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Editorial on the Research Topic 
Micro-nano optics and photocatalysis materials, devices, and applications

Nowadays, the environmental pollution is becoming more and more serious in the world. Micro-nano optics and photocatalysis technology has demonstrated excellent ability in solving this problem. In the process of solving this critical problem, many new technologies have emerged and can be applied to optical communication, information storage, biological transport, drug carrier, sensing, display, luminescence, electronics and other fields. To effectively utilize sunlight, many novel techniques have been developed to synthesize photocatalysts or construct multiple heterojunction composite photocatalysts, and many related emerging technologies have also emerged. The vigorous development of these technologies is conducive to promoting the rapid take-off of the global economy and providing strong technical guarantee for solving environmental problems.
This volume deals with an absorbers for photon detection, optical filtering and spectral sensing, Hall thrusters for aerospace and deep space exploration, photocatalysts for orthopedic implants, photocatalysts for hydrogen production from water decomposition, and special synthesis of special heterojunction photocatalysts. From simulation calculation to experimental research, this study provides an in-depth insight into the core technologies used in optics, aerospace, photocatalysis and medical fields, and points out the direction for subsequent research. Simultaneously, some synthesis methods of novel photocatalysts are also explored, which provides a technical route for constructing new heterojunction photocatalysts.
To effectively use solar energy, (Xu et al.) proposed a design method of asymmetric silicon grating absorbers based on surface plasmon resonance and Fabry-Perot (FP) cavity and used finite difference time domain (FDTD) to simulate the calculation. The influences of geometric parameters, incident and polarization angles on the performance of silicon grating absorbers were discussed in detail. The designed absorber can be potentially used in the field of photon detection, optical filtering and spectral sensing. To achieve solar energy collection, light heat conversion, high sensitive sensing and other functions, (Huang et al.) designed an ultra-broadband solar absorber on the basis of metal tungsten and semiconductor GaAs structure. By adjusting the geometric parameters, the high efficiency surface plasmon resonance is excited and the ultra-wideband absorption of up to 2,350 nm is realized. Similarly, (Liu et al.) proposed a perfect broadband solar absorber with the structure of GaAs grating-GaAs film-W substrate. The model have been simulated by the finite time domain difference method (FDTD). This structure is thought to be very simple and easy to operate, and can be used in photothermal conversion, collection and utilization of solar energy.
In the past, deep space exploration mainly carried chemical propellant to provide energy for spacecraft, while Hall thruster has gradually replaced the traditional chemical thruster to provide a new technological replacement for the space field. The design of the new Hall thruster has become an indispensable trend to help the new development of space industry. (Yang et al.) designed a new 5 kW Hall thruster, which can be used for deep space exploration, this technology providing reference for the design of Hall thrusters in space industry.
Photocatalytic technology is a green technology which has been developed as the environment is polluted and highly valued all over the world. (Han et al.) reviewed the application of MAl2O4 (M = Mg, Sr, Ba) based photocatalysts in the field of photocatalysis, and summarized the development trend of this kind of catalyst in the future, which can be applied to the synthesis and application of other photocatalysts. Photocatalysts can be used in medicine, especially orthopedic implants, in addition to efficiently degrading dyes, drugs and hard-to-degrade pollutants in the process of efficient utilization of sunlight. (Qi et al.) studied the application of different types of TiO2-based photocatalysts in the field of photocatalysis and orthopedic implants based on the preparation of TiO2-based photocatalysts. These technologies provide technical support for the study of other semiconductor based photocatalysts for orthopedic implants. (Tong et al.) constructed ZnFe2O4 based heterojunction photocatalyst by sol-gel method, which showed high photocatalytic activity in photocatalytic degradation of dyes, refractory pollutants and drugs. (Pu et al.; Wang et al.; Zhang et al.) and his research group synthesized a variety of semiconductor composites using special preparation methods and investigated their photocatalytic activities of water decomposition to produce hydrogen and dye degradation. The application of these techniques in the field of photocatalysis will promote the further development of photocatalysis.
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With the exhaustion of world energy, new energy has become the most important content of each country’s development strategy. How to efficiently use solar energy has become a research hotspot in current scientific research. Based on surface plasmon resonance and Fabry-Perot (FP) cavity, this paper proposes a design method of asymmetric silicon grating absorber, and uses finite difference time domain (FDTD) method for simulation calculation. By adjusting the geometric parameters, the asymmetric silicon grating absorber realizes two narrow-band absorption peaks with absorption greater than 99% in the optical wavelength range of 3,000–5,000 nm, and the absorption peak wavelengths are λ1 = 3,780 nm and λ2 = 4,135 nm, respectively. When the electromagnetic wave is incident on the surface of the metamaterial, it will excite the plasmon resonance of the metal to form a surface plasmon (SP) wave. When the SP wave propagates along the x axis, the silicon grating can reflect the SP wave back and forth. When the frequency of the SP wave and the incident light are equal, it will cause horizontal FP coupling resonance, resulting in different resonance wavelengths. This paper also discusses the influence of geometric parameters, incident angle and polarization angle on the performance of silicon grating absorbers. Finally, the sensing performance of the structure as a refractive index sensor is studied. The absorber can be used for various spectral applications such as photon detection, optical filtering and spectral sensing.
Keywords: surface plasmon resonance, fabry-perot resonance, asymmetric silicon grating, dual-narrow-band, perfect absorption
INTRODUCTION
Surface plasmon resonance (SPR) is a non-radiative electromagnetic mode formed by the coupling of incident photons and free electrons on the metal surface (Cao et al., 2014). It is an excited state that locally propagates on the medium and metal surface. It is limited to the surface of the medium and metal, where the surface intensity is the highest, and it gradually attenuates to both sides in the direction perpendicular to the surface (Deng et al., 2015; Chen et al., 2021a; Li-Ying et al., 2021). Its propagation characteristics are related to the incident light source, the metal medium material and the surrounding refractive index (Jiang et al., 2021a). SPR provides a foundation for micro-nano applications due to its unique advantages, including biosensing, light field enhancement, solar cells, photocatalysis, Raman enhanced detection, and photodetectors (Liu et al., 2017; Xiao et al., 2017; Li et al., 2018; Chen et al., 2019; Li et al., 2020a; Zhao et al., 2021).
