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Abstract

:

In this study, a combined method of heat treatment and plasma surface modification was used to improve the nanostructures and photocatalytic activity of electrospun TiO2 fibers. Based on the tuning effect of the annealing temperature from 500 to 800 °C, further improvements via the generation of H2 radiofrequency plasma reactions on the fiber’s surface were investigated. It was found that the anatase–rutile phase transition starts to occur at around 700 °C, which is higher than the common temperature for TiO2. The interfacial effect is generated by the symbiosis relationship between these two phases in the fibers, which can enhance photocatalytic activity since the anatase–rutile heterojunction in mixed-phase TiO2 is formed. The dramatic rise in oxygen vacancies on the fiber’s surface is created by the H2 plasma; this leads to the number of trapped electrons increasing and results in an accelerated separation between the photogenerated electrons and holes. Therefore, the photocatalytic mechanism, including the anatase–rutile heterojunction and the TiO2 fiber band structure containing oxygen vacancies, is predicted. The degradation rate was significantly enhanced (1.5 times) by increasing the annealing temperature up to 700 °C, which can be further improved upon after treatment with surface H2 plasma.
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1. Introduction


The per capita water quantity of China is lower than that of the rest of the world because of the huge population base, even though the total water resource is abundant. The domestic development of industry and urbanization further aggravated the shortage of water resources. Water resource shortages and pollution gradually limit the development of a society. In the context of nature’s inability to provide stronger sewage degradation and water recycling, sewage control projects are also trying to promote the treatment and recycling of sewage to alleviate the problem of water shortage in China. At present, the available methods for wastewater treatment are physical [1], chemical [2], and biological [3] techniques. However, these methods have many limitations, such as high cost, long cycles, low efficiency, and difficulties in dealing with biodegradable toxic and harmful substances [4], so they cannot completely solve the pollution problem. In contrast, photocatalytic oxidation technology has had more attention paid to it by researchers in recent years because it directly uses sunlight and reacts mildly; this method is simple, economical, practical, and free from secondary pollution [5].



Among the various photocatalysts, TiO2, as a kind of n-type semiconductor, attracts the most attention because of its nontoxic, harmlessness, low cost, stable chemical properties, sterilization capacity, and high photocatalytic activity, especially a relatively high sensitivity to ultraviolet light [6,7]. Common TiO2 has three crystal structures [8]: anatase, rutile, and brookite. As a photocatalyst, anatase has a narrow band gap and is usually used as the main crystalline phase structure in this field, while rutile is rarely used because of its wide band gap, and brookite has not been found to have photocatalytic properties. However, some studies have shown that the mixture of TiO2-phase structures can further improve its photocatalytic activity.



For applications in photodegradation, people have to face the problem of recycling. TiO2 fiber is a kind of photocatalytic material that is more conducive to recycling, while the study on how to improve its photocatalytic activity will promote its practical application. Electrospinning is a common technique for preparing photocatalytic fibers [9]. In the process of preparing TiO2 fiber by electrospinning, it is necessary to heat the generated fiber precursor mixture. In this process, once the temperature is not properly controlled, the TiO2 fiber phase is likely to be unfavorable to the improvement of photocatalytic performance. According to the existing research, the transition temperature limit of anatase to rutile is 500–600 °C. However, due to the unique structure and nonpowder morphology of TiO2 fiber, the transition temperature limit may change. Therefore, the heat treatment crystallization process of electrospun TiO2 fiber is studied to ensure that the TiO2 fiber produced has high anatase or its composite crystallinity. At the same time, it is particularly important to ensure that the obtained TiO2 fiber has certain activity and strength.



In view of the advantages and disadvantages of TiO2, some scholars have researched the further improvement of its photocatalytic performance. It has been found that the formation of heterojunction structures on the surface can accelerate the separation of photogenerated electrons and holes, thus improving photocatalytic efficiency [10,11]. Abraham et al. [12] prepared W6+/TiO2 heterojunctions by a sol-gel method; the produced sample is spherical in shape, with uniform particle distribution. The degradation effect of Congo red was up to 86%. The doping of metals (Bi, Mg, etc.) can also be used to create a positive effect on the improvement of photocatalytic efficiency [13,14,15,16]. Jung et al. [17] doped europium in TiO2 by liquid plasma. It can be observed that the treated TiO2 is composed of many irregular nanoparticles stacked together. The degradation rate of acetyl salicylic acid reached 0.00148 min−1. In the literature, it is known that plasma technology can produce defects such as oxygen vacancies and accelerate the separation of photogenerated electrons from holes. It also contributes to the improvement of photocatalytic efficiency [18,19]. Irala et al. [20] used nitrogen plasma to treat the TiO2 film grown on a carbon steel substrate, which improved photocatalytic performance. After treatment, TiO2 was attached in granular form. The degradation rate of methyl blue reached 0.009 min−1, 1.3 times that before treatment.



