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Abstract

:

Ag@ZnO/BiOCl composites were successfully prepared by in situ precipitation and hydrothermal synthesis and used for the photocatalytic degradation of tetracycline hydrochloride antibiotics. An enhanced photodegradation efficiency was detected after loading Ag nanoparticles, which is attributed to the surface plasmon resonance effect. The optimized sample containing 4% Ag showed 80.4% degradation efficiency in 80 min, which is 2.1 and 1.9 times higher than those of ZnO and ZnO/BiOCl, respectively. The major degrading species involved in the photocatalytic process were detected to be super oxide anions and holes. Based on the obtained results, a possible charge transfer and degradation mechanism has been proposed. This study shows that Ag@ZnO/BiOCl catalyst has a good potential for photodegradation of organic pollutants in water.
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1. Introduction


Tetracycline hydrochloride (TC–HCl) is a widely used antibiotic, and its production is second place in the world [1]. TC–HCl is discharged into the surrounding water environment through human and animal metabolism and pharmaceutical companies and enters the human body through the food chain [2]. The accumulation of TC–HCl and other antibiotics results in drug resistance pathogenic bacteria, and therefore has vast effects on human health and aquatic life [3]. In order to prevent their large scale accumulation in water, photocatalytic degradation with the help of photocatalysts such as TiO2, ZnO, SnO2, g-C3N4, etc., has been carried out in-depth [4,5,6,7,8,9,10,11,12,13,14]. However, most of the photocatalysts are only active under ultraviolet, which comprises a limited portion of the solar spectrum [15,16,17,18,19,20,21,22,23,24]. Therefore, it is necessary to find photocatalysts with good visible light absorption performance.



ZnO has the advantages of high electron mobility, non-toxicity, and high photosensitivity, with excellent activity for the photocatalytic degradation of organic pollutants in wastewater [25,26,27]. However, its wide band gap results in its poor light response in the visible range. In addition, the high recombination rate of photogenerated electrons and holes further retard its activity. Therefore, its combination with other semiconductors is highly appreciated to overcome these deficiencies. As a n-type semiconductor, its combination with p-type semiconductors such as BiOCl is an effective strategy to improve the photocatalytic activity by charge transfer and separation from BiOCl to ZnO [28].



Noble metals such as Au and Ag can be used as driving agents for photocatalytic performance when deposited on a photocatalyst surface to improve visible light absorption through their surface plasmon resonance effects [29,30,31,32]. The introduction of these metals not only enhances visible light absorption, but they also play a very important role in charge separation and surface catalysis due to their metallic nature. Particularly, the Ag nanoparticles formed by reduction of Ag+ ions by oxygen vacancy are very attractive, as Ag is relatively chief compare to Au [33]. With the quenching of oxygen vacancy and plasma effect at the close interface between Ag and the semiconductor composites, Ag can be more efficient in the removal of organic pollutants in water system under visible light irradiation. Many experiments show that Ag nanoparticles can promote the photocatalytic reactions. For example, Christopher et al. prepared Ag and TiO2 composite photocatalyst, which showed higher photo-responsive activity than pure TiO2 in the photodegradation process of methylene blue [34]. The Ag modified ZnO nanorods were prepared by Ren et al., and the photocatalytic performance of Ag/ZnO for the degradation of methyl blue was greatly improved compared to pure ZnO nanorods [35]. Rupa et al. investigated the photocatalytic degradation of active yellow-17 by Ag–TiO2 under light irradiation and found that TiO2 deposited by Ag can promote the degradation process [36].



In this work, a series of ZnO/BiOCl composite photocatalysts were successfully prepared by hydrothermal synthesis and in situ coprecipitation and noble metal Ag was loaded on the surface of the ZnO/BiOCl to get Ag@ZnO/BiOCl composites. The as-prepared samples showed enhanced photocatalytic degradation activity for TC–HCl under the simulated solar light due to extended visible light absorption and improved charge separation. Based on the obtained results, a schematic showing charge transfer and separation has been proposed.




2. Experimental Section


2.1. Synthesis of ZnO Nanoparticles


For the preparation of ZnO nanoparticles, 1.317 g Zn(CH3COO)2·2H2O (0.006 mol) were dissolved in 20 mL ultrapure water in a beaker. About 0.6 g NaOH (0.015 mol) were also dissolved in 20 mL water and added dropwise to Zn(CH3COO)2·2H2O solution under constant stirring. The resultant solution was taken in 50 mL autoclave and heated at 140 °C for 12 h in an oven. The obtained precipitate was filtered, washed with deionized water and then dried at 80 °C in an oven. The dried sample was calcined at 450 °C for 60 min to get ZnO nanoparticles.




