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Abstract


TiO2 films and N-doped TiO2 films modified with silver (Ag/N-TiO2) were synthesized using DC magnetron sputtering. By varying the N2 flow rate and the Ag sputtering power, respectively, the degree of doping and modification was managed. The microstructure, morphology, and properties of the thin film were studied using X-ray diffraction, field emission scanning electron microscopy, UV visible diffuse reflectance spectroscopy, and atomic force microscopy. The results show that TiO2 in Ag/N-TiO2 composite has an anatase structure, and the absorption spectrum of (Ag/N-TiO2) thin film shows a red shift. The best photocatalytic degradation effect regarding the N-TiO2 films was observed with an N2 flow rate of 16 sccm (standard cubic per minute). The degradation rate in MO (Methyl orange) pure solution (C0 = 10 mg/L) can reach 100% in 85 min, and in the MO-Na2SO4 mixed solution (C0 = 10 mg/L, C CNa2SO4 = 12.5 g/L), it only takes 40 min. Ag/N-TiO2 films exhibited the highest degradation efficiency at a 5 W sputtering power and 50 s of sputtering time, reaching a 100% degradation rate in MO pure solution that can reach 100% in 50 min, and in the MO-Na2SO4 mixed solution, it only takes 36 min. The photocatalytic decomposition of MO was greatly accelerated by the addition of Na2SO4, which worked best with a 12.5 g/L concentration. However, when the concentration of Na2SO4 is above or below 12.5 g/L, Na2SO4 exhibits significant inhibition of photocatalytic degradation. Photocatalytic cycling experiments showed that the photocatalyst still maintained an effective degradation performance after four cycles. The degradation mechanism was analyzed using first-order kinetics and energy band theory. Compared to powder particles, the photocatalyst on the films has high stability and can be recovered 100%. So, photocatalysts on films have great potential for industrial applications.
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1. Introduction


The release of wastewater containing dyes has grown to be a significant environmental issue in both industrial and agricultural settings. Such wastewater is usually rich in a variety of harmful organic pollutants, which not only pose a direct threat to human health but also adversely affect the natural environment in extensive ways [1]. For instance, methyl orange (MO) is a common dye applied in the textile sector and often used together with a dyeing auxiliary in conjunction with sodium sulphate (Na2SO4). However, this results in a large amount of wastewater containing MO and Na2SO4, which causes significant contamination and harm to water quality and aquatic environments. Azo dyes, for example, MO, can exist in water bodies for a lengthy period of time due to their high stability and difficulties in biodegradation. Therefore, the treatment of azo dye wastewater has become an urgent task. Meanwhile, wastewater treatment becomes more complex when Na2SO4 is added. Therefore, a thorough investigation of the impact of Na2SO4 in the wastewater treatment process is very crucial [2,3].



In order to effectively treat wastewater, researchers have been exploring new wastewater treatment technologies in recent decades. Among them, adsorption and photocatalytic degradation technologies, which are driven by sunlight and can effectively degrade dye wastewater [4], have received widespread attention. The adsorption method uses materials such as activated carbon, natural minerals, and synthetic adsorbent materials. In response to the shortcomings of traditional adsorbent materials, researchers have been exploring new adsorbent materials, such as nanomaterials and bio-based materials. Photocatalytic degradation technology achieves complete conversion of organic pollutants by oxidizing and decomposing the dyes in the water column [5], when harmful organic compounds are converted into less toxic substances, and these degradation products are more readily absorbed by the natural environment, reducing their potential risk. This technology is characterized by high efficiency, environmental protection, and sustainability and can be extensively utilized in the areas of air purification, water treatment, and self-cleaning.



TiO2 is widely regarded as an ideal semiconductor photocatalytic material owing to its exceptional catalytic efficiency, excellent chemical stability at an affordable price, and powerful redox properties [6]. For the purpose of further enhancing its photocatalytic performance, researchers have explored a variety of methods, such as metal element doping [7,8], non-metal element doping [9], and metal deposition [10], which are designed to modulate the energy band structure of TiO2 and thus broaden the visible spectrum of its light absorption. Specifically, when TiO2 is doped with the proper quantity of metal ions, an electron trapping center is formed, which not only promotes electron migration but also alters the crystallinity of TiO2 and introduces defects on its surface. It can effectively prevent the recombination of electron–hole pairs, thereby generating more active free radicals and greatly improving the photocatalytic activity of TiO2 [11]. Furthermore, precious metal deposition [12,13,14] is another effective method that can be used to improve the catalytic efficiency of nano-TiO2 modified by precious metals on its surface, which can utilize the surface plasmon resonance effect of precious metals. Precious metal deposition can decrease the Fermi level of TiO2, as there is a significant Fermi energy level difference between nano-TiO2 and precious metals [15,16]. In this procedure, it receives high-energy electrons from the surface of TiO2 nanoparticles, which leads to the equilibrium of the Fermi energy levels between the two. This changes the electron distribution of TiO2 and improves the overall effectiveness of the photocatalyst by reducing the rate of charge carrier recombination generated by light [17,18,19].



In the past few years, studies have been conducted on the photocatalytic performance of TiO2 when doping with N elements or various metal elements (Fe, V, etc.). The growth of TiO2 particles can be successfully limited by doping with N element [20], improving the photocatalytic performance of N-TiO2 [21]. However, the current study is mainly focused on the wastewater system containing only dyes, and the study of the photocatalytic degradation of complex components (for example, salts and other additives) in the actual dye-wastewater system is still insufficient [22,23]. Magnetron sputtering as a method provides higher homogeneity and adhesion and allows precise control of the thickness and composition of the film. For example, the size and distribution of Ag in the nanoparticles, or the doping concentration of N, can be better controlled, resulting in improved photocatalytic activity. The particles on the films are very uniform and suitable for application under harsh conditions.