Resonance in subwavelength periodic structures has been studied extensively in the last decade. The resonance mode can be excited by the plasmon to affect the transmission, reflection and absorption characteristics of the structure (Ding and Magnusson, 2004; Deng et al., 2018; Jiang et al., 2021b). The near unit absorption of waves is called perfect absorption, and researchers have carried out many studies on perfect metamaterial absorbers (Cheng and Du, 2019; Cheng et al., 2019; Cheng et al., 2020; Cheng et al., 2021). They have many potential applications. Perfect absorbers with wide operating bandwidth are conducive to the application in photon detection, solar energy collection and other fields (Zhu et al., 2014; Rosenberg et al., 2019; Li et al., 2020b; Li et al., 2021a; Li et al., 2021b; Zhou et al., 2021), while perfect absorbers with narrow operating bandwidth have great advantages in sensing, filtering and selective thermal emission (Liu et al., 2010; Mason et al., 2011; Yi et al., 2020; Chen et al., 2021b; Wang et al., 2021). In addition, the ultra-narrow bandwidth refractive index sensor based on the perfect absorber has large figure of merit (FOM), and many researchers have proposed such a sensor with good performance (Vafapour and Ghahraloud, 2018; Keshavarz and Vafapour, 2019; Vafapour, 2019; Zhang et al., 2021). Usually, an all-metal structure or a three-layer or multi-layer metal insulator metal (MIM) structure is used to achieve perfect absorption in a narrow band (El-Gohary et al., 2014; Long et al., 2015; Zhang et al., 2015; Long et al., 2016; Elshorbagy et al., 2017). However, due to the incompatibility of these structures with complementary metal oxide semiconductor (CMOS) manufacturing processes, the manufacturing costs are high (Kuznetsov et al., 2016). Therefore, people are paying more and more attention to the realization of narrow-band perfect absorber through the dielectric structure on the metal system (Sharon et al., 1997; Liao and Zhao, 2017; Ren et al., 2019). Compared with the perfect metal absorber, this absorber can save manufacturing costs (Cui et al., 2014). This type of absorber usually has a dielectric waveguide layer. They can produce ultra-narrow absorption, but the structures are complex. Therefore, in order to optimize the structure, we can place the dielectric waveguide layer on the metal substrate or metal base film. For example, in 2016, Callewaert et al. proposed a narrow-band absorber based on a silver film dielectric nanodisk array (Callewaert et al., 2016).
In this paper, an asymmetric silicon grating absorber is designed based on the medium-metal-medium structure. Through the adjustment of geometric parameters, the dual-narrow-band perfect absorption is finally achieved. Asymmetric silicon grating is designed by using three unevenly spaced silicon strips in each cell. This asymmetric structure makes the absorber support horizontal FP resonance. The plane plasmon wave excited by the TM polarization (incident electric field polarized along the x-axis) incident can produce different FP coupling resonances with the incident light, resulting in two absorption peaks. When the incident angle is changed, the two absorption peaks show insensitive characteristics in the range of 0˚–20˚. In addition, the influence of geometric parameters and polarization angle on the performance of the absorber are briefly discussed. Finally, when this structure is used as a sensor, it has high sensitivity and quasi-linear response. It can be used in a variety of multi-spectral applications, such as filtering, photon detection, and spectral sensing.
MATERIALS AND METHODS
Figure 1 shows the structure of the dual-narrow-band grating absorber we designed. It is made of a quartz substrate and a silicon grating on the surface of a gold film. Incident light source is TM plane light wave, and the direction of light source is perpendicular to grating plane. The period of the grating is A, and there are three silicon gratings with unequal spacing in each period. The three silicon grating structures in a unit period make the grating as a whole asymmetrical structure. h1 represents the height of the silicon grating, h2 represents the height of the gold thin layer, w represents the width of the silicon grating, and d1 and d2 represent the center spacing of adjacent silicon gratings. The parameters of gold and silicon come from Palik (Palik, 1998), and the refractive index of quartz is 1.45. In the case of normal light wave incidence, we calculate the reflection (R), transmission (T) and absorption (A) as shown in Figure 2. The geometric parameters of the structure are A = 3,000 nm, h1 = 630 nm, h2 = 90 nm, w = 300 nm, d1 = 560 nm, and d2 = 880 nm, respectively. We can notice from Figure 2 that the range of the light waveband is 3,000–5,000 nm, where the T is basically zero. The first absorption peak that appears is named λ1 (λ1 = 3,780 nm), and its full width at half maximum (FWHM) is 40 nm. The second absorption peak, we named λ2 (λ2 = 4,135 nm, FWHM = 39 nm). The absorption of the two resonance peak wavelengths exceeds 99%.
[image: Figure 1]FIGURE 1 | Three-dimensional structure diagram of asymmetric silicon grating.
[image: Figure 2]FIGURE 2 | Spectra of reflection (R), transmission (T) and absorption (A) under normal incidence of TM polarized light.
RESULTS AND DISCUSSION
In order to analyze the physical mechanism of resonance, we simulated and calculated the electric and magnetic field distributions at λ1 = 3,780 nm and λ2 = 4,135 nm on the XOZ plane. Figures 3A,B respectively show the electric field and magnetic field distribution at λ1. We have observed that the electric field is distributed at the top corners of the slits with small silicon grating spacing, and the magnetic field is mainly distributed between the slits with small silicon grating spacing. Figures 3C,D respectively show the electric field and magnetic field distribution at λ2. The difference from λ1 is that the electric field is distributed on the surface of the three silicon gratings, and the magnetic field is mainly distributed in the slits of the two silicon gratings with a larger silicon grating spacing. This indicates that these two resonance peaks are derived from the coupling between the SPR of the metal and the resonance of the FP cavity (Cheng et al., 2015; Lv et al., 2018; He et al., 2020). The resonant peak at λ1 is mainly related to the FP resonance between gratings with a short pitch (d1), and the resonant peak at λ2 is mainly derived from the FP resonance between gratings with a large pitch (d2).
[image: Figure 3]FIGURE 3 | (A) and (B) represent the electric and magnetic field diagrams at λ1 = 3780 nm, respectively. (C) and (D) represent the electric and magnetic field diagrams at λ2 = 4135 nm, respectively.