2.2. Synthesis of ZnO/BiOCl Nanocomposites


For the synthesis of ZnO/BiOCl composite, 1.616 g Bi(NO3)3·5H2O (0.00333 mol) and 0.252 g KCl (0.00338) were dissolved in deionized water and mixed with 0.405 g ZnO nanoparticles. The suspension was stirred for 30 min and transferred to 50 autoclave. The autoclave was heated at 100 °C for 12 h. The obtained precipitate was filtered, washed with deionized water and then dried at 80 °C in an oven to get ZnO/BiOCl nanocomposite.




2.3. Synthesis of Ag Loaded ZnO/BiOCl Nanocomposites


For the preparation of Ag loaded ZnO/BiOCl nanocomposites, 0.2 g ZnO/BiOCl were dispersed in 60 mL ultrapure water under ultrasonication for 20 min. Different volumes of AgNO3 solution (0.1 M, 1–7 mL) were added to the above solution dropwise and stirred in dark for 30 min. The well dispersed mixture was irradiated under a xenon light source for 1 h. The mixture centrifuged (7000 r/min, 10 min) after standing, and the precipitates were placed in a vacuum drying oven at 60 °C for 24 h to get gray black samples. According to the volume of the added silver nitrate, the theoretical Ag content is calculated to be 5, 10, 15, 20, 25, 30 and 35%. These samples were represented by X%-Ag@ZnO/BiOCl, where X% shows the percent amount of Ag in the nanocomposites.




2.4. Characterization


The Bruker D8 Advance X-ray diffractometer (XRD, Cu kα, λ = 1.54056 Å) was used to study the crystal phase of the samples. X-ray photoelectron spectroscopy (XPS) was measured on PHIQ1600 XPS (US) instrument. High resolution transmission electron microscopy (HRTEM) was carried out with Japanese JEOL-JEM-2100F electron microscope. The UV-Vis absorption spectra were collected on the Shimadzu UV3100 (Kyoto, Japan) spectrophotometer using BaSO4 as reference. The photoluminescence (PL) spectra of ZnO and nanocomposite samples were studied on a Varian-Cary solar eclipse spectrometer with an excitation wavelength of 325 nm.




2.5. Photocatalytic Activity Measurements


The photocatalytic performance of the 4%-Ag@ZnO/BiOCl composites was tested by photocatalytic degradation of TC–HCl experiments using simulated solar light. As such, 32 mg Ag@ZnO/BiOCl catalysts were dispersed with 50 mL TC–HCl (20 mg/L) solution. The mixture was stirred in dark for 30 min to achieve adsorption of some amount of pollutant. About 5 mL solution was taken from it with the help of a disposable syringe, and the rest of the solution was irradiated under simulated solar light for 2 h, keeping the temperature constant at 25 °C. About 5 mL solution was drawn after each 20 min interval and the contents were centrifuged to remove the suspended particles. The sample was checked with UV-Vis spectrophotometer at 357 nm to measure the degradation rate and efficiency of Ag@ZnO/BiOCl. Furthermore, the effects of catalyst dosage, pH value and impurity ions on degradation were investigated.





3. Results and Discussion


3.1. XRD Analysis


The XRD patterns of ZnO, BiOCl and Ag@ZnO/BiOCl catalysts with different loading ratios are shown in Figure 1. The ZnO/BiOCl composites containing different Ag ratios have the same diffraction peaks, with the strong diffraction peak angles at 31.78, 34.42, 36.26, 47.54, 56.58, 62.84 and 67.94° corresponding, respectively, to the crystal faces (100), (002), (101), (102), (110), (103) and (112) of ZnO (PDF card 36-1451). The diffraction peaks at 12.05, 25.87, 32.56, 33.47 40.84, 46.78, 49.82, 54.12 and 58.74° correspond, respectively, to (001), (101), (110), (102), (112), (200), (113), (211) and (212) facets of BiOCl according to the standard PDF card (06-0249). The intensity of the diffraction peaks of the BiOCl at (101) and ZnO at (101) faces are obvious, which indicate that the Ag@ZnO/BiOCl composite is successfully prepared. With the increase of the loading amount, the (101) diffraction peak of ZnO decreases gradually, which is due the XRD diffraction intensity of BiOCl is relatively high. From the XRD data, there is no other impurity diffraction peak, indicating that the purity of the sample is high.