In this article, TiO2, TiO2 doped with N (N-TiO2), and Ag/N-TiO2 films were prepared. The effects of the N2 gas flow rate and the quantity of Ag modifications on the properties of N-TiO2 were investigated. The microstructure, morphology, and properties of these films were characterized using XRD, FESEM, UV-VIS DRS, AFM, and XPS. The cycling ability of the Ag/N-TiO2 photocatalyst and the photocatalytic degradation mechanism of dyes were studied using an MO solution and MO-Na2SO4 as simulated dye wastewater.




2. Results and Discussion


Figure 1a presents the XRD patterns of TiO2 and N-TiO2 films with varying N2 flow rates. The N-TiO2 films diffraction peaks at 25.2°, 38.8°, 47.8°, 53.7°, 55.1°, and 62.5° correspond to the characteristic planes (101), (004), (200), (105) (211), and (204) of TiO2 (JCPDS 21-1272), respectively [24,25]. The results indicate that that the TiO2 films exhibit an anatase structure. The diffraction peaks corresponding to N-TiO2 are observed to be slightly shifted to the right compared to the pure TiO2 film, which shows that nitrogen (N) atoms are doped into the lattice of the film. Furthermore, the diffraction peaks of N-TiO2 are broader than those of pure TiO2, which suggests that nitrogen doping inhibits the growth of TiO2 grains. Importantly, no diffraction peaks corresponding to nitrogen compounds were detected; this means that elemental N either replaces oxygen (O) or exists in some other form in the lattice [26]. Figure 1b presents the XRD patterns of Ag/N-TiO2 films fabricated at varying sputtering powers. The diffraction peak of the (101) plane of anatase TiO2 is observed at 25.3° for the Ag sputtering powers of 5 W (Ag/N-TiO2-5 W), 10 W (Ag/N-TiO2-10 W), and 15 W (Ag/N-TiO2-15 W). Additionally, the diffraction peaks at 38.1° and 44.2° correspond to the (111) and (200) crystal planes of silver (Ag) (JCPDS Card 01-1164), respectively. As the sputtering power of Ag increases, the intensity of the diffraction peaks associated with the Ag (111) and (200) crystal planes increase significantly, suggesting a gradual increase in the Ag modification content.



The grain size of the film can be calculated by Scherrer’s formula, which is given below:


  D =    K λ   B C O S θ     



(1)




where D is the grain size in nm, K is the Scherrer constant (K = 0.89), B is the full width at half maximum (FWHM) of the measured sample in rad, θ is the Bragg angle in °, and λ is the X-ray wavelength. Here, a CuKa radiation source is used for diffraction, with Å as the unit. Figure 1a shows, via calculation, that TiO2 and N-TiO2 films with varying N2 flow rates have average grain sizes of 19.30 nm, 19.23 nm, 19.12 nm, 19.07 nm, and 19.03 nm. The average grain sizes corresponding to Ag sputtering powers of 5 W, 10 W, and 15 W in Figure 1b are 11.96 nm, 10.09 nm, and 7.94 nm, Respectively, the results suggest that nitrogen flow rate and silver sputtering power have a certain impact on the grain size of the film, which, in turn, affects its photocatalytic performance.



As shown in Figure 2a, TiO2 nanoparticles are uniformly distributed on the substrate. This layout not only optimizes the spatial arrangement between the particles but also significantly promotes the effective contact between TiO2 particles and the water and oxygen molecules in the surrounding solution environment. This improves the generation efficiency of hydroxyl radicals in the oxidation reaction process and significantly enhances the overall catalytic efficiency [27]. The surface morphologies of N-TiO2 films at flow rates of 12 sccm, 14 sccm, 16 sccm, and 18 sccm are presented in Figure 2b–e. The particles are evenly distributed on the film surface, and the overall structure is smooth. With the growth in the N2 flow rate, more and more white impurities appear on the surface of the film. As shown in Figure 2f–h, the Ag particles are spherical, uniform in shape, and densely distributed. When the sputtering power was 5 W, the Ag particles distributed on the N-TiO2 surface were very small. The size distribution of the Ag particles shown in Figure 2g,h increases significantly when the power is increased from 10 W to 15 W. This indicates that the particle size of Ag increases with the increase in sputtering power. The experimental results show that the power level of sputtering determines the size of the deposited particles. At the same sputtering time, the Ag particle size distribution is more uniform for 5 W. This homogeneity and particle size reduction facilitates the reduction in recombination of photogenerated electron–hole pairs, which ultimately improves the photocatalytic efficiency of the catalysts [17,18]. The cross-sectional morphology of Ag/N-TiO2-5 W-50 s is shown in Figure 2i, and the thickness of this film is about 236 nm. The silver particle sizes are 12.86 nm, 23.61 nm, and 38.91 nm for Ag/N-TiO2-5 W-50 s, Ag/N-TiO2-10 W-50 s, and Ag/N-TiO2-15 W-50 s, respectively. This study demonstrates that a small isolation promotes the separation of photogenerated charge carriers [28]. The Ag/N-TiO2-5 W-50 s sample was determined using the EDS method, as shown in Figure 2j–n. It can be seen that Ti, O, N, and Ag are uniformly distributed on the surface. The EDS point analyses are shown in Figure 2o, where Ti, O, N, and Ag are detected. The appearance of Si in the EDS spectrum is due to the substrate.



Figure 3 shows the surface 3D morphology of TiO2, N-TiO2, and Ag/N-TiO2 films. As shown in Figure 3a, TiO2 nanoparticles are neatly arranged on the substrate surface. Figure 3b–e show the N-TiO2 films with 12 sccm, 14 sccm, 16 sccm, and 18 sccm, respectively. With the increase in the N2 flow rate, the maximum height of the structure decreases from 41.89 nm, 27.07 nm, and 14.07 nm to 12.88 nm, which suggests that N doping further decreases the average particle size of TiO2 films and can inhibit the grain growth of TiO2 [29]. The AFM 3D images of Ag/N-TiO2-5 W-50 s, Ag/N-TiO2-10 W-50 s, and Ag/N-TiO2-15 W-50 s are shown in Figure 3f–h. The results of the AFM analyses show that when the sputtering power of Ag is 5 W, there are only a small number of Ag particles present on the film surface, and most of the other areas remain flat and smooth, and the columnar structure of the average diameter is the smallest. When the Ag power is 10 W, the morphology of the surface of the film changes significantly, and a large number of protruding particles appear. When the sputtering power of Ag continues to increase to 15 W, the number of protruding large particles on the surface of the film increases significantly, and the particles are all arranged very closely. This phenomenon is consistent with that of FESEM. The surface roughness is presented in Table 1. The surface roughness of TiO2 was measured as 2.025 nm. while that of N-TiO2 increased from 0.737 nm to 0.918 nm as the flow rate of N2 increased. The surface roughness of Ag/N-TiO2 films increased from 0.862 nm to 2.809 nm and 2.841 nm with increasing Ag sputtering power. The experimental results indicate that both the flow rate of N2 and the sputtering power of Ag influence the surface morphology of the films [30].