However, people also have to face a problem in practical applications since the powder recovery is difficult and easily causes secondary pollution. Therefore, it is of great significance to fix the semiconductor photocatalyst on the carrier. Carriers such as fibers, porous nickel foam, stainless steel mesh, and porous sponge are highly valued because of their large comparative area and skeleton-like three-dimensional network structure. Fiber is widely used because of its large specific surface area and convenient recycling. Calisir et al. [21] prepared nitrogen-doped TiO2 fibers through centrifugal spinning and calcination processes. The treated fibers showed a hollow shape and an increased specific surface area, while there was little change in grain size, and the band gap was reduced to 3.01 eV. The degradation efficiency of methylene blue was still 94.66% after three cycles of experiments. Zhang et al. [22] prepared a kind of glass hollow TiO2 fiber film via dip coating and calcination. As the heating rate decreases, more holes appear, and the specific surface area increases. After treatment, the degradation rate of methylene blue reached 93%. It was 2.9 times higher than that before treatment. Li et al. [23] prepared Fe-doped TiO2 fibers by a hydrothermal method. Microscopic observation showed that the treated fibers exhibited needle-like morphologies. Lattice distortion occurs when Fe ions are doped. The separation speed of electron and hole is accelerated, which has a positive effect on the improvement of photocatalytic efficiency. After doping, the degradation ability of methylene blue reached 99.9%.



In recent years, the increasing requirements for material properties have greatly promoted the development of material surface modification technology. Plasma technology as a green, cheap, and simple method has attracted extensive attention [24]. The plasma process is different from the general treatment method. The treatment system is dominated by charged particles and affected by external electric, magnetic, and electromagnetic fields [25]. The treatment method has the characteristics of no influence on matrix performance, high efficiency, energy saving, environmental protection, a simple process, and so on [26]. Therefore, plasma modification can effectively improve the physicochemical properties of semiconductor photocatalysts.



In this study, the TiO2 fiber prepared by electrospinning technology was modified by heat treatment combined with plasma regulation [27] so that its crystal phase and interfacial structures could maximize the improvement of the photocatalytic performance. The effects of different heat treatment temperatures and plasma modification on the micro/nanostructure and optical and photocatalytic activity of the TiO2 fibers are analyzed, and the mechanism of photocatalytic degradation of the organic compounds is predicted.




2. Results and Discussion


2.1. Fiber Morphology and Crystal Structure


The SEM morphologies of the TiO2 fibers obtained after calcination at different temperatures and plasma treatments are shown in Figure 1. The morphologies of the fibers obtained at 500~800 °C are similar, with dense fiber cross-sections. The main fiber diameters are all between 200 nm and 400 nm, and there are a small number of microfibers (diameter d < 100 nm); this is caused by the instability of the Taylor cones during electrospinning, which is basically consistent with the relevant literature [28]. The fibers calcined at 500 °C and 600 °C (Figure 1a,b) were bent and disorderly, with rough surfaces and cross-sections. However, the fiber surface treated at 700 and 800 °C (Figure 1c,d) is more smooth and more compact. Figure 1e is the SEM image of the TiO2-PH72 sample; it was found that, after calcination at 700 °C and plasma treatment, the fibers are straight and orderly. The plasma treatment is rather complex due to the different types of neutral and charged particles involved in the generation process, but it is very well suited to widely controlling the material properties. In this study, during the plasma treatment process, the activated species of the neutral and ionized particles impinging on the fiber surface is the key parameter, which can be used to modify the surface state, which is mainly due to the plasma–chemical reactions and plasma–surface interactions. The phenomenon of “straight and orderly” is interesting; it should be due to the excitation, electrolysis, and ionization of more and more hydrogen molecules during 720 s of plasma treatment, which causes a high concentration of hydrogen ions to accumulate, leading to the phenomenon that occurs [29].