Then in order to explore the influence of the asymmetric silicon grating structure on the absorption performance, we used the controlled variable method to change the geometric parameters. Figures 4A,B respectively show the influence of the change of the period and the geometric parameters of the silicon grating pitch on the absorption performance of the silicon grating. From Figure 4A, we can observe that as the period length increases, the first absorption peak (λ1) of the silicon grating gradually increases. With the increase of the period length, the two absorption peaks show red shift, and the longer the period length is, the farther the wavelength distance of the two absorption peaks is. At the same time, we noticed that the FWHM slowly decreases with the increase of the period. Figure 5B shows that we change the smaller silicon pitch of the asymmetric silicon grating (d1) as the geometric parameter variable. Through Figure 4B, we found that when the silicon grating pitch is 60 nm, the absorption of the two absorption peaks is not high, and the FWHM is large. As the spacing of the silicon grating increases, the absorption gradually increases, the FWHM gradually decreases, and the two absorption peaks appear blue shift. At the same time, we can observe that the change of the silicon grating pitch has a greater influence on the first absorption peak, indicating that the λ1 peak is sensitive to the change of the grating pitch, that is, the absorption peak is sensitive to the cavity length change.
[image: Figure 4]FIGURE 4 | (A) The effect of changing the grating period on the absorption spectrum. (B) The effect of changing the smaller silicon pitch of the grating on the absorption spectrum.
[image: Figure 5]FIGURE 5 | (A) The effect of changing the thickness of the grating silicon on the absorption spectrum. (B) The effect of changing the silicon width of the grating on the absorption spectrum.
Figures 5A,B respectively show the influence of asymmetric silicon grating thickness and silicon grating width geometric parameters (d2) on the absorption performance of the silicon grating. From Figure 5A, we can observe that as the thickness of the silicon grating increases, the absorption of the two absorption peaks shows a trend of first increasing and then decreasing. This is because when the thickness of the silicon grating is small, it weakens the FP resonance and reduces the absorption of light. When the thickness increases to a certain size (630 nm), that is, when the thickness reaches the critical value, the absorption will no longer increase. At the same time, both absorption peaks appear red shift. And the distance between the two absorption peaks gradually increases, because each silicon grating plays a different role in the FP cavity. From Figure 5B, we also found that as the width of the silicon grating increases, the two absorption peaks first increase and then decrease, the resonance wavelength appears red-shifted, and the FWHM gradually increases. However, unlike the trend of silicon grating thickness changes, as the silicon thickness changes, the distance between the two absorption peaks becomes smaller and smaller. The reason is the same as the thickness of the silicon grating: each silicon grating acts as a mirror, and their role is different.
In addition, we also studied the spectral response of the asymmetric silicon grating structure under different incident angles and polarization angles, and the results are shown in Figure 6. It can be seen that the intensity and position of the absorption peaks in the range of 0˚–20˚ incident angle do not change, which indicates that the absorber is not sensitive to the incident angle in this range. When the incident angle exceeds 20˚, the absorption will be greatly reduced due to the wave vector mismatch. When changing the polarization angle of the beam from 0°(TM polarization) to 90° (TE polarization), the results are shown in Figure 6B. It can be clearly found that the extinction intensity of the two peaks decreases with the increase of the polarization angle. At the same time, we also noticed that when the incident plane wave is TE polarization, two new resonance peaks appear, which are caused by phase resonance (Qin et al., 2020; Su et al., 2021). The electric field generated at this time has a phase difference of π, which causes the far field to produce coherent cancellation, thereby generating two new peaks.
[image: Figure 6]FIGURE 6 | (A) The relation between resonance wavelength and incident angle under TM polarization. (B) The effect of changing the polarization angle of incident light on the reflection spectrum.
Finally, in order to explore the performance of asymmetric silicon grating as a refractive index sensor, we conduct research by changing its environmental refractive index. Figure 7A shows the absorption spectrum of the silicon grating when the refractive index of the surrounding environment changes. Since our silicon grating structure belongs to narrow-band absorption, we set the refractive index to change from 1.0 to 1.1 with a gradient of 0.02. From the figure, we can observe that as the refractive index of the environment increases, the two absorption peaks appear red-shifted, but the peaks of the two absorption peaks remain basically stable. At the same time, we found that the FWHM of the two absorption peaks did not change much, the change range was between 1 and 2nm, and we took the average value of the FWHM. Figures 7B,C show the corresponding absorption peak wavelengths of the two absorption peaks of λ1 and λ2 under the change of refractive index. The oblique line data is obtained by our linear fitting process. According to the formula S = ∆λ/∆n and FOM = S/FWHM, the sensitivity (S) and FOM of the silicon grating can be calculated (Chen et al., 2013; Cai et al., 2014; Tang et al., 2018; Wu et al., 2020; Chen et al., 2021c). According to the formula, we can find that the slope of the straight line is the S. The S of the absorption peaks at λ1 and λ2 are 2,500 nm/RIU and 3,000 nm/RIU. The FWHM are 40 nm and 39 nm. FOM are 62.5 and 76.9. It can be found that this structure has high sensitivity, so it can be applied in the field of refractive index sensors.
[image: Figure 7]FIGURE 7 | (A) When changing the environmental background refractive index, the absorption spectrum of the grating. (B) For the wavelength λ1, the peak wavelength relationship diagram corresponding to the refractive index change. (C) For the wavelength λ2, the peak wavelength relationship diagram corresponding to the refractive index change.
CONCLUSION
In conclusion, we fully demonstrate the absorption of dielectric structures on metal systems, based on the gold mold. By adjusting the geometric parameters, the asymmetric silicon grating absorber achieves the best absorption efficiency, two narrow-band absorption peaks in the range 3,000–5,000 nm light wave segments, the absorption peaks are λ1 = 3,780 nm and λ2 = 4,135 nm. And the absorption value is over 99%. We find that the distance between asymmetric gratings and the length of periods are changed, the absorption and FWHM of the absorption peak are the most affected. At the same time, it is found that the extinction intensity of the two peaks decreases with the increase of polarization angle. The structure has good sensing performance and high sensitivity. For the absorption peak of λ1, S = 2,500 nm/RIU and FOM = 62.5. For the absorption peak of λ2, S = 3,000 nm/RIU and FOM = 76.9.
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In recent years, as a renewable clean energy with many excellent characteristics, solar energy has been widely concerned. In this paper, we propose an ultra-broadband solar absorber based on metal tungsten and semiconductor GaAs structure. A multilayer metal semiconductor composite structure composed of W-Ti-GaAs three-layer films and GaAs gratings is proposed. The finite difference time domain method is used to simulate the performance of the proposed model. High efficiency surface plasmon resonance is excited by adjusting the geometric parameters, and the broadband absorption of up to 2,350 nm in 500–2850 nm is realized. The spectrum of the structure can be changed by adjusting the geometric parameters to meet different needs. The proposed absorber has good oblique incidence characteristics (0–60°) and high short-circuit current characteristics. The geometry of the absorber is clear, easy to manufacture, and has good photoelectric performance. It can realize solar energy collection, light heat conversion, high sensitive sensing and other functions.