3.2. Morphology Analysis


The morphology of the synthesized composites was studied by TEM measurements. It can be seen from Figure 2 that the two materials grow in two-dimensional layered structure, showing good structural lattice edge and excellent crystallinity of the prepared materials. ZnO is rod-shaped with a lattice spacing of 0.247 nm, corresponding to the (101) crystal surface of ZnO. BiOCl also shows a trend of longitudinal growth with a rod-shaped structure having lattice spacing of 0.275 nm with the (110) crystal facet. This indicates the successful construction of heterojunction between ZnO and BiOCl, which is very important for electrons transfer and conduction. Ag metal is present in the form of particles of 20 nm size. After Ag deposition, the smooth surface becomes rough, which is more conducive and provide large number of active sites. Additionally, according to SEM and corresponding elemental mapping images conducted for 4%-Ag@ZnO/BiOCl catalyst (Figure 3), it is confirmed the presence of Zn, O, Bi, Cl and Ag elements in the composite, wherein these elements are distributed evenly.




3.3. XPS Analysis


Figure 4 shows the XPS energy spectra of 4%-Ag@ZnO/BiOCl. Obviously, there are Zn, O, Ag, Bi, Cl and C elements in the energy spectra showing the presence of these elements in 4%-Ag@ZnO/BiOCl, while the C peak mainly comes from the XPS instrument itself (Figure 4a). This indicates high purity of Ag loaded ZnO/BiOCl and successful construction of heterojunction between ZnO and BiOCl, which is consistent with the TEM results. The XPS binding energies of Zn2p in Figure 4b are located at 1044.8 and 1021.5 eV and correspond to the binding energy of Zn2p1/2 and Zn2p3/2 orbitals, respectively [37]. The biding energy peaks of Bi 4f in Figure 4c are deconvoluted into 164.2 and 159.1 eV which, respectively, correspond to Bi4f5/2 and Bi4f7/2. These energy peaks shows +3 valence state of Bi in ZnO/BiOCl composite [38]. The XPS spectrum of Cl 2p given in Figure 4d is composed of two strong peaks with binding energy at 199.8 and 198.3 eV and, respectively, corresponded to Cl2p1/2 and Cl2p3/2 orbitals of Cl−. In addition, two asymmetric peaks in Figure 4e are the characteristic peaks of O1s, indicating that there are two different binding states of oxygen in the catalyst. The first peak is located at 531.5 eV, corresponding to Zn-O bond [37], while the 530.1 eV binding energy in the second peak corresponds to Bi-O bond in BiOCl layered structure. The high resolution Ag 3d spectrogram shows Ag 3d5/2 and Ag 3d3/2 orbitals, which correspond to Ag+ and Ag0, respectively (Figure 4f), indicate that Ag+ has been successfully reduced to Ag0.




3.4. UV-Vis DRS Analysis


In order to evaluate the light absorption properties of the samples, UV-Vis diffuse reflectance spectra were measured. Figure 5 shows that the material has obvious absorption in the near ultraviolet range. For ZnO, there is a typical absorption in the range of 200–400 nm, while the maximum absorption peak intensity of ZnO/BiOCl is lower than ZnO. However, the visible light absorption intensity of ZnO/BiOCl is slightly higher than ZnO. The light absorption edges of Ag@ZnO/BiOCl samples are almost the same in the ultraviolet region, but different in the visible region of 400–800 nm. Compare with pure ZnO, the Ag@ZnO/BiOCl composites show strong light absorption performance in the long wavelength range, and the absorption spectrum of the composite shows absorption in the range of 200–800 nm, which enhances the intrinsic absorption characteristics of ZnO [39]. This shows that Ag loading significantly increases the light absorption capacity of ZnO/BiOCl for extended photocatalysis.