At the same time, BET testing was performed on the TiO2-700 °C, TiO2-800 °C, and TiO2-PH72 samples (in Figure 2). It was found that the specific surface area of the three samples is not different. From SEM images, it can also be observed that the TiO2-700 °C, TiO2-800 °C, and TiO2-PH72 samples are compact, with relatively smooth surfaces and no pores [30]. Therefore, the specific surface area is not the main factor influencing the photocatalytic performance in this study.



The TEM characterizations of the TiO2-700 °C and TiO2-800 °C fibers are shown in Figure 3 and Figure 4, respectively. It can be observed that the TiO2 fiber surface presents a smooth and dense structure (in Figure 3a and Figure 4a), which is consistent with the observation results of the SEM. Anatase (101) crystal faces with a lattice spacing of 0.35 nm and rutile (110) crystal faces with a lattice spacing of 0.32 nm can be identified on the fiber surface [31]. In many of the TEM images of TiO2-700 °C, only one lattice stripe from rutile is found, which indicates that anatase is the main component of the TiO2-700 °C fiber. However, for the TiO2-800 °C sample, the lattice stripes of rutile are easy to find, which means that a considerable part of anatase has been converted to rutile in the TiO2-800 °C fiber. By calibrating the diffraction pattern of TiO2, it can be proved that the crystal phase at 700 °C (Figure 3) mainly comes from the anatase phase, and a small amount of the rutile phase also exists. However, when the diffraction pattern at 800 °C (Figure 4) was calibrated, a large amount of the rutile phase was found.



From the above SEM and TEM analysis, it is concluded that TiO2 fibers of 200~400 nm with dense morphologies have been produced by the combined method of electrospinning and heat treatment from 500 to 800 °C. Both the anatase and rutile phases have been identified via fiber crystallization, and the phase transformation from anatase to rutile seems to occur at a temperature of 700 °C, with the amount enhanced at 800 °C. Moreover, these two phases are in close contact with each other; the interfacial effect should be helpful in forming the anatase-rutile heterojunction in the photocatalysis of mixed-phase TiO2.



Figure 5a shows the XRD characteristics of those TiO2 fibers obtained after calcination at different temperatures and plasma treatments. The XRD pattern shows that all characteristic peaks belong to the anatase or rutile phase of TiO2, and no peaks of the other phases appear. This indicates that the purity of the TiO2 fiber obtained by this process is relatively high. The characteristic peaks of the calcined fibers were all narrow and high, which means that the fibers crystallized well. The fibers calcined at 500–600 °C are pure anatase phase, and the crystallinity gradually becomes higher with the increase in temperature, which is consistent with the theory [32,33]. The rutile phase begins to appear in the TiO2 fiber after calcination at 700 °C, and most of the anatase changes to rutile when it is held at 800 °C. This implies that the anatase-to-rutile transition temperature of the TiO2 fiber with this morphology is between 700–800 °C. This transition temperature is higher than the 400–600 °C commonly found in other studies. After plasma treatment, only the peaks of the anatase phase and rutile phase were observed, and no peaks of other new phases were produced. Therefore, a short time of plasma modification will not change the phase of the TiO2 fiber.



The formula D = 0.9λ/βcosθ [34] is used to calculate the grain diameter of each sample, where β is the full width at half of the peak maximum (FWHM), λ is the wavelength of the incident X-ray, and θ is the diffraction Angle. The calculated values are shown in Table 1. It can be found that the grain size tends to increase with the increase in calcination temperature, while the gradual transition of the anatase phase to the rutile phase occurs [35]. There is little change in grain size after H2 plasma treatment. At 800 °C, the grain size changes obviously due to the high calcination temperature, where the phase is almost the rutile phase. At the same time, the formula d–2 = (h2+k2)/a2+l2/c2 [36] was used to calculate the lattice constants (a and c) of each sample; the results are also shown in Table 1. It can be found that there were no crystal lattice changes from the different calcination temperatures [37].



Figure 5b shows the Raman spectra of those fibers treated with different calcination temperatures [38]. The Raman characteristic spectra of the TiO2 anatase phase are composed of Eg, B1g, and A1g peaks [39]. The characteristic peak at 142.6 cm−1 is attributed to the Eg peak of anatase, and the characteristic peak at 394.2 cm−1 is attributed to the B1g peak of anatase. The anatase A1g peak is located at 513.4 cm−1, and the second Eg peak is located at 635.6 cm−1. There are two unique characteristic peaks at 444.3 cm−1 and 609.1cm−1, which are attributed to the Eg peak and A1g peak of the rutile phase, respectively. This shows that anatase–rutile transition does occur in the TiO2 fiber between 700 °C and 800 °C. There is an obvious characteristic peak of the rutile phase when the sample was calcined at 800 °C, which is not detected at 700 °C due to the low content of the rutile phase, which is consistent with the results of the XRD and TEM characterization.