Keywords: solar absorber, finite difference time domain method, broadband absorption, GaAs gratings, photoelectric characteristics
INTRODUCTION
From the beginning of the 21st century, with the improvement of people’s living standards, there are more and more kinds of household appliances, and the demand for traditional fossil energy is also increasing, which is in contradiction with the characteristics of non-renewable resources. According to the existing data, if energy consumption can not be controlled before the end of this century, oil and natural gas energy will be exhausted, and coal reserves will be exhausted. With the decrease of these conventional non-renewable resources, how to effectively and reasonably use conventional energy, and develop and utilize new energy, especially renewable energy, is a major event in front of all mankind (Xiao et al., 2017; Tang et al., 2018; Cai et al., 2019; Sivák et al., 2020; Xie et al., 2020; Zhao et al., 2021).
Among all kinds of energy, as a renewable energy, solar energy is considered to be the most potential energy, because it is inexhaustible, reliable, less pollution and so on. As an important energy collection device, solar absorber has attracted more and more attention in recent years (Li et al., 2016; Chen et al., 2019a; Xiao et al., 2019; Li et al., 2020a; Roostaei et al., 2021). For an ideal absorber, it must have high efficiency light absorption and many other excellent physical properties, such as polarization stability and tunability (Li et al., 2020b; Wu et al., 2020; Yi et al., 2020; Chen et al., 2021a; Jiang et al., 2021a; Li et al., 2021a; Li et al., 2021b; Li-Ying et al., 2021; Zhou et al., 2021). However, the existing absorbers are generally limited by low temperature tolerance, low light absorption efficiency and materials (Chen et al., 2020; Chen et al., 2021b; Jiang et al., 2021b; Wang et al., 2021; Zhang et al., 2021). Therefore, a new type of broadband solar energy which can solve the above problems needs to be proposed. According to the actual situation of solar radiation in the range of 295–2,500 nm, the key to realize the efficient utilization of solar energy is to design a solar device which can match the band perfectly.
The research on broadband absorber has been carried out for many years in the world, and it has been used in solar cells, solar heating devices and photothermal converters (Liu et al., 2017; Keshavarz and Vafapour, 2019; Yu et al., 2020; Chen et al., 2021c; Su et al., 2021). For the design and improvement of broadband absorber, we should pay attention to the following aspects: the first is to select the appropriate material. Traditional precious metal materials such as gold and silver were used in the original broadband absorbers. However, due to its high cost and poor high temperature resistance, people began to pay attention to high melting point materials such as titanium nitride. They not only have high melting point, but also can excite effective plasmon. Secondly, the nanostructure design of broadband absorber is also very important. The multi-layer metal-insulator structure was first used, and then turned to simpler MIM or IMI nanostructures. Finally, the working area of broadband absorber, especially from ultraviolet to near-infrared, has been studied and improved. Efforts in these directions are to obtain ideal broadband absorbers for practical applications. For instance, Lei proposed an ultra-broadband absorber based on a thin metamaterial nanostructure composed of Ti-SiO2 cubes and Al bottom film. The proposed structure can achieve nearly perfect absorption with an average absorbance of 97% from 354 to 1,066 nm (Lei et al., 2018). Huang proposed a broadband absorber with near-unity absorption in the terahertz regime based on a target-patterned graphene sheet, the absorption bandwidth (more than 90%) is 1.57 THz with a central frequency of 1.83 THz under normal incidence (Huang et al., 2018). Although the characteristics of these absorbers are superior enough, their complex nanostructures and a variety of complex materials make the proposed absorbers difficult to apply. Therefore, an absorber with simple structure and excellent high absorptivity should be proposed.
In this paper, we propose a broadband solar absorber composed of W-Ti-GaAs three-layer thin film and GaAs grating, as shown in Figure 1. The proposed structure uses W metal as the substrate and GaAs semiconductor grating as the auxiliary structure. There is a layer of metal Ti between the w base and the GaAs film, and the top layer is a layer of ITO (refractive index is 2.0) film to reduce the reflection of the whole structure and improve the overall absorptivity. The electromagnetic field in different wavebands, the influence of structure parameters on the overall absorptivity and the distribution of solar absorption characteristics are simulated. The results show that its high absorptivity band width (>90%) can reach 2,350 nm, which matches the solar radiation range on the earth (about 295–2,500 nm), and can perfectly meet the actual work requirements.
[image: Figure 1]FIGURE 1 | (A) Schematic diagram of multilayer metal semiconductor structure (B) Side view.
MATERIALS AND METHODS
In the simulation process, we define the grating period as p and its width as t. The thickness from ITO layer to GaAs layer is defined as h1-h4. The thickness of W base is much larger than the penetration depth of light, so that the light transmittance T of the whole structure is approximately zero. The TM polarized plane wave is used as the light source to project vertically into the structure. The periodic boundary condition is set in the x direction and the perfectly matched layer is set in the z direction. The specific parameters of all materials are from the material library of FDTD solution software (Cao et al., 2014; Deng et al., 2015; Deng et al., 2018; Xu et al., 2021). The light absorption is still calculated by the formula A = 1-T-R, where T represents transmission rate and R represents reflection (Zhang et al., 2015; Long et al., 2016; Lv et al., 2018).
The simulation results are shown in Figure 2. In order to verify the rationality of our proposed five-layer structure, we also calculate the absorption without top layer ITO (shown by the red line in the figure) and the absorption with only three layers of Ti-GaAs-W (shown by the blue line in the figure). It can be seen from the figure that when there are only three layers of film structure, the overall absorptivity is very low, and the highest absorptivity in the whole band is less than 70%. For the case of adding GaAs grating without ITO film, the absorption rate has been greatly improved compared with the three-layer film structure, but the absorptivity is less than 90% in 1,030–1,410 nm and 2000–2,450 nm, which is still unsatisfactory. In our final five-layer structure, the absorption is more than 90% in the wavelength range of about 500–2,850 nm, which is up to 2,350 nm. Through calculation, the average absorption is 95% in the bandwidth of 2,350 nm, which meets the requirements of practical application perfectly.
[image: Figure 2]FIGURE 2 | Absorption spectra of multilayer broadband absorber with different configurations.