3.5. PL Analysis


The photoluminescence (PL) spectra provide information about the separation and transportation of photogenerated carriers. Therefore, PL spectra of the samples were measured at 357 nm excitation wavelength, and the results are shown in Figure 6. There is a strong fluorescence emission peak at 450 nm for all the three samples. The photoelectric properties of ZnO have obvious changes after heterojunction formation with BiOCl and loading Ag nanoparticles. The order of the spectral intensity from strong to weak is: ZnO > ZnO/BiOCl > 4%-Ag@ZnO/BiOCl, which shows that 4%-Ag@ZnO/BiOCl has the largest fluorescence quenching, the most inhibition of electron–hole pair recombination, and the highest efficiency of photogenerated carrier separation [40]. The electron capturing property of Ag nanoparticles results in the effective transport and migration of excited electrons resulting in the increased separation of photogenerated electron–hole pairs, which lays a certain foundation for the active radicals needed in the subsequent reactions. Under simulated solar light irradiation, the excitation of Ag inducts excited electrons to the conduction band of ZnO, which provides other ways for photogenerated charge transfer to suppress the fluorescence quenching of ZnO and the recombination of photogenerated electron–hole pairs.





4. Photocatalytic Activity


4.1. Photocatalytic Activity of Ag@ZnO/BiOCl


Figure 7 shows the time-dependent concentration of TC–HCl degraded by Ag@ZnO/BiOCl nanocomposites with different amounts of Ag nanoparticles under simulated solar light. The pH value of the reaction solution is 8. In the reaction process, the temperature is 25 °C and dark reaction time is 30 min, taking samples every 20 min. With the increase of Ag loading, the catalytic activity of Ag@ZnO/BiOCl increases first and then decreases. The photocatalytic activity of ZnO is low, and the degradation rate is 38.5% in 80 min. The degradation efficiency of ZnO/BiOCl is slightly higher, reaching 42.7%. Interestingly, the activities of all Ag loaded samples are higher than ZnO/BiOCl, and the degradation activity of 4%Ag nanocomposite is the highest with 80.4% removal efficiency. The kinetic curves of the photodegradation of TC–HCl agree with the quasi-first order kinetics. The k value of 4%-Ag@ZnO/BiOCl is the largest, which is three times more than that of ZnO. These improved photoactivities of Ag loaded samples are attributed to more visible light absorption and enhanced charge separation due to surface plasmon resonance and electron trapping ability of Ag and improved surface catalysis due to metallic Ag. However, further increase in the amount of Ag decreases the degradation activity, which may be attributed to the aggregation of Ag nanoparticles at high concentrations. Thus, the introduction of noble metals is a feasible strategy to improve the photocatalytic efficiency of large band gap semiconductors.




4.2. Effect of Catalyst Amount


The amount of photocatalyst has a great influence on the overall photocatalytic efficiency. Figure 8 shows the degradation curve of TC–HCl (20 mg/L) in the presence of different dosages of the optimized photocatalyst under simulated solar light. When the amount of the photocatalyst is increased from 20 to 32 mg per 50 mL of the pollutant solution, the degradation efficiency is increased from 50 to 82.6%. This increase in the photoactivity is attributed to the adsorption of more pollutant particles available for the degradation under high amount of photocatalyst. However, when the amount of the photocatalyst is further increased to 40 mg, the photocatalytic efficiency is decreased to 70.1%. This decrease in photocatalytic activity is attributed to the turbidity of the solution resulting in poor light transmittance at too much high concentration of the photocatalyst. Another reason is the aggregation of the particles of the photocatalysts at high concentration, which reduce the specific surface and results in lower activity. Thus, the optimum amount of photocatalyst in this experiment is 32 mg per 50 mL of pollutant.




4.3. Effect of Impurity Ions


The photodegradation efficiency of TC–HCl pollutants is examined with adding different impurity anions such as Cl−, SO42−, CO32−, PO43− and NO3− (Figure 9). The photoactivities are a little decreased after adding all these anions than that the photocatalytic activity of 4%-Ag@ZnO/BiOCl without adding of anions. The different photocatalytic performance is due to the different tendencies of the anions to be oxidized by the photogenerated reactive oxygen species. These anions consume some of reactive oxygen species to prevent the decomposition of TC–HCl pollutants.




4.4. Active Species


During photocatalysis, different free radicals are generated when the excited electrons and holes are captured by water and other substances in aqueous solution. These free radicals are highly reactive and take part in the oxidation of the pollutants. It is very important to find out the major oxidizing radical involved in the degradation of TC–HCl. For this purpose, the active oxygen species are examined by free radical capturing experiments, as shown in Figure 10. Ascorbic acid, triethanolamine, and iso-propyl alcohol are used as sacrificial agents for •O2−, h+ and •OH, respectively. When ascorbic acid or triethanolamine is added to the reaction solution, the photocatalytic activity of 4%-Ag@ZnO/BiOCl is dramatically decreased. This indicates that •O2− and h+ play important roles in the photodegradation of TC–HCl. When iso-propyl alcohol is added into the reaction solution, the effect on the photocatalytic degradation is not obvious, which indicates that •OH is not the main species affecting the photocatalytic performance. Thus, the main active oxygen species affecting the photocatalytic activity are h+ and •O2−.