The UV-VIS DRS spectra of the samples are shown in Figure 4. A comparison was made with the UV-vis DRS spectrum of TiO2 shown in Figure 4a, and the UV-vis DRS spectrum of N-TiO2 has a red shift in Figure 4b. It can be seen that the red shift of the absorption edge is most pronounced when the flow rate of N2 is 16 sccm. which may be due to the fact that the radii of N atoms and O atoms are close to each other, where N atoms replace certain O atom within the TiO2 lattice, resulting in the formation of N-Ti-O bonds. This reduces the energy required to excite photoelectrons, thereby promoting the separation of photogenerated electron–hole pairs and enhancing the photocatalytic reaction efficiency [31]. The UV-visible DRS spectra of Ag/N-TiO2 also shows a red shift in Figure 4c. In Figure 4e, compared with TiO2 and N-TiO2, the Ag/N-TiO2 films exhibit further varying degrees of red shift. This phenomenon may result from the reduction in Ag particle size, which not only increases internal stresses but also alters the overlap of electronic wave functions and the energy level structure, ultimately leading to a red shift of the absorption limit [32]. The optical properties of the films were investigated by calculating the band gap (Eg) of N-TiO2, Ag/N-TiO2, and TiO2 using the Tauc graphical method, as described in Equation (3) [33].


  α h ν =   C ( h ν −   E   g   )   1 / 2    



(2)







In Figure 4d, the Eg of TiO2 is 3.28 eV. In Figure 4e, Eg of N-TiO2-12 sccm, N-TiO2-14 sccm, N-TiO2-16 sccm, and N-TiO2-18 sccm is 3.54 eV, 3.55 eV, 3.51 eV, and 3.53 eV, respectively. In Figure 4f, Eg of Ag/N-TiO2-5 W-50 s, Ag/N-TiO2-10 W-50 s, and Ag/N-TiO2-15 W-50 s is 2.31 eV, 2.42 eV, and 2.54 eV, respectively. When the Ag sputtering power is 5 W, the band gap is the minimum, which may be due to the fact that charge balance existing between N and the Ag. The combined effect of Ag and N expands the light absorption range of the TiO2 film and modifies its band gap properties [34].



The UV-vis spectra of Mo solution after photocatalytic degradation were analyzed under the same experimental conditions to study the photocatalytic activity of TiO2, N-TiO2, and Ag/N-TiO2. Figure 5a shows the UV visible absorption spectra of Mo after degradation in a pure titanium dioxide solution and N-TiO2 photocatalyst. The results showed that the degradation time of MO in pure titanium dioxide was 103 min. When the sputtering nitrogen flow rate was 16 sccm, the photocatalytic effect was the best, and the degradation rate of Mo reached 100% in 85 min. Figure 5b shows the UV-Vis absorption spectra of MO in pure MO solution before (Co) and after photocatalytic degradation for different times by N-TiO2-16 sccm. Figure 5c shows the degradation rate of MO in pure Mo solution by TiO2 and N-TiO2 with different nitrogen flow rates. The results indicate that the photocatalytic performance of N-TiO2 thin films can be enhanced by appropriate amount of nitrogen doping [30]. Figure 5d displays the UV-vis absorption spectra of MO following photocatalytic degradation by Ag/N-TiO2 in a pure MO solution. The results indicate that the optimal photocatalytic performance is achieved when the sputtering power is 5 W, with a degradation efficiency approaching 100% after 50 min. Figure 5e presents the UV-Vis absorption spectra of MO following photocatalytic degradation by Ag/N-TiO2-5 W-50 s at various time intervals in a pure MO solution. Figure 5f shows the degradation rates of MO in pure MO solutions using Ag/N-TiO2. The results demonstrate that the degradation efficiency of Ag/N-TiO2-5 W-50 s is significantly better than that of Ag/N-TiO2-10 W-50 s and Ag/N-TiO2-15 W-50 s. This phenomenon may primarily be attributed to the following factors:




	(1)

	
Ag nanoparticles deposited on N-TiO2 surface. These Ag particles function as electron trapping centers, effectively capturing photogenerated electrons, thereby reducing the likelihood of electron–hole pair recombination. Ag and N doping can broaden the absorption spectral range with the plasmonic resonance effect, which enables the use of wider wavelengths of light sources for excitation, thereby enhancing the photocatalytic activity [35,36];




	(2)

	
The incorporation of silver nanoparticles onto the N-doped TiO2(101) crystal surface effectively reduced the density of the surface electron cloud. This modification facilitated the adsorption of oxygen molecules and enhanced the interaction between photogenerated carriers and oxygen molecules, resulting in the formation of reactive species, such as superoxide anions (·O2−) and hydroxyl radicals (·OH). This process significantly enhanced the photocatalytic performance of the catalyst [37,38].




	(3)

	
Ag/N-TiO2 photocatalysts exhibit excellent adsorption of organosulfur compounds through their unique structure and chemical composition. Under the oxygen-rich state (O2 adsorption from the crystal surface of anatase TiO2(101), MO and TiO2 are bonded through the formation of S-O bonds, which indicates that the organic compounds (MO) that contain N and S functional groups can be highly absorbent to catalytic. This can primarily be attributed to the introduction of silver particles and nitrogen on its surface, which contributes to charge separation and transport efficiency [39].