RESULTS AND DISCUSSION
First, we explore the influence of the main geometric parameters of the structure on the overall absorption, and the results are shown in Figure 3 Figure (a) shows the influence of the thickness of the top ITO film on the overall absorption. In the short wavelength range, the absorption changes greatly with the increase of the thickness, but at the long wavelength, it will gradually become better with the increase of the thickness and finally tend to remain unchanged. Considering the absorption of the whole band, we choose h1 = 80 nm as the optimal parameter. Figure (c) shows the effect of Ti film thickness on the structural absorptivity. When the thickness of Ti film is low, the absorptivity of the whole structure is poor, but with the increase of the thickness, it has a significant increase, and has a good absorption effect at h3 = 70–90 nm. The main reason is that the better impedance matching condition is met at this time. Figures (b) and (d) show the effects of the thickness of the two layers on the overall absorption. In figure (b), with the increase of h2, the long band absorption has been significantly improved. This is because the guided mode resonance of the grating layer is mainly related to its effective refractive index (Chen et al., 2013; Cai et al., 2014; Long et al., 2015), and the change of h2 will significantly change the effective refractive index of the waveguide layer. In figure (d), with the increase of the thickness, the absorption in the long band decreases gradually, while the absorption in the short band is almost unchanged. This is because the change of the film thickness will cause a weak change in the number of dielectric cavities.
[image: Figure 3]FIGURE 3 | (A–D) Absorption spectra corresponding to different geometric parameters.
Next, in order to more clearly and deeply explore the specific physical mechanism behind the broadband absorption phenomenon, we made a detailed analysis of its electromagnetic field distribution, and the results are shown in the Figure 4. The distribution of electric field and magnetic field at the wavelength of 500 nm, 1,500 nm and 2,500 nm of the incident light are plotted with the interval of 1,000 nm. The selected plane is xoz plane, and the top layer of ITO antireflection layer and GaAs grating layer are indicated with black dotted line. When the incident light wavelength is 500 nm, it can be seen from figures (a) and (d) that the electric field is mainly concentrated on both sides of the top structure and the interface with the air, and the magnetic field is distributed in the top two-layer structure, which indicates that in this case, the cavity film and GMRs mode are excited, and the joint effect of the two greatly enhances the overall absorptivity of the structure (Xu et al., 2020). Furthermore, it can be seen from figures (c) and (f) that the light penetrates further to the bottom layer and stronger SPPs are excited. From the corresponding electromagnetic fields of these three bands, we can draw the following conclusion: it is the coupling effect of GMRs, cavity film and SPPs that makes the broadband absorption possible.
[image: Figure 4]FIGURE 4 | (A-F) Electromagnetic field distribution of structures at incident wavelengths of 500 nm, 1,500 nm and 2,500 nm (xoz plane).
After the mechanism of broadband absorption of the proposed absorber has been proved, we have further analyzed its other photoelectric characteristics. Similar to the three-layer absorber mentioned above, we simulate the absorption spectrum when the incident angle is 0°–60° and the polarization angle changes from 0° to 90° as shown in the Figure 5. It can be seen from the figure that the designed absorbers have high absorptivity in the range of 0–60° and can withstand large incident angle changes, so the effect is very ideal; For the polarization angle, because the structure is not highly geometrically symmetric, the absorptivity inevitably decreases in the wavelength range of 1,000 nm–1500 nm, but it still maintains a high absorption in the whole wavelength range, and the effect is acceptable. In general, the absorption effect of the proposed absorber is much better than that of the previous absorber, which has better oblique incidence and polarization insensitive characteristics (Cheng et al., 2015; Callewaert et al., 2016; Vafapour, 2019).
[image: Figure 5]FIGURE 5 | (A) Absorption spectra at different oblique incidence angle. (B) Absorption spectra at different polarization angles.
Subsequently, as a solar absorber, the absorption capacity of the actual solar radiation is a very important index (Elshorbagy et al., 2017; Li et al., 2018; Nie et al., 2021; Xie et al., 2021). In order to explore its solar absorption in real situation, we selected AM1.5 spectrum to test its performance, and the results are shown in the Figure 6. In Figure 6A, the black line represents the solar spectrum at AM 1.5, and the red line represents the absorption of the proposed absorber under this solar radiation. It can be clearly seen that the red line and the black line coincide approximately in the whole 400–3000 nm band, which indicates that the efficiency of the absorber is very high and the absorption effect is very ideal. Figure 6B illustrates the previous conclusion more intuitively from the angle of how much energy is absorbed and lost. In the figure, the gray part represents the absorbed energy, and the red part represents the lost part. We can see that there is only a little energy loss in the short band, and it is insignificant compared with the area of the absorbed part. From these two aspects, it is easy to see that the proposed absorber has good practical effect.
[image: Figure 6]FIGURE 6 | (A) Solar energy absorption spectrum (B) Comparison of energy absorption and loss.
We also explore the ideal short-circuit current of the multilayer structure, and the results are shown in Figure 7. It can be seen that the short circuit current of the structure is high. When h2 = 200 nm, the short-circuit current is up to 684.851 A/m2. It can be predicted that the absorber will have a high photoelectric conversion efficiency, making the solar cell have more excellent performance (Mason et al., 2011; El-Gohary et al., 2014; Chen et al., 2019b).
[image: Figure 7]FIGURE 7 | Influence of different grating layer thickness on short circuit current.
CONCLUSION
In this paper, we propose a solar absorber composed of three-layer W-Ti-GaAs films and multi-layer metal semiconductor composite structure of GaAs grating. By adjusting the geometric parameters for many times, the broadband absorption at 500–2,850 nm, up to 2,350 nm, is realized, which greatly broadens the absorption bandwidth of the original simple structure. At the same time, the electromagnetic field distribution of the structure is given, which explains the reason of broadband absorption in physical essence. The spectrum, solar absorption and loss spectrum, ideal short circuit current and other parameters of oblique incidence and polarization angle change are studied, respectively. The results show that our solar absorber can meet the requirements of practical application. The proposed absorber provides theoretical basis for the design of perfect broadband solar absorber.