2.2. Chemical Structure


The fiber XPS test results for TiO2-600 °C, TiO2-700 °C, TiO2-800 °C, and TiO2-PH72 are shown in Figure 6. The XRD results, after calcination, show that the crystal structure of the TiO2 fiber is undergoing a phase transition. However, the binding energy of Ti does not change much in the XPS test results. This is attributed to the error in the charge correction process, and the Ti atom is located in the center of the TiO2 lattice, which is not greatly affected by the phase transition process. The O atom near 532 eV is allocated to the H2O in the sample, so the binding energy hardly changes [40]. However, the O 1s peak at 529 eV is due to the junction of the TiO2 lattice, and the peak position shows a trend of gradually decreasing; this should be attributed to the difference between rutile and anatase, mainly for the lattice arrangement and connection mode, which are different. Moreover, for the TiO2-PH72 sample, the XPS map of Ti 2p (in Figure 6b) shows that the binding energy of the Ti atoms was significantly reduced. This is due to the O defect, which reduces the O coordination number of some of the Ti atoms. Moreover, a peak appeared at 495.4 eV after plasma treatment; this is due to the reduction of Ti4+ to Ti3+. In general, Ti3+ and oxygen vacancies exist at the same time, so this is another example of the formation of oxygen vacancies [41]. Similarly, O 1s (Figure 6c) also shows a new peak located at 531.75 eV, which is also due to oxygen defects after plasma treatment. This small peak is attributed to the absence of oxygen atoms to form hydroxyl groups on the surface. The peak binding energy, which was originally located at 531.00 eV, and the related position decreased slightly due to the loss of the oxygen atom [42].



Figure 7 shows the EDX results of those fibers calcined at 700 °C and treated with H2 plasma for 720 s. It was found that the main elements in the samples were Ti and O, which is consistent with the XPS results. The small amount of Si in the samples may be caused by contamination during the measurement process. The element concentrations were further analyzed by using the XPS measurement. Table 2 shows the elemental content of each sample, which is fitted from the XPS spectra. The main elements in the sample are Ti and O, but the sum of the content of the two elements is less than 100%, which was caused by the introduction of C and other elements during the test. The content of the oxygen atoms was observed to decrease after plasma treatment. This also proves the previous hypothesis of oxygen vacancy formation [43].



We also carried out an auxiliary analysis and determined the chemical structure of the TiO2 fibers via FTIR [44,45]. Figure 8 shows the FTIR spectra of the four samples (TiO2-600 °C, TiO2-700 °C, TiO2-800 °C, and TiO2-PH72). The characteristic peaks at 437 cm−1 and 494 cm−1 are attributed to the anatase phase [46] and the rutile phase, respectively. Due to the low rutile content in TiO2-700 °C, the characteristic peak at 494 cm−1 is very low. The anatase peak strength in the TiO2-PH72 fiber is significantly reduced, which indicates that its Ti-O bond was damaged after plasma treatment. The characteristic peak at 3364 cm−1 is attributed to the H2O contained in the sample. With an increase in calcination temperature, the characteristic peak of H2O attached to the sample gradually decreased [47]. The wide peak centered on the characteristic peak at 1051 cm−1 is due to the vibration of the anatase Ti-OH bond [48], and the peak located at 1634 cm−1 is attributed to the vibration of polar hydroxy-OH [49]. Table 3 shows the wavelengths in the FT-IR spectrum and the vibrational bonds corresponding to them.



Therefore, from the chemical analysis via XPS and FTIR, it can be found that the chemical state of the TiO2 fiber surface has been modified by calcination and plasma treatment. The increase in calcination temperature from 600 to 800 °C has led to a decrease in the absorption of H2O on the fiber surface due to the improvement of the density. Only Ti, O, and a small amount of C can be identified in the XPS survey spectra, so no impurity was introduced during the fabrication process. The O defect has been generated by the H2 plasma treatment; this may also have good effects on photocatalytic performance in addition to the building of anatase–rutile heterojunction.