Figure 6a shows the degradation rates of MO by N-TiO2-16 sccm films in different MO-Na2SO4 mixed solutions (C0 = 10 mg/L), and the concentration of Na2SO4 was 7 g/L, 10 g/L, 12.5 g/L, and 17 g/L (CNa2SO4 = 7 g/L, CNa2SO4 = 10 g/L, CNa2SO4 = 12.5 g/L, CNa2SO4 = 17 g/L), respectively. The complete degradation times of MO with C0 = 10 mg/L in MO-Na2SO4 mixed solutions under the same conditions are 129 min, 74 min, 40 min, and 104 min, corresponding to CNa2SO4 = 7 g/L, CNa2SO4 = 10 g/L, CNa2SO4 = 12.5 g/L, and CNa2SO4 = 17 g/L, respectively. It was found that the degradation time of MO was the shortest and the photocatalytic effect was the best when C0 = 10 mg/L and CNa2SO4 = 12.5 g/L. Similarly, Figure 6b shows the degradation rate of MO by Ag/N-TiO2-5 W-50 s films in various MO-Na2SO4 mixed solutions. The complete degradation times for C0 = 10 mg/L in MO-Na2SO4 mixed solutions under the same conditions are 127 min, 65 min, 36 min, and 105 min, corresponding to CNa2SO4 = 7 g/L, CNa2SO4 = 10 g/L, CNa2SO4 = 12.5 g/L, and CNa2SO4 = 17 g/L. The results show that the films had the shortest degradation time and the best photocatalytic effect when CNa2SO4 = 12.5 g/L. It was found that at CNa2SO4 = 7 g/L, the time taken to reach 100% degradation is quite long. With the increase in the Na2SO4 concentration, the degradation capacity of photocatalysts is enhanced, but a turning point occurred at a Na2SO4 concentration of 12.5 g/L (CNa2SO4 = 12.5 g/L). When the concentration of sodium sulfate is high, excessive sulfate ions may occupy some active sites on the surface of the film, thereby further decreasing the degradation efficiency. When the concentration of sodium sulfate is low and its doping is minimal, due to an insufficient ion concentration, the reaction active sites formed on the surface of the film are limited, making it difficult to efficiently separate and transfer photo generated electrons and holes to the catalytic surface, thereby slowing down the progress of redox reactions. The pH of MO-Na2SO4 mixed solution for CNa2SO4 = 7 g/L, CNa2SO4 = 10 g/L, CNa2SO4 = 12.5 g/L, and CNa2SO4 = 17 g/L is 6.12, 6.15, 6.22, and 6.27, respectively. It is also possible that the pH of the solution affects the surface charge of the catalyst film and the dissolved organic molecules [40], thereby affecting the photocatalytic efficiency [41]. The experimental results indicate a moderate amount of Na2SO4, enhancing the degradation capacity of the photocatalyst [42].



Figure 7a shows the UV-vis spectra of MO in an MO-Na2SO4 mixed solution (C0 = 10 mg/L, CNa2SO4 = 12.5 g/L) before and after photocatalytic degradation by N-TiO2 and TiO2. The photocatalytic effect remained best when the flow rate of N2 was 16 sccm. Figure 7b shows the time-dependent UV-vis spectra of MO degraded by N-TiO2-16 sccm in an MO-Na2SO4 mixed solution. Figure 7c presents the degradation rates of MO by N-TiO2 and TiO2 in an MO-Na2SO4 solution. The degradation rate of MO by N-TiO2-16 sccm in the MO-Na2SO4 mixed solution reaches 100% within 40 min, whereas the degradation of MO in the pure solution is completed in 85 min, as shown in Figure 5c. Figure 7d shows the UV-vis spectra of MO in the MO-Na2SO4 mixed solution before and after photocatalytic degradation by Ag/N-TiO2. The results showed that the best catalytic effect was achieved when the sputtering power was 5 w. Figure 7e shows time-dependent UV-vis spectra of MO degraded by Ag/N-TiO2-5 W-50 s in the MO-Na2SO4 mixed solution. Figure 7f shows the degradation rates of MO by Ag/N-TiO2 in the MO-Na2SO4 mixed solution. The degradation rate of MO by the Ag/N-TiO2-5 W-50 s can reach 100% in 36 min, while the degradation of MO in the pure solution was completed in 50 min, as shown in Figure 5c, which indicates that Na2SO4 (CNa2SO4 = 12.5 g/L) can improve the photocatalytic degradation effect of N-TiO2 and Ag/N-TiO2. Compared with N-TiO2 films in the MO-Na2SO4 mixed solution, the degradation rate of Ag/N-TiO2 films showed a better photocatalytic effect.



The results showed that the addition of Na2SO4 increased the photocatalytic degradation rate of the film to the MO solution. This improvement may be attributed to the adsorption of SO42− on the surface of the photocatalyst, which acts as a pore-trapping agent, thereby increasing the generation of SO4−. SO4−, together with ·OH, participates in the redox reaction, which can react with dyes on the surface of photocatalysts in the solution. Na+ and H+ act as a bridge as well, which enhances the adsorption of dyes and increases the reaction rate, and MO is oxidized by the free radicals, which promotes the degradation of acid dyes by the catalyst [42]. The photocatalytic activity of some related materials for MO and MO-Na2SO4 is shown in Table 2. In contrast, although there are differences in materials [22,43,44,45], the photocatalytic degradation rate of Ag/N-TiO2-5 W-50 s is commendable. Especially in the recycling process, the degradation rate is close to 100%.