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The sol-gel method combined with the electrospinning technique were used to synthesize CeO2 nanofiber membranes and CeO2 fiber membranes doped with different contents of nano-silver. The thermal degradation behavior, phase structure, morphology, and optical and photocatalytic hydrogen production efficiency of CeO2 nanofiber membranes and CeO2 fiber membranes doped with different contents of nano-silver were studied. X-ray diffraction (XRD) results indicate that the increase of silver concentration can inhibit the formation of CeO2 crystal. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) observations show that in the prepared CeO2 with a diameter of about 100 nm and fiber membrane material doped with nano-silver, the fiber is made of a large number of accumulating grains. Analysis of optical properties found that the doped nano–silver CeO2 fiber membranes enhance the absorption of visible light and reduce the band gap of the material. Photocatalytic experiments show that the cerium dioxide nanofibers doped with nano-silver can greatly improve the photocatalytic performance of materials than that of pure CeO2. The Ag/CeO2 fiber membrane with the Ag/CeO2 molar ratio of 3:50 possesses the highest photocatalytic hydrogen production efficiency because of its high electron hole transfer and separation efficiency. This novel synthesis strategy can be used to prepare other broad band gap semiconductor oxides and enhance their photocatalytic activity.
Keywords: photocatalytic degradation of water, cerium dioxide, silver, fiber membranes, electrospinning
INTRODUCTION
With the rapid development of the global economy, the demand for energy continues to grow, while the concern of greenhouse gas and aerosol emissions is increasing, the development of clean, renewable new energy has become the most urgent task for countries all over the world (Chen et al., 2020). As a secondary energy source, hydrogen energy has the advantages of being abundant, economical, clean, efficient, storable, and transportable, and is generally regarded as one of the most ideal pollution-free green energy sources in the 21st century (Prekob et al., 2020). At present, one of the main means of hydrogen production is photocatalytic decomposition of water to produce hydrogen, and the key of this is to choose a good photocatalyst (Bashiri et al., 2020; Abd-Rabboh et al., 2021; Hamdy et al., 2021). Therefore, it is interesting to develop new photocatalysts to construct specific defect structures and to study their photocatalytic activity.
As the one of the most abundant rare elements in nature, cerium has a unique 4f electronic structure which makes its compounds widely used in optical, electrical, and magnetic fields (Rajesh et al., 2020; Abd-Rabboh et al., 2021; Wang et al., 2021a; Wang et al., 2021b; Syed et al., 2021). Cerium dioxide is a promising semiconductor photocatalyst, because it has the properties of n–type semiconductors such as good light–resistant corrosivity and excellent storage and release of oxygen, and its unique Ce3+/Ce4+ valence activity makes it highly oxidative and gives it a reducing ability (Mishra et al., 2018; Wen et al., 2018; Xing et al., 2020; Wang et al., 2021c; Wang et al., 2021d). Nano–cerium dioxide possesses more special properties and applications than cerium dioxide, so researchers have more stringent requirements about morphology, size, and others (Gao et al., 2018; Gong et al., 2019; Li et al., 2021). However, research on cerium dioxide nanofibers is relatively rare. Generally, the single component CeO2 photocatalyst has a large band gap and is difficult to respond to visible light, which greatly limits its application in the field of photocatalytic decomposition of water to produce hydrogen (Li et al., 2021). Up to now, there are three methods to improve the photocatalytic activity of CeO2 photocatalysts (Gao et al., 2018; Malyukin et al., 2018; Mohammadiyan et al., 2018; Wen et al., 2018; Xing et al., 2020; Wang et al., 2021d; Mikheeva et al., 2021): 1) using special preparation methods to synthesize CeO2 photocatalysts with special defect structures, 2) combining other metal oxides with a small band gap value to construct special heterojunction structure composites to enhance their light response ability, and 3) a CeO2 photocatalyst was modified by noble metal particles to enhance the charge transfer and migration ability of the system, thus improving the photocatalytic activity of CeO2. Noble metal particles-doped cerium dioxide is expected to show excellent physical and chemical properties (Mikheeva et al., 2021). Therefore, the preparation of cerium dioxide and noble metal particles-doped cerium dioxide by special technology and the study of their photocatalytic decomposition of water to produce hydrogen has important research significance.
In this paper, cerium dioxide composite fiber membranes and CeO2 fiber membranes doped with different contents of nano-silver were prepared by the sol-gel method combined with electrospinning technology. The thermal decomposition behavior, phase structure, morphology, and optical and photocatalytic decomposition of water to produce hydrogen of cerium dioxide composite fiber membranes and CeO2 fiber membranes doped with different contents of nano-silver were studied by various characterization methods. Based on the energy band theory and photocatalytic experiment results, a photocatalytic mechanism is proposed.
MATERIALS AND METHODS
Materials
All reagents were analytical grade and were used without further treatment. Hexahydrate nitrate and polyvinylpyrrolidone (PVP) were purchased from Aladdin Reagent (China) Co., Ltd. Anhydrous ethanol, silver nitrate, and acetic acid were purchased from Sinopharm Group Chemical Reagent Co., Ltd.
Preparation of Cerium Dioxide Fiber Membranes
A total of 3 g of polyvinylpyrrolidone (PVP) was weighed and added to 50 ml of ethanol, then the mixture, known as solution A, was stirred for 3 h until completely dissolved. In total, 2.171 g of cerium nitrate hexahydrate was dissolved in 10 ml of ethanol. After stirring, the solution was slowly added dropwise to solution A and stirred for about 6 h. The solution was spray–coated by the electrospinning method with a temperature of 20°C and a relative humidity of 50%. The film was dried in a vacuum oven at 40°C for 12 h. The dried film was then calcined in a muffle furnace at 550°C and incubated for 0.5 h. And finally a pale yellow cerium dioxide film was obtained.
Preparation of Cerium Dioxide Fiber Membrane Doped With Nano-Silver
Solution A and the cerium source solution were prepared under the same conditions and the two solutions were mixed under stirring. A total of 0.017 g of AgNO3 was added to 5 ml of deionized water and stirred for 20 min. The silver source solution was slowly added dropwise to the above mixed solution and stirred for 2 h. In addition, by changing the content of AgNO3 in the spinning solution, the morphological characteristics and properties of the spinning film under different silver contents were investigated. The solution of 0.051 and 0.085 g of silver nitrate was prepared by the same method, which means that the molar ratios of AgNO3/Ce (NO3)3 in the spinning solution were 1:50, 3:50, and 5:50. The film was prepared by an electrospinning method. After drying under the same conditions, the film was calcined in a muffle furnace to 600°C for 1 h. Finally, cerium dioxide nanofiber membranes doped with nano-silver were obtained.
