB can only generate O2− if the position is more negative than −0.33 eV. On the other hand, the VB position of ZnFe2O4 was lower than the redox potential of OH−/OH (1.99 eV vs. NHE) [38]. This result indicates that the h+ on the VB of TiO2 is not transferred to the ZnFe2O4. Therefore, the compound semiconductor does not constitute a type II heterojunction.



Assuming that a Z-type heterojunction is formed, the e− on the CB of TiO2 is transferred to the VB of ZnFe2O4. However, the e− on the CB of ZnFe2O4 is retained and reacts with O2 to generate O2−. At the same time, part of h+ on VB of TiO2 directly oxidizes pollutants, but the others react with OH− (OH−/OH = 1.99 eV) [39] or H2O (H2O/OH = 2.40 eV) [40] to produce ·OH. Therefore, h+, ·OH, and O2·- as active species promote the degradation of RhB, consistent with the active species capture experiment. Thus, the photocatalytic enhancement mechanism should be that the composite material constitutes the Z-type heterojunction, as shown in Figure 14.




3.11. Advantages of Ultrasonic Method


The catalyst prepared by mechanical agitation was named ZTM-1.2, and the degradation rate of RhB by ZTM-1.2 was 36.8% within 60 min (Figure 15a). The inefficient degradation rate was caused by the agglomeration phenomenon of ZTM-1.2 (Figure 15b) and the low TiO2 loading (Figure 15c) experiments have verified the time-saving and efficient characteristics of the ultrasonic loading method. The preparation methods of partial TiO2-based core–shell photocatalysts are listed in Table 1. Compared with the ultrasonic method, the mechanical agitation method has strict ambient temperature and reaction time requirements, and the preparation process is more complicated and time-consuming. On the contrary, the ultrasonic method is more time-saving and efficient, providing a new approach to preparing a core–shell structure photocatalyst.





4. Conclusions


A method for ultrasonically preparing a novel ZnFe2O4@TiO2 core–shell photocatalyst was proposed, and the successful preparation of the composite was demonstrated using characterization. SEM, TEM, and EDS were used to characterize the morphology of the samples, XRD was used to analyze the crystal phase of the samples, FTIR and XPS were used to analyze the chemical state of the samples, and DRS was used to analyze the optical properties of the catalyst, and the band gap and energy band position were calculated. VSM was used to test the magnetic strength of the catalyst. All kinds of characterization results confirmed the successful preparation of the ZnFe2O4@TiO2 core–shell photocatalyst. ZT-1.2 exhibited the best photocatalytic effect on RhB, with a degradation rate of 97.3% within 60 min under UV irradiation, and the degradation rates of MB, MO, and Phenol were 90.6%, 83.8%, and 80.3%, respectively. ZT-1.2 also has excellent stability and maintains a degradation rate of 95.6% for RhB after 10 cycles, which may be the protective effect of the TiO2 shell on ZnFe2O4. In the active species capture experiment, h+, ·OH, and O2·- were all involved in the degradation of RhB, indicating that the excellent performance of ZT-1.2 was due to the charge transfer mechanism of the Z-type heterojunction, and the mechanism of enhancing photocatalytic performance of ZT-1.2 was also analyzed by photoelectric characteristics. In addition, the superiority of the ultrasonic method compared to the mechanical method is also proved in this paper, providing a new insight into preparing magnetically recoverable TiO2 core–shell photocatalysis.
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Scheme 1. Synthesis of ZnFe2O4@TiO2 core-shell microspheres. 
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Figure 1. SEM images of photocatalysts: (a) ZnFe2O4, (b) TiO2, (c) ZT-0.6, (d) ZT-0.8, (e) ZT-1.0, (f) ZT-1.2, (g) ZT-1.4. 
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Figure 2. Particle size distribution of different photocatalysts: (a) ZnFe2O4, (b) TiO2, (c) ZT-0.6, (d) ZT-1.0, (e) ZT-1.2, (f) ZT-1.4. 
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Figure 3. TEM images of catalysts: (a,c) ZT-1.2, (b) ZT-1.4, (d) ZT-1.2 lattice fringe measurements. 
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Figure 4. EDS spectrum (a) and element distribution (b) of ZT-1.2; (c) oxygen; (d) titanium; (e) zinc; (f) iron; (g) carbon. 
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Figure 5. XRD patterns of ZnFe2O4, TiO2, and ZT-1.2 (a) and ZT-0.6, ZT-0.8, ZT-1.0, ZT-1.2, and ZT-1.4 (b). 
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Figure 6. N2 adsorption–desorption isotherms (a) and pore size distributions (b) of ZnFe2O4, TiO2, and ZT-1.2. 
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Figure 7. FTIR spectra of ZnFe2O4, TiO2, and ZT-1.2. 
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Figure 8. XPS spectra of ZT-1.2: (a) survey, (b) Fe 2p, (c) Zn 2p, (d) O 1s, (e) Ti 2p, (f) C 1s. 
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Figure 9. (a) UV-visible absorption spectra (DRS) of various catalysts, (b–d) forbidden band widths of ZnFe2O4, TiO2, ZT-1.2. 
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Figure 10. Magnetic hysteresis loops of ZnFe2O4 and ZT-1.2. The inset shows the magnetic separation process of the samples. 
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Figure 11. (a) Photocatalytic degradation curve of RhB, (b) First-order kinetic equation of RhB degradation, (c) UV-vis absorption spectrum of RhB degradation by ZT-1.2, (d) Cyclic experiment and magnetic recovery of ZT-1.2, (e) UV-vis absorption spectra of OFX degradation by ZT-1.2, and (f) photocatalytic degradation curves of MB, MO, and Phenol by ZT-1.2. 
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Figure 12. PL spectrum (a); EIS impedance spectrum (b) and I-t spectrum (c) of ZnFe2O4, TiO2, and ZT-1.2. 
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Figure 13. Photocatalytic degradation of RhB by ZT-1.2 under different inactivators. 
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Figure 14. Schematic diagram of the photocatalytic mechanism. 
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Figure 15. (a) photocatalytic degradation of RhB by ZT-1.2 and ZTM-1.2, (b) SEM image of ZTM-1.2, (c) element percentage of ZT-1.2 and ZT-1.2. 
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Table 1. Preparation of different TiO2-based core–shell photocatalysts.
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	Photocatalysts
	Preparation Method
	Ambient Temperature
	Reaction Time
	Citations





	ZnFe2O4@TiO2/CdSe
	Mechanical agitation
	45 °C
	24 h
	[24]



	SiO2@a-TiO2@Ag
	Mechanical agitation
	80 °C
	2 h
	[41]



	ZnO@TiO2
	Mechanical agitation
	35 °C
	6 h
	[42]



	CdS@TiO2
	Mechanical agitation
	Room temperature
	4 h
	[43]



	Fe3O4@TiO2
	Mechanical agitation
	Room temperature
	3 h
	[44]



	α-Fe2O3@TiO2
	Mechanical agitation
	Room temperature
	9 h
	[45]



	Fe3O4@SiO2@TiO2-Ag
	Mechanical agitation
	85 °C
	1.5 h
	[46]



	ZnFe2O4@TiO2
	Ultrasonic method
	Room temperature
	1.5 h
	This work
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