To research the recovery and utilization activity of Ag/N-TiO2 photocatalyst thin films, the experimental conditions remained unchanged. Under the premise of a degradation rate of 100%, four cyclic experiments were conducted. The time required for four cycles of experiments is 50 min, 63 min, 58 min, and 65 min. The degradation of MO by the recovered Ag/N-TiO2-5 W-50 s in pure MO of the photocatalyst is shown in Figure 8a. The time used for four cycle experiments corresponded to 36 min, 42 min, 40 min, and 45 min, which included the degradation of MO in MO-Na2SO4 (C0 = 10 mg/L, CNa2SO4 = 12.5 g/L) mixed solution using the recovered Ag/N-TiO2-5 W-50 s photocatalyst, as shown in Figure 8b. The results showed that the degradation time increased as subsequent cycling experiments were conducted. This may be due to the presence of water-insoluble substances on the surface of the catalyst, which reduces the light absorption capacity of the catalyst surface [19]. In addition, Ag particles may undergo oxidation, reducing the utilization of photogenerated carriers [35,36]. To ensure the recyclability of the film, the photocatalysts were self-cleaned at the end of the second cycle so that the photocatalytic time of the third cycle was shorter than that of the second.



To investigate the elemental makeup and chemical state of Ag/N-TiO2 prior to and following photocatalytic degradation, high-resolution XPS profiles of standard C were analyzed. Figure 9 presents the XPS spectra of Ag/N-TiO2-5 W-50 s (Ag/N-TiO2-16 sccm-5 W) both before and after the photocatalytic degradation process. Figure 9a–c shows the wide-scan XPS spectra of Ag/N-TiO2-16 sccm-5 W before photocatalytic degradation, after the photocatalytic reaction in a pure Mo solution, and after the photocatalytic reaction in the MO-Na2SO4 mixed solution. The surfaces of the prepared composites show the presence of Ti, N, Ag, O, and C elements.



Figure 9d illustrates the Ag 3d5/2 and Ag 3d3/2 peaks of Ag/N-TiO2-5 W-50 s prior to photocatalytic degradation. The binding energies of the Ag 3d5/2 and Ag 3d3/2 orbitals are approximately 367.7 eV and 373.7 eV, which corresponds to Ag0 [46]. The eigenvalue of the spin energy is 6.0 eV. The binding energies of 3d5/2 and 3d3/2 are approximately 367.2 eV and 373.2 eV, respectively, corresponding to Ag+ [47,48,49]. The fitting results indicate that the proportion of Ag+ in all Ag species is 1.5%, which is attributed to the oxidation of Ag0. Figure 9e presents the XPS spectra of Ag 3d after photocatalytic degradation by Ag/N-TiO2-5 W-50 s in a pure MO solution. The Ag 3d5/2 peak at 367.7 eV and the Ag 3d3/2 peak at 373.7 eV are attributed to Ag0, whereas the Ag 3d5/2 peak at 367.2 eV and the Ag 3d3/2 peak at 373.2 eV correspond to Ag+. The fitting results indicate that Ag+ accounts for 3.5% of the total Ag content. Compared to the pre-degradation state, the proportion of Ag+ increases, which results in an extended photocatalytic degradation time during the cyclic experiments. This can be explained by the fact that increased silver oxidation weakens the plasmon resonance effect, reducing the electron binding ability [35,39]. Figure 9f presents the XPS spectra of Ag 3d following photocatalytic degradation by Ag/N-TiO2-5 W-50 s in an MO-Na2SO4 (CNa2SO4 = 12.5 g/L) mixed solution. The Ag 3d5/2 peak at 367.8 eV and the Ag 3d3/2 peak at 373.8 eV are associated with Ag0, while the Ag 3d5/2 peak at 367.2 eV and the Ag 3d3/2 peak at 373.2 eV correspond to Ag+. The fitting analysis reveals that Ag+ constitutes 6% of the total silver content. In comparison to the relative amounts of Ag+ in Figure 9d,e, the higher proportion of Ag+ can be ascribed to the influence of Na2SO4, which promotes the oxidation of Ag0 within the MO-Na2SO4 solution. Since Na2SO4 primarily governs the photocatalytic rate, the increase in Ag+ has a negligible effect on degradation, thereby improving the overall photocatalytic performance. Figure 9g shows the XPS spectra of Ti 2p after photocatalytic degradation by Ag/N-TiO2-5 W-50 s. The Ti 2p3/2 peak is symmetrical, with a distinct peak at 458.3 eV. The energy difference between Ti 2p1/2 (464.2 eV) and Ti 2p3/2 is 5.9 eV. These findings align with the standard XPS data of TiO2 found in previous references [50]. Thus, it can be deduced that the titanium ions in Ag/N-TiO2 exist as Ti4+, with Ti3+ being absent in Ag/N-TiO2. Figure 9h illustrates the XPS spectra of N 1s after photocatalytic degradation by Ag/N-TiO2-5 W-50 s. The peak at 395.8 eV is quite faint, primarily because a minimal quantity of ionic N in the TiO2 structure is bonded to Ti, forming (Ti-N) bonds [51]. The peak at 399.7 eV is the primary peak, corresponding to the replacement of nitrogen by the anion N− in the (O-Ti-N) structure, where the element N replaces the oxygen element in the lattice [52,53,54,55]. The presence of the peak N element at position 401.5 eV in the form of oxidized NO or NO2 [55] is attributed to the surface molecular chemisorption of dinitrogen [52]. In the O 1s XPS spectra, the binding energy in Figure 9i at 529.61 eV is lattice oxygen (Ti-O); at a binding energy of 532.59 eV, it is adsorbed water; and the surface hydroxyl group (O-H) at a binding energy of 531.1 eV can be confirmed as a functional group [56].



The reaction rates were determined through linear fitting using the first-order kinetic equation, which is expressed as


    ln  ⁡  (        C   0       C   t      ) = k t  



(3)







In this equation, t represents the irradiation time, and k is the degradation rate constant. The correlation coefficient (R2) is close to 1 for N-TiO2-16 sccm used in both pure MO and MO-Na2SO4 solutions. The degradation rate coefficient k was determined based on experimental data collected during 55 min and 28 min of simulated irradiation. For Ag/N-TiO2-5 W-50 s, the initial rate constant k was obtained from experimental data via simulated irradiation for 36 min and 28 min. In Figure 10a, N-TiO2-16 sccm has a k1 of 0.02064 min−1 in the pure Mo solution, while in MO-Na2SO4 mixed solution, the rate constant k2 is 0.03511 min−1. In contrast, as shown in Figure 10b, the rate constant k3 of Ag/N-TiO2-5 W-50 s in the pure MO solution is 0.03056 min−1, while in the MO-Na2SO4 solution, k4 is 0.05882 min−1. Clearly, the value of k in the MO-Na2SO4 solution is greater than that of MO.