Materials Characterization
The products were characterized by thermogravimetric analysis (TG) and differential scanning calorimetry (DSC). The heating rate, the air flow rate, the injection volume, and the temperature range were 20 K/min, 100 ml/min, 2 mg and 25–800°C, respectively. The composition of membranes was characterized by a Brook D8 Advance X-Ray diffractometer with a scanning angle of 20–80°, a scanning step length of 0.02°, and using Cu target Kα (λ = 0.154056 nm) radiation with a working voltage of 40 kV and a current of 40 mA. The microstructures of membranes were observed by scanning electron microscopy, while the fibers and particles constituting membranes were characterized by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). UV-visible absorption spectra of prepared samples were measured by an ultraviolet and visible spectrophotometer.
Photocatalytic Experiments
In order to investigate the photocatalytic properties of the prepared cerium dioxide fiber membranes and the cerium dioxide fibers doped with different proportions of nano-silver, they were applied to the reaction of photocatalytic degradation of water to produce hydrogen and compared with the bulk pure cerium oxide. The Labsolar H2 photolysis system was developed by Beijing Prefectlight Technology Co., Ltd., and the detection device was a Shanghai Tianmei GC7900 Gas Chromatograph, with a Microsolar300 high performance analog daylight xenon lamp used as the simulation light source. A 100-mg sample was added to 100 ml of deionized water, and sodium sulfite was added as the sacrificial agent to carry out photocatalytic hydrogen production. The hydrogen production of each material was compared after 6 h of illumination.
RESULTS AND DISCUSSION
Thermogravimetric Analysis-Differential Scanning Calorimetry Analysis
Figure 1A shows the TG-DSC curves of PVP/Ce (NO3)3 composite membranes prepared by the electrospinning method. It can be seen from the figure that the sample has a large weight loss process at room temperature to 100°C, and the weight loss process is the elimination of the moisture absorbed by the sample and the possible residual solvent (Wang et al., 2013). It can be also proved that membranes have certain water absorption capacities. After that there are two large weight loss processes which correspond to two distinct exothermic peaks, especially the second exothermic peak. The first exothermic peak appears at 327°C, which indicates that from 100 to 400°C, the sample first absorbs heat, and the outer layer of the composite fiber PVP begins to decompose, then the cerium nitrate in the fiber is decomposed into cerium dioxide; the weight loss of the system during this decomposition is 15% (Mohammadiyan et al., 2018). After 550°C, the reaction is basically completed, the sample weight and heat flow curve are stable, and the final quality is about 10% of the original quality. Thus, the calcination temperature of the PVP/Ce (NO3)3 composite film can be set at 550°C.
[image: Figure 1]FIGURE 1 | Thermogravimetric analysis of (A) PVP/Ce (NO3)3 and (B) PVP/Ce (NO3)3/AgNO3 composite fiber membranes with the Ag/CeO2 molar ratios of 3:50 prepared by the electrospinning method.
Figure 1B shows the TG-DSC analysis of PVP/Ce(NO3)3/AgNO3 for composite membrane materials. It can be seen from the figure that the final mass of the sample is about 14% of the original mass throughout the reaction. The weight loss phase from room temperature to 100°C is the residual solvent and moisture contained in the sample. There are three exothermic peaks since then, with two adjacent exothermic peaks from 100 to 450°C, then the process undergoes a more complex reaction. As can be seen from Figure 1B, the exothermic peak at 368°C corresponds to the initial decomposition of the polymer template, then cerium nitrate decomposes and oxidizes to cerium oxide. and the weight loss is about 30%. The exothermic peak at 420°C is a sign that the silver nitrate is thermally decomposed into silver nanoparticles with a weight loss ratio of 15%. The complete decomposition of PVP occurs between 450 and 600°C. From the TG-DSC curve, it can be seen that the thermal decomposition has been basically completed at 600°C. After the sample stabilizes, the heat flow curve tends to be smooth. The calcination temperature of the PVP/Ce (NO3)3/AgNO3 composite film can be set at 600°C. When silver nitrate is introduced, a higher sintering temperature is needed to obtain the target product.
X-Ray Diffraction Analysis
Figure 2A shows the XRD pattern of PVP/Ce(NO3)3 composite fiber membranes and the membranes after calcination at 550°C in air and incubated for 0.5 h. The result indicates that the membranes after calcination have obvious diffraction peaks at 2θ = 28.4°, 33.0°, 47.4°, 56.1°, 59.0°, 69.2°, 76.4°, and 78.8°, corresponding to the (111), (200), (220), (311), (222), (400), (331), and (420) crystal faces of cubic fluorite crystal CeO2, which is consistent with the standard card of cerium dioxide (JCPDS card no. 43 -1002). Because the fibers in membranes are covered and encapsulated by a large number of polymer PVPs, two amorphous bread peaks appear in the XRD pattern which are the diffraction peaks of the polymer. In addition, there were no other sharp diffraction peaks, and it was found that the composite fiber membrane synthesized by the electrospinning method was formed into a face-centered cubic cerium dioxide with standard card JCPDS card no. 21-1272 after calcination.
[image: Figure 2]FIGURE 2 | (A) XRD pattern of PVP/Ce (NO3)3 composite fiber membrane and CeO2 nanofiber membrane calcined at 550°C. (B) XRD pattern of the cerium oxide fiber doped with nano-silver with the Ce (NO3)3/AgNO3 molar ratios of 1:50, 3:50, and 5: 50.
Figure 2B shows the XRD pattern of PVP/Ce (NO3)3/AgNO3 composite fiber membranes with different silver content after calcination at 600°C for 1 h in muffle furnace, which contains the molar ratios of AgNO3/Ce (NO3)3 of 1:50, 3:50, and 5:50 respectively. From the XRD curve, it can be seen that at 2θ = 28.4°, 33.0°, 47.4°, 56.1°, 59.0°, 69.2°, 76.4°, and 78.8°, the diffraction peaks correspond to (111), (200), (220), (311), (222), (400), (331), and (420) planes of the cubic fluorite crystal CeO2. At diffraction angles of 2θ = 37.98°, 44.18°, 64.42°, and 77.26°, the diffraction signals correspond to the (111), (200), (220), and (311) planes of silver, which match the standard card of the nano-silver cubic crystal structure (JCPDS card no. 04-0783). All the diffraction peaks for the three samples are cerium dioxide and nano-silver. And with the increase of the relative content of silver, the peak of nano-silver shows more strongly, while the diffraction peak of cerium dioxide is weakened. All of these have proven that the prepared material is a thin cerium dioxide fiber film material loaded with nano-silver.