2.3. Calculation of UV-Vis Spectra and Bandgaps


The absorption capacity of the TiO2-500 °C, TiO2-600 °C, TiO2-700 °C, TiO2-800 °C, and TiO2-PH72 fibers under ultraviolet and visible light was tested by UV-vis diffuse reflectance spectroscopy (in Figure 9). Compared with the TiO2-600 °C fiber, the absorption wavelength of the TiO2-500 °C fiber has an obvious red shift; this because the organic material in it has not completely decomposed, affecting the absorption of the visible light wavelength. The optical wavelength absorption curves of the TiO2-600 °C and TiO2-700 °C fibers are almost consistent, which is basically consistent with the optical wavelength absorption curves of common anatase.



The TiO2-800 °C fiber has the advantage of light absorption at 350–430 nm, which is attributed to the heterojunction formed between the anatase phase and the rutile phase. Oxygen vacancies are generated after plasma modification, which makes the TiO2-PH72 fiber advantageous over other fibers within an absorption light above 430 nm [50]. The surface structure of the fiber changed, and the optical absorption capacity of the fiber improved to some extent.



The following reference formula is often used to calculate the optical bandgap of photocatalysts:(ahν)1/n = C(hν − Eg); TiO2 is an indirect bandgap semiconductor with the index n = 2. The calculated band gap value is shown in Figure 9b [51,52]. For the TiO2-500 °C, TiO2-600 °C, and TiO2-700 °C samples, the band gap value is roughly the same, which is around 3.1 eV since they are basically within the anatase phase. However, when the calcination temperature is higher than 700 °C, a large amount of the anatase phase will change to the rutile phase, which leads to a slight decrease in the band gap [53]. Furthermore, the fiber band gap value of TiO2-PH72 was lower (~2.8 eV); this may be caused by the O defect formed during the plasma treatment process.




2.4. Photocatalytic Properties


The degradation of the methyl orange solution by the fiber obtained after different calcination temperature and H2 plasma treatment was measured via a photocatalytic reaction instrument so as to simulate the degradation ability of organic sewage. The degradation ability of the TiO2 fiber photocatalyst was characterized by the residual rate of methyl orange. A special UV lamp (wavelength λ < 500 nm) was used in the experiment. The residual rate of methyl orange after photocatalytic degradation is shown in Figure 10a [54]. The degradation rate constant (k) was determined using the equation ln(C0/Ct) = kt (Figure 10b) [55], with C0 and Ct representing the concentration of the methyl orange solution before and after illumination, respectively. It is obvious that the degradation rate of the calcined TiO2 fiber reaches the highest activity at 700 °C; then, the degradation rate can be further improved after surface plasma treatment, which leads to the degradation rate of the TiO2-PH72 fiber being about 30% higher than that of the TiO2-700 °C fiber. It can be found that the photocatalytic performance of the TiO2 fiber modified by the H2 plasma process has obvious advantages. The presence of oxygen vacancy was confirmed by EPR testing (in Figure 11). The results show that, compared with the TiO2-700 °C fiber, oxygen vacancies in the plasma-treated fiber increased significantly. As the oxygen vacancies are created, the number of trapped electrons increases. This results in an accelerated separation of photogenerated electrons and holes. At the same time, oxygen vacancy as an active site can absorb O2 into O2—, which is the direct reason for the increase in photocatalytic efficiency [56]. The photocatalytic performance of the prepared fibers in this work is compared with the different forms of other authors, as shown in Table 4. It can be seen that the prepared fibers have a better degradation efficiency relative to the recent literature review on TiO2 photocatalysts.



Based on the above tests and characterizations, the mechanism of photocatalysis was predicted (in Figure 12). Figure 12a is the prediction diagram of the mechanism of heterojunction sewage treatment before plasma treatment after both anatase and rutile are excited under UV light. Due to the different bands between anatase and rutile, e- migrates from the CB of the anatase phase to the CB of the rutile phase, as does h+ from the rutile phase of VB to the anatase VB [63]. The generation of the heterojunction structure accelerates the separation efficiency of the photogenerated electrons and holes and reduces the binding ability of photogenerated electrons and holes. This also improves the performance of photocatalysis [64]. Oxygen vacancies were created after treatment with the H2 plasma. According to the test results and some references [65], a TiO2 band structure containing oxygen vacancies was predicted (Figure 12b). It can be seen that there is a vacancy between the valence band and the conduction band. In the photocatalytic test, the new vacancy level is also involved in the light excitation process. This also explains the reason for the improvement in photocatalytic efficiency after plasma treatment.