Figure 11 illustrates the photocatalytic degradation mechanism of Ag/N-TiO2. When exposed to UV light, the photogenerated electrons in the TiO2 conduction band move to Ag, leading to the formation of electron–hole pairs. The photogenerated holes (h+) can oxidize OH− and H2O molecules to generate ·OH and ·O2−. The photogenerated electrons (e−) can react with dissolved oxygen in water to form the superoxide radicals ·O2−, which can then react with H2O to generate ·OH [57], and at the same time, the electrons (e−) trapped on Ag can be separately transferred to the oxygen molecules adsorbed on the surface of the membrane to generate ·O2−, which also promotes the photocatalytic degradation. On the one hand, doping an appropriate amount of N can generate lattice defects and oxygen vacancies in the photocatalyst, which, in turn, improve its ability to absorb visible light [58]. On the other hand, after the addition of an appropriate amount of Na2SO4, SO42− is adsorbed on the surface of the photocatalyst, and SO42− reacts with h+ to form SO4−. SO4− and ·OH participate in the redox reaction together. The dye is oxidized by free radicals and SO4−· in the solution or on the surface of the photocatalyst, thus increasing the reaction rate [59]. The reaction process is as follows:


TiO2 + Light → h+ + e−



(4)






O2 + e− → ·O2−



(5)






N doping → lattice defects and oxygen vacancies



(6)






Ag + e−→Ag+



(7)






OH− + h+ → ·OH



(8)






H2O + h+→ ·OH + H+



(9)






·O2− + H2O → ·OH + OH−



(10)






SO42−+ h+→SO4−·



(11)






Dye + Radicals → Degradation products



(12)








3. Materials and Methods


3.1. Materials and Reagents


Anhydrous ethanol (AR), anhydrous sodium sulfate (Na2SO4) (AR), and methyl orange (MO, AR) were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).




3.2. Preparation of Films


In the experimental process of preparing Ag/N-TiO2 thin films, a pure Ti target and Ag target were used as sputtering targets. Thin films were prepared on glass slides, single crystal silicon, and quartz glass substrates via DC magnetron sputtering technology [19]. The operational experimental procedure was as follows: first, the substrates were immersed in anhydrous ethanol and cleaned twice for 15 min, respectively, and then the substrates were ultrasonically cleaned in ultrapure water for 15 min. Subsequently, the Ti target and Ag target materials were fixed underneath. After that, Ar (99.999%), O2 (99.999%), and N2 (99.999%) were passed into the vacuum chamber. The reaction pressure during sputtering was kept at 0.7 Pa, and different N2 flow rates of 12 sccm, 14 sccm, 16 sccm, and 18 sccm were used during the experiments to acquire different N-TiO2 films, respectively. The sputtering substrate temperature was maintained at 300 °C. The Ti target was sputtered at a constant power of 110 W for 7200 s. Firstly, Ti targets were used to sputter N-TiO2 thin films at a pressure of 0.7 Pa. After N-TiO2 films were sputtered completely, sputtering of Ti targets was completed. Then, the process was as follows: switch off the power to the Ti targets and disconnect O2 and N2 at the same time and open Ag targets. When the sputtering power was set to 5 W, 10 W, and 15 W, the corresponding sputtering time was 50 s in each case (denoted as Ag/N-TiO2-5 W-50 s, Ag/N-TiO2-10 W-50 s, and Ag/N-TiO2-15 W-50 s). The sample obtained after sputtering was annealed in a tube atmosphere testing furnace. It was heated to 450 °C, then held for 90 min. Table 3 and Table 4 describe TiO2, N-TiO2, and Ag/N-TiO2 preparation process parameters.




3.3. Characterization


The morphologies and compositional properties of TiO2, N-TiO2, and Ag/N-TiO2 were examined using a field emission scanning electron microscope (FESEM: JSM-7800, Tokyo, Japan), X-ray photoelectron spectroscopy (XPS, Thermo scientific (Waltham, MA, USA), and K-Alpha, JEOL (Akishima, Japan), with Mg Kα X-ray light source (photon radiation energy of 1486.68 eV)). X-ray diffraction (XRD, Empyrean Panaco, Almelo, The Netherlands, Cu-Kα radiation) was used to describe the film crystalline structure. The scanning speed was 2.33°/min with a step size of 0.06, with the 2θ scanning ranging from 10 to 80 degrees. The UV-VIS diffuse reflectance spectra (UV-VIS DRS) of all the samples were in the spectral range of 200–800 nm according to a UV-VIS-NIR spectrophotometer (UV-VIS-NIR: Shimadzu Solid Spece-3700, Kyoto, Japan). The UV-VIS DRS was converted to the absorption coefficient F(R) using the Kubelka–Munk function. The energy band gap (Eg) of the sample was calculated from a plot of (F(R) hν)1/2 versus hν using the Tauc method [60]. The surface morphology and surface roughness of the films were analyzed using an atomic force microscope (AFM, Shimadzu SPM-9700) with a measurement area of 5 × 5 μm2. The photocatalytic degradation of MO was carried out either in a pure solution or MO-Na2SO4 mixed solution. The concentration of MO solution before and after the photocatalytic experiments was determined using ultraviolet–visible spectrophotometry (UV-VIS: Beijing Puxitu-1950, Beijing, China), and the absorption peak of MO was at 464 nm.