4.5. Photocatalytic Mechanism


A schematic has been proposed indicating the charge separation and transfer in 4%-Ag@ZnO/BiOCl and possible photocatalytic degradation mechanism of TC–HCl as shown in Figure 11. Before heterojunction construction, the Fermi levels of n-type ZnO are closed to its conduction band while the Fermi level of p-type BiOCl are closed to its valence band. There is a great difference between the Fermi level potentials of the two materials. When the two materials are compounded to form heterojunction, the Fermi levels are stabilized at the same potential, and the electrons and holes are transferred to the surface of the material at the same time. Under simulated solar light irradiation, both BiOCl and ZnO produce photogenerated electron–hole pairs, the photoexcited electrons in the conduction band (CB) of BiOCl are transferred to the conduction band of ZnO through the heterojunctional interface as the CB of BiOCl lies above the CB of ZnO. Since the valance band (VB) of BiOCl lies above the VB of ZnO, the holes remain the in the VB of BiOCl, which improves the separation efficiency of photogenerated electron–hole pairs to improve the photocatalytic degradation efficiency. These electrons in the CB of ZnO combine with adsorbed O2 molecules to form •O2−, which are the major degrading species in the degradation of TC–HCl by Ag@ZnO/BiOCl. The introduction of Ag induces surface plasmon resonance excited electrons to the CB of ZnO to further enhance the formation of •O2− and hence improves photocatalytic degradation. The excited holes in the VB of the BiOCl on the surface of Ag nanoparticles participate in the oxidation reaction. Thus, the introduction of Ag nanoparticles not only improve charge separation and light absorption of Ag@ZnO/BiOCl nanocomposite, but also plays very important role in the degradation of TC–HCl through surface catalysis.





5. Conclusions


In this work, ZnO/BiOCl nanocomposites modified by Ag nanoparticles were prepared by in situ precipitation and hydrothermal synthesis. The samples were adequately characterized and applied for the photocatalytic degradation of tetracycline hydrochloride. After loading Ag nanoparticles, the visible light response range of Ag@ZnO/BiOCl composite was extended, and its photocatalytic activity was enhanced. The improvement of the photocatalytic activity of Ag@ZnO/BiOCl is due to the surface plasmon resonance effect and enhanced charge separation of Ag nanoparticles. The optimized sample, i.e., 4%-Ag@ZnO/BiOCl showed, respectively, 2.3 and 1.6 times enhanced degradation efficiency than ZnO and ZnO/BiOCl. The Ag@ZnO/BiOCl catalyst has a good potential for the degradation of organic pollutants in water, considering the simplicity of the preparation process and utilization of visible light.
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Figure 1. XRD patterns of ZnO and X%-Ag@ZnO/BiOCl samples. 
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Figure 2. (a–d)TEM images of 4%-Ag@ZnO/BiOCl catalyst. 
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Figure 3. SEM image and the corresponding elemental mapping images of 4%-Ag@ZnO/BiOCl catalyst (a–f). 
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Figure 4. XPS survey spectra of 4%-Ag@ZnO/BiOCl (a), Zn 2p (b), Bi 4f (c), Cl 2p (d), O 1s (e) and Ag 3d (f). 
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Figure 5. DRS spectrum of pure ZnO and Ag@ZnO/BiOCl samples. 
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Figure 6. PL spectrum of pure ZnO, ZnO/BiOCl and 4%-Ag@ZnO/BiOCl samples. 
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Figure 7. Photocatalytic degradation (a) and rate curve (b) of TC–HCl by ZnO, ZnO/BiOCl and Ag@ZnO/BiOCl. 
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Figure 8. Photocatalytic degradation of TC–HCl by 4%-Ag@ZnO/BiOCl dosage. 
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Figure 9. Photodegradation of TC–HCl by 4%-Ag@ZnO/BiOCl under different impurity ions. 
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Figure 10. Photodegradation of TC–HCl by 4%-Ag@ZnO/BiOCl under different trapping agents. 
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Figure 11. Ag@ZnO/BiOCl photocatalytic mechanism diagram. 
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