3. Experimental


3.1. Materials


Anhydrous ethanol (C2H6O), acetic acid (CH3COOH), cetyl trimethyl ammonium bromide (C16H33(CH3)3NBr) (CTAB), polyvinylpyrrolidone (PVP), tetrabyltyl titanate (C16H36O4Ti) (TBOT), methyl orange (C14H14N3NaO3S) were purchased from CNPC Stock Reagent Chemical Group Co. LTD (Beijing, China). The reagents can be used directly without handling. Deionized water was prepared via an economic pure-water mechanism and was used for cleaning the samples in the experiment.




3.2. Electrospinning and Heat Treatment of TiO2 Fibers


In this research, electrospinning technology was used to prepare the Ti containing the precursor fiber, and then the crystal structure of the fiber was regulated by heat treatment processes. The first step was the preparation of the spinning solution by adding 3 g acetic acid and 3 g CTAB to a conical flask containing 65 g absolute ethanol and stirring for 10 min. Then, PVP was put in the solution, which was stirred vigorously to prevent PVP clumping, for about 30 min until PVP was completely dissolved, and finally, 20 g of TBOT was added and stirred for 12 h to thoroughly mix the solute. The second step was spinning and forming the fiber; the spinning solution was injected into the extrusion pump of the electrospinning machine for extrusion at a rate of 1 mL/h. An 18# spinning needle (with an outer diameter of 1.2 mm) was used, and a high voltage direct current of 15 KV was applied between the needle and the receiving plate. A continuous distance of 15 cm was maintained between the needle and the receiving plate to ensure uniform electric field intensity. The needle was mounted on a numerical control device and spun continuously for 9 h by reciprocating transverse motion at a rate of 5 cm/s. A mixed fiber mat consisting of PVP and Ti(OH)3 was obtained. The third step was the heat treatment of the fiber; the precursor fibers from electrospinning were transferred to the Muffle furnace and heated to 500 °C, 600 °C, 700 °C, and 800 °C at the rate of 5 °C/min, respectively. The fibers were held for 2 h and then air-cooled to room temperature with the furnace. The obtained TiO2 fibers were labeled as TiO2-500 °C, TiO2-600 °C, TiO2-700 °C, and TiO2-800 °C, respectively. The specific process is shown in Figure 13.




3.3. Low Temperature Plasma Processing Technology


In order to further improve the photocatalytic degradation efficiency of the TiO2 fiber photocatalyst, RF discharge plasma was used to modify the TiO2-700 °C fiber. The 1.2 mmol TiO2-700 °C fiber was placed in the treatment chamber of the RF plasma equipment, which was pumped to a vacuum environment (<0.1 Pa) and then fed H2 to stabilize the pressure in the treatment chamber at 25 Pa. An RF power of 80 W was used to excite the plasma for 720 s. After finishing the treatment, we turned off the RF power quickly, interrupting the vacuum, opening the air valve, and removing the sample. The sample was labeled as TiO2-PH72.




3.4. Characterization Methods


The surface morphologies of the fiber samples were observed by S-4800 type II field emission scanning electron microscope (SEM) (Hitachi Ltd., Tokyo, Japan). Advanced polycrystalline X-ray diffraction (Bruker AXS, Germany) was used to inspect the crystal structure of the fiber at 800 °C. A copper target (λ = 0.154056 nm) was used for detection, with a voltage of 40 KV and a current of 40 mA. The scanning range was θ = 5°~40°, that is, (2θ = 10°~80°), and the scanning speed was 5°/min. A Cary 5000 UV-visible-near-infrared absorption spectrometer (Varian, USA) was used. The optical absorption capacity of the prepared photocatalyst was tested in the light wavelength range of 200–800 nm, where the background absorption curve was obtained by BaSO4 test. Fourier transform infrared spectroscopy (FTIR) was performed using a Cary 610/670 microscopic infrared spectrometer (Varian, USA) with an Attenuated Total Reflection (ATR) test assembly. The prepared photocatalyst was tested in the wavelength range of 450–4000 cm−1. Raman spectroscopy was performed using an In Via laser confocal Raman spectrometer (Renishaw, UK). The photocatalyst was tested and analyzed in the wavelength range of 100–2000 cm−1. TecnaiG2F30 S-TWIN field emission transmission electron microscope HRTEM was used to observe and analyze the detailed structure. After the photocatalyst fiber was broken and ultrasonically dispersed with absolute ethanol, it was searched for with copper mesh and observed at 200 KV. Changes in oxygen vacancies were characterized using an A300-10/12 paramagnetic resonance spectrometer (EPR) (Bruker, Germany).