During the simulation of photocatalytic experiments, photocatalysts were prepared and placed in MO solution (15 mL) with a concentration of 10 mg/L (C0 = 10 mg/L). The dye solution was subsequently kept in a light-excluded dark environment until an equilibrium state of absorption and desorption was reached. Subsequently, the dye solution containing photocatalyst was irradiated under a 300 W high-pressure mercury lamp at a distance of approximately 10 cm. The photocatalyst was used to degrade MO in MO-Na2SO4 mixed solution with C0 = 10 mg/L (CNa2SO4 = 7 g/L, 10 g/L, 12.5 g/L, 17 g/L) under the same lighting conditions. In order to verify the performance stability of photocatalysts, four cycle experimental tests were conducted. Under the same condition, after each experiment of photocatalytic degradation was completed, the photocatalyst was removed from the solution and cleaned using deionized water. Then, the film was dried at room temperature for repeated use. The degradation rate can be derived using the following equation [32]:


  η % =     C 0  −  C t     C 0     × 100 %  



(13)




where C0 (mg L−1) is the initial concentration, and Ct (mg L−1) is the concentration at time t (min).





4. Conclusions


In this experiment, TiO2, N-TiO2, and Ag/N-TiO2 thin films were prepared via DC magnetron sputtering. N-TiO2 photocatalysts with varying nitrogen contents were produced by controlling the flow rate of sputtered nitrogen gas, while Ag/N-TiO2 was modified by adjusting the sputtering power of Ag to examine its effect on photocatalytic performance. A mixed solution with concentrations (C0 = 10 mg/L, CNa2SO4 = 12.5 g/L) close to that of printing and dyeing wastewater was used as the wastewater to be treated in this study. The results showed that doping an appropriate amount of nitrogen and modifying an appropriate amount of silver can improve the degradation efficiency. N-TiO2-16 sccm photocatalysis was the most effective in a pure MO solution with a 100% degradation rate at 85 min. In the MO-Na2SO4 mixed solution, the photocatalytic degradation efficiency can reach 100% within 40 min. The best photocatalytic degradation was achieved using the Ag/N-TiO2-5 W-50 s film, and the degradation rate can reach 100% within 50 min in the MO solution (C0 = 10 mg/L). The degradation rate can reach 100% within 36 min in the MO-Na2SO4 solution (C0 = 10 mg/L, CNa2SO4 = 12.5 g/L), indicating that sputtered thin films have good performance in photocatalytic applications. This enhancement can be attributed to the sulfate ions (SO42−) in the sodium sulfate solution, which absorbed light energy to generate sulfate radicals (SO4−·), which participated in redox reactions with hydroxyl radicals (·OH) and improved the photogenerated carrier separation efficiency, thereby increasing the reaction rate and promoting dye degradation. However, when the concentration of Na2SO4 is above or below 12.5 g/L, Na2SO4 exhibits significant inhibition of photocatalytic degradation. When the concentration of Na2SO4 is high, SO42− may occupy some active sites on the surface of the film, thereby decreasing the degradation efficiency. When the concentration of Na2SO4 is low, due to an insufficient ion concentration, the reaction active sites formed on the surface of the film are limited, making it difficult to efficiently separate and transfer photogenerated electrons and holes to the catalytic surface, thereby slowing down the progress of redox reactions. The Ag/N-TiO2-5 W-50 s photocatalyst was subjected to four photocatalytic cycles in the degradation of the MO and MO-Na2SO4 solution, maintaining a degradation rate of 100%. After cleaning the film surface, recovery of photocatalytic activity was observed, indicating that the prepared Ag/N-TiO2 films have recyclability in utilization due to the self-cleaning property of TiO2. The thin film prepared using the magnetron sputtering method is significantly superior to conventional methods in terms of photocatalytic activity, stability, and process controllability, especially suitable for high-end photocatalytic applications that require high uniformity, strong adhesion, and a visible light response.
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Figure 1. XRD patterns of (a) TiO2 and N-TiO2 films with different N2 flow rates and (b) XRD patterns of Ag/N-TiO2 films with different silver sputtering powers. 
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Figure 2. SEM images of (a) TiO2, (b) N-TiO2-12 sccm, (c) N-TiO2-14 sccm, (d) N-TiO2-16 sccm, (e) N-TiO2-18 sccm, (f) Ag/N-TiO2-5 W-50 s, (g) Ag/N-TiO2-10 W-50 s, and (h) Ag/N-TiO2-15 W-50 s; (i) cross-section of Ag/N-TiO2-5 W-50 s; (j) EDS mappings of Ag/N-TiO2-5 W-50 s; (k–n) EDS elemental mappings of Ti, O, N, and Ag; and (o) EDS point analysis of Ag/N-TiO2-5 W-50 s films. 
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Figure 3. A set of 3D diagrams of the following films: (a) TiO2, (b) N-TiO2-12 sccm, (c) N-TiO2-14 sccm, (d) N-TiO2-16 sccm, (e) N-TiO2-18 sccm, (f) Ag/N-TiO2-5 W-50 s, (g) Ag/N-TiO2-10 W-50 s, and (h) Ag/N-TiO2-15 W-50 s. 
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Figure 4. UV-Vis DRS of (a) TiO2, (b) N-TiO2, and (c) Ag/N-TiO2 and Tauc plots obtained for (d) TiO2, (e) N-TiO2, and (f) Ag/TiO2. 
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Figure 5. UV-vis spectra of MO solution after photocatalytic degradation reaction via (a) TiO2 and N-TiO2; (b) UV-vis spectra of time-dependent degradation of MO degraded by N-TiO2-16 sccm in pure MO solution; (c) degradation rate of MO degraded by N-TiO2 in pure MO solution. (d) UV-vis spectra of MO solution after photocatalytic degradation reaction by Ag/N-TiO2; (e) UV-vis spectra of MO degraded by Ag/N-TiO2-5 W-50 s in pure MO solution as a function of time, (f) degradation rate of MO degraded by Ag/N-TiO2 in pure MO solution. 