3.5. Photocatalytic Performance Test


In this study, a 25 ppm methyl orange indicator was used as the simulated pollutant in dye wastewater. The residual amount of methyl orange was determined by measuring the absorption ability of residual methyl orange at 464 nm wavelength light. In the photocatalytic performance test, 0.02 g of the photocatalyst was added to the photocatalytic reactor, and 100 mL of the MO solution at a concentration of 25 ppm was added to obtain the mixed suspension. The suspension was placed in the dark, and the magnetic force of the device was turned on for 0.5 h. Then the suspension was irradiated with a 250 W xenon lamp to simulate the visible light irradiation environment. In the simulation of the visible light environment, the temperature of the suspension was maintained at about 25 °C through an external cooling water pipe. The residual concentration of methyl orange was estimated by measuring the absorbance of the methyl orange solution at the maximum absorption wavelength (464 nm) using a UV-vis spectrophotometer. The formula Ct/C0 was used to calculate the residual concentration of the methyl orange. Where Ct represents the absorbance of methyl orange at the measurement time, and C0 represents the original absorbance of methyl orange before irradiation. Ct/C0 was used to represent the degradation efficiency of the photocatalyst and to quantify its photocatalytic performance.





4. Conclusions


In this research, the calcination and plasma treatment effect on the nanostructures and photocatalytic efficiency of electrospun TiO2 fibers were studied. All the fibers with a diameter of 200~400 nm exhibited a smooth surface and dense morphologies, which were generated by the combined method of electrospinning and heat treatment from 500 to 800 °C. The phase transformation from anatase to rutile starts to occur at the temperature of 700 °C, and an anatase–rutile heterojunction was formed due to the interfacial effect of mixed-phase TiO2. Plasma treatment has no influence over whole-fiber crystallization but generates some chemical state changes on the TiO2 fiber’s surface, where the oxygen vacancies are produced; this leads to an improved optical absorption capacity and lower bandgap value. For the photocatalytic performance, the degradation rate can be obviously enhanced by increasing the calcination temperature up to 700 °C, which is about 2.5–4.5 times that of the other heat-treated fibers. Moreover, photocatalytic efficiency can be further improved after surface plasma treatment since oxygen vacancies are created as the active sites. Finally, the photocatalytic mechanism, which combines the anatase-rutile heterojunction and the effect of oxygen vacancies, was built. This method has wide application prospects in the field of material modification and provides another direction for photocatalytic materials with better degradation abilities.
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Figure 1. SEM images of TiO2 fibers obtained after calcination at different temperatures and plasma treatments: (a) TiO2-500 °C, (b) TiO2-600 °C, (c) TiO2-700 °C, (d) TiO2-800 °C, and (e) TiO2-PH72. 






Figure 1. SEM images of TiO2 fibers obtained after calcination at different temperatures and plasma treatments: (a) TiO2-500 °C, (b) TiO2-600 °C, (c) TiO2-700 °C, (d) TiO2-800 °C, and (e) TiO2-PH72.
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Figure 2. N2 gas adsorption/desorption isotherm of all samples; the inset is the corresponding pore-size distribution. 






Figure 2. N2 gas adsorption/desorption isotherm of all samples; the inset is the corresponding pore-size distribution.



[image: Catalysts 12 01441 g002]







[image: Catalysts 12 01441 g003 550] 





Figure 3. TEM observation of the TiO2 fiber annealed at 700 °C; (a) TEM image of local magnification; (b) HRTEM image and lattice annotation of anatase and rutile, and (c) calibration of diffraction pattern. 
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Figure 4. TEM observation of the TiO2 fiber annealed at 800 °C; (a) TEM image of local magnification; (b) HRTEM image and lattice annotation of anatase and rutile, and (c) calibration of diffraction pattern. 
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Figure 5. (a) XRD patterns and (b) Raman spectra of those TiO2 fibers obtained after calcination at different temperatures and plasma treatments. 
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Figure 6. XPS spectra of the TiO2 fiber obtained after calcination at different temperatures and plasma treatments: (a) survey spectra, (b) Ti 2p spectra, and (c) O 1s spectra. 
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Figure 7. EDX images of the (a) TiO2-700 °C and (b) TiO2-PH72 samples. 
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Figure 8. FTIR spectra of the TiO2 fibers obtained after calcination at different temperatures and plasma treatments. 
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Figure 9. UV-vis diagram (a) and Tauc plots (b) of the fibers obtained after different calcination temperatures and plasma treatments. 
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Figure 10. (a) Photocatalytic degradation rate of the TiO2 fibers obtained after calcination at different temperatures and plasma treatments; (b) first-order kinetics of photocatalytic degradation. 






Figure 10. (a) Photocatalytic degradation rate of the TiO2 fibers obtained after calcination at different temperatures and plasma treatments; (b) first-order kinetics of photocatalytic degradation.



[image: Catalysts 12 01441 g010]







[image: Catalysts 12 01441 g011 550] 





Figure 11. EPR spectra of TiO2-700 °C and TiO2-PH72. 






Figure 11. EPR spectra of TiO2-700 °C and TiO2-PH72.



[image: Catalysts 12 01441 g011]







[image: Catalysts 12 01441 g012 550] 





Figure 12. (a) Photocatalytic mechanism before plasma treatment; (b) photocatalytic mechanism after plasma treatment. 
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Figure 13. Process flow chart of electrospinning TiO2 fiber preparation; heat treatment and plasma modification. 
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Table 1. Grain size and lattice constant of all samples.






Table 1. Grain size and lattice constant of all samples.





	
Sample

	
Grain Size (nm)

	
Standard Value of Lattice Parameter (Å)

	
Calculated Lattice

Parameter (Å)




	
Anatase

	
Rutile

	
Anatase

	
Rutile






	
TiO2-500 °C

	
55

	
a = 3.785

c = 9.514

	
a = 4.593

c = 2.959

	
a = 3.8536

c = 9.3607

	
/




	
TiO2-600 °C

	
55.2

	
a = 3.7742

c = 9.4382

	
/




	
TiO2-700 °C

	
56.2

	
a = 3.7892

c = 9.4010

	
a = 4.5815

c = 2.9422




	
TiO2-800 °C

	
59.3

	
a = 3.7799

c = 9.4939

	
a = 4.5836

c = 2.9681




	
TiO2-PH72

	
56.4

	
a = 3.7948

c = 9.3347

	
a = 4.5850

c = 2.9485
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Table 2. Element content and O/Ti of each sample from XPS.
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Samples

	
Element Concentration

	
O/Ti




	
O(%)

	
Ti(%)






	
TiO2-500 °C

	
62.90

	
32.12

	
1.96




	
TiO2-600 °C

	
62.34

	
32.89

	
1.90




	
TiO2-700 °C

	
61.83

	
33.12

	
1.87




	
TiO2-800 °C

	
61.14

	
33.67

	
1.82




	
TiO2-PH72

	
61.03

	
33.82

	
1.80
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Table 3. The corresponding vibrational bonds in the FTIR spectra.
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	Wavenumber (cm−1)
	Vibrational Bonds





	437
	Ti-O (Anatase)



	494
	Ti-O (Rutile)



	717
	Ti-O-Ti



	1051
	Ti-OH



	1634
	Polarity -OH



	3364
	Adsorbed water
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Table 4. The recent literature review on TiO2 and the comparison between their photocatalytic efficiency and the results in this work.
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	Methods
	Photocatalysts Type
	Simulated Pollutant
	The Degradation Rate Constant K Value
	Ref.





	Plasma spraying
	Coating
	Methylene blue
	0.0014 min−1
	[57]



	DBD
	Coating
	Methyl orange
	0.0146 min−1
	[58]



	Sol-gel method
	Particles
	Methyl red
	0.0160 min−1
	[59]



	Reactive plasma
	Powder
	Bacteria
	0.0010 min−1
	[60]



	Hydrothermal synthesis
	Fiber
	CO2
	0.0110min−1
	[61]



	DBD
	Coating
	Methylene blue
	0.0099 min−1
	[62]



	* Electrospinning, calcination
	Fiber
	Methyl orange
	0.0157 min−1
	/



	* H2 plasma treatment
	Fiber
	Methyl orange
	0.0223 min−1
	/







(DBD: Dielectric Barrier Discharge; * Represents the photocatalysts synthesized in this study).
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