Figure 5. UV-vis spectra of MO solution after photocatalytic degradation reaction via (a) TiO2 and N-TiO2; (b) UV-vis spectra of time-dependent degradation of MO degraded by N-TiO2-16 sccm in pure MO solution; (c) degradation rate of MO degraded by N-TiO2 in pure MO solution. (d) UV-vis spectra of MO solution after photocatalytic degradation reaction by Ag/N-TiO2; (e) UV-vis spectra of MO degraded by Ag/N-TiO2-5 W-50 s in pure MO solution as a function of time, (f) degradation rate of MO degraded by Ag/N-TiO2 in pure MO solution.



[image: Catalysts 15 00164 g005]







[image: Catalysts 15 00164 g006] 





Figure 6. The degradation rate of (a) N-TiO2-16 sccm films with different concentrations of Na2SO4; (b) Ag/N-TiO2-5 W-50 s films with different concentrations of Na2SO4. 
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Figure 7. (a) UV-vis spectra of MO before and after photocatalytic degradation by TiO2 and N-TiO2 in MO-Na2SO4 mixed solution. (b) Time-dependent UV-vis spectra of MO degraded by N-TiO2-16 sccm in MO-Na2SO4 mixed solution. (c) Degradation rate of MO degraded by N-TiO2 in MO-Na2SO4 mixed solution. (d) UV-vis spectra of MO before and after photocatalytic degradation by Ag/N-TiO2 in MO-Na2SO4 mixed solution. (e) Time-dependent UV-vis spectra of MO degradation by Ag/N-TiO2-5 W-50 s in MO-Na2SO4 mixed solution. (f) Degradation rate of MO degraded by Ag/N-TiO2 in MO-Na2SO4 mixed solution. 
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Figure 8. (a) Degradation rate of MO in pure MO solution for different cycles of Ag/N-TiO2-5 W-50 s. (b) Degradation rate of MO in MO-Na2SO4 mixed solution for different cycles of Ag/N-TiO2-5 W-50 s. 
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Figure 9. XPS spectra of Ag/N-TiO2-5 W-50 s film before and after photocatalytic degradation of MO: (a) XPS wide spectrum before degradation; (b) XPS wide spectrum after photocatalytic degradation in pure MO solution; (c) XPS wide spectrum after photocatalytic degradation in MO-Na2SO4 mixed solution; (d) Ag 3d before degradation; (e) Ag 3d after photocatalytic degradation in pure MO solution; (f) Ag 3d after photocatalytic degradation in MO-Na2SO4 solution, (g) Ti 2p and (h) N 1s after photocatalytic degradation in MO-Na2SO4 mixed solution; (i) O 1s before degradation. 
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Figure 10. (a) First-order kinetic reaction of N-TiO2-16 sccm photocatalytic degradation of MO in pure MO solution and MO-Na2SO4 mixed solution. (b) First-order kinetic reaction of Ag/N-TiO2-5 W-50 s photocatalytic degradation of MO in pure MO solution and MO-Na2SO4 mixed solution. 






Figure 10. (a) First-order kinetic reaction of N-TiO2-16 sccm photocatalytic degradation of MO in pure MO solution and MO-Na2SO4 mixed solution. (b) First-order kinetic reaction of Ag/N-TiO2-5 W-50 s photocatalytic degradation of MO in pure MO solution and MO-Na2SO4 mixed solution.



[image: Catalysts 15 00164 g010]







[image: Catalysts 15 00164 g011] 





Figure 11. Schematic representation of the photocatalytic degradation mechanism of MO by Ag/N-TiO2 in MO-Na2SO4 mixed solution. 
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Table 1. Surface roughness and film thickness of TiO2, N-TiO2, and Ag/N-TiO2.






Table 1. Surface roughness and film thickness of TiO2, N-TiO2, and Ag/N-TiO2.





	Sample
	Ra (nm)





	TiO2
	2.025



	N-TiO2-12 sccm
	0.737



	N-TiO2-14 sccm
	0.779



	N-TiO2-16 sccm
	0.855



	N-TiO2-18 sccm
	0.918



	Ag/N-TiO2-5 W-50 s
	0.862



	Ag/N-TiO2-10 W-50 s
	2.809



	Ag/N-TiO2-15 W-50 s
	2.841










 





Table 2. The photocatalytic activity of related materials under high-pressure mercury lam.
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	Material
	Initial Concentration of MO (mg/L)
	Amount of Catalyst per mL (mg)
	(MO) Degradation Time (min) and Degradation Rate
	(MO-Na2SO4) Degradation Time (min) and Degradation Rate
	Cyclic Degradation Rate





	ATT-SnO2-TiO2
	20
	1
	30 (99%)
	non
	non



	ZnO/TiO2
	16
	0.3
	100 (98%)
	non
	non



	Pt-TiO2/zeolite
	20
	2
	90 (99%)
	non
	non



	Ag/TiO2
	10
	0.7
	55 (100%)
	65 (100%)
	100%



	Ag/N-TiO2
	10
	0.7
	40 (100%)
	36 (100%)
	100%










 





Table 3. Preparation parameters and degradation rate time of TiO2 and N-TiO2 thin films.
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Photocatalyst

	
Background Vacuum (Pa)

	
Substrate Temperature

(°C)

	
Sputtering Pressure

(Pa)

	
Ar:O2 (sccm)

	
N2

(sccm)






	
TiO2

	
1 × 10−3

	
300

	
0.8

	
24:8

	
0




	
N-TiO2

	
1 × 10−3

	
300

	
0.8

	
24:8

	
12




	
1 × 10−3

	
300

	
0.8

	
24:8

	
14




	
1 × 10−3

	
300

	
0.8

	
24:8

	
16




	
1 × 10−3

	
300

	
0.8

	
24:8

	
18











 





Table 4. Preparation parameters and degradation time of Ag/N-TiO2 thin films.






Table 4. Preparation parameters and degradation time of Ag/N-TiO2 thin films.





	
Photocatalyst

	
Sputtering Power of Ag Target (W)

	
Sputtering Time

(s)

	
Ar:O2:N2 (sccm)






	
Ag/N-TiO2

	
5

	
50

	
24:8:16




	
10

	
50

	
24:8:16




	
15

	
50

	
24:8:16
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