Scanning Electron Microscopy Analysis
Figure 3 shows the real photographs and SEM images of the PVP/Ce(NO3)3 composite fiber membranes and the membranes after calcination at 550°C in air. Figure 3A shows the real photographs of cerium dioxide after calcination. Obviously, the membrane has a greater degree of contraction and is pale yellow, the weight is very light and fragile, but still retains the structure of lamellae. Figure 3B shows the SEM image at a magnification of 100 μm, which shows that the sample is relatively flat and compact and has a high porosity. Figure 3C shows the SEM image at a magnification of 20 μm. It can be seen that the sample consists of a large number of nanofibers, and the fibers are disordered, within layers, and with no accumulation of fibers. Figure 3D shows the high resolution FESEM picture, the scale is 1 μm, the fiber is straight, the thickness and the distribution are uniform, the fiber diameter is about 100 nm, and has a very high aspect ratio.
[image: Figure 3]FIGURE 3 | (A) Real photographs of CeO2 nanofiber membranes. (B–D) SEM images of CeO2 nanofiber membranes at different magnifications.
Figure 4 shows the real photographs and SEM images of the Ag/CeO2 fiber membrane prepared at different molar ratios of Ce(NO3)3/AgNO3 including 1:50, 3:50, and 5:50. Figure 4A shows the real photographs of the sample after calcination at 600°C. It can be seen that the sample still retains the morphology of the membranes, and the addition of silver ions significantly increases the color of the sample which presents as brownish yellow when compared to the CeO2 fiber membrane. Figures 4B–D show the SEM images of the Ag/CeO2 fiber membrane prepared at different molar ratios of Ce(NO3)3/AgNO3 including 1:50, 3:50, and 5:50. It can be seen that the sample still retains the fiber morphology. The fiber thickness of the Ag/CeO2 membranes loaded with nano-silver is relatively uneven and the fiber distribution is more cluttered compared with the pure cerium oxide fiber. There is a phenomenon of heap and fracture in the microstructure of the membranes. Because of the introduction of metallic silver ions in the spinning solution, the introduction of this inorganic salt changes the electrostatic parameters of the spinning solution, making the electrospinning process of the spinning fluid become more complex and changeable and making fibers of uneven thickness. With the increase of silver ions, the overall morphology of the fiber becomes more uneven, and agglomeration is becoming more and more serious.
[image: Figure 4]FIGURE 4 | (A) Real photographs of Ag/CeO2 fiber membranes. SEM images of the cerium oxide fiber doped with nano-silver with the Ag/CeO2 molar ratios of (B) 1:50, (C) 3:50, and (D) 5: 50.
Transmission Electron Microscopy Analysis
Figure 5 shows the TEM and HRTEM images of the nano-cerium dioxide membrane material. From Figure 5A, it can be observed that the cerium dioxide is a fibrous structure and the diameter of the fiber is about 100 nm. The morphology is well preserved and has a large aspect ratio. Figure 5B shows the high–resolution transmission electron microscopy (HRTEM) image. It can be seen that the fiber is actually made of nano–sized cerium dioxide grains. The cerium dioxide grains forming the fibers have a grain size of 15 nm, and there is a large number of lattice lines of cerium dioxide crystals. By measuring the interplanar spacing, it can be seen that the exposed active surface is a (111) plane and d(111) = 0.313 nm.
[image: Figure 5]FIGURE 5 | (A) TEM image and (B) high-resolution transmission electron microscopy (HRTEM) of cerium dioxide fiber membranes.
Figure 6 shows the TEM and HRTEM images of the Ag/CeO2 fiber membrane with an Ag/CeO2 molar ratio of 3:50. Figure 6A shows the TEM image of the sample at a 200-nm scale. It can be seen from the figure that the fibrous Ag/CeO2 has a diameter of about 100 nm. Figure 6B shows an enlarged TEM image at 20 nm, and it can be clearly seen that the fibers are deposited from a large number of crystal particles with a grain size of about 10 nm. Figure 6C shows the HRTEM image, at 10 nm, of the Ag/CeO2 fiber membrane with the Ag/CeO2 molar ratio of 3:50. A large number of lattice lines are shown in which the spacing of most of the lattice lines is 0.31 nm corresponding to the (111) plane of the cerium dioxide cubic crystal structure, and there is also a lattice line with a crystal plane spacing of 0.22 nm corresponding to the (111) crystal face of Ag nanoparticles. All of the above analyses prove that the material is cerium dioxide fiber material doped with nano-silver, which corresponds to the XRD result.
[image: Figure 6]FIGURE 6 | (A) TEM image, (B) enlarged TEM image, and (C) HRTEM image of Ag/CeO2 fiber membrane with an Ag/CeO2 molar ratio of 3:50.
Optical Properties
Figure 7 shows the UV-Vis absorption spectra and its corresponding forbidden band width calculation for the pure cerium oxide fiber membrane and the cerium oxide fiber membrane with different amounts of loaded silver. As can be seen from Figure 7A, the light absorption of the pure cerium dioxide fiber membrane in the wavelength range of 400–800 nm is weak, and gradually increases before 400 nm. While compared with the nano–silver-loaded material, the absorption of nano-silver-loaded material in the visible light area has significantly improved. This is because the nano–silver loaded in the CeO2 semiconductor brings defects, resulting in changes in the band structure and reduction of the band gap width. And the nano-silver particles have the capability to absorb light, so the material on the absorption of visible light intensity is significantly enhanced.
[image: Figure 7]FIGURE 7 | (A) UV-Vis diffuse scattering spectra of pure cerium dioxide nanofiber membranes and cerium dioxide nanofiber membranes doped with different amounts of nano-silver. (B) The optical band gap (Eg) values of pure cerium dioxide nanofiber membranes and cerium dioxide nanofiber membranes doped with different amounts of nano-silver.
The band gap energy (Eg) values of pure cerium dioxide nanofiber membranes and cerium dioxide nanofiber membranes doped with different amounts of nano-silver were obtained by absorbance spectra using the Tauc relation (Tang et al., 2020; Wang et al., 2020; Wang and Tian, 2020; Wang et al., 2021e; Gao et al., 2021).
[image: image]
Where ν is the frequency, A is the absorption coefficient, and n is equal to 2. The band gap of the samples are obtained by a simple intercept method. In Figure 7B, the band gap width of pure cerium oxide fibers is consistent with the literature (Gao et al., 2018) (3.15 eV). When the molar ratios of Ag/CeO2 are 1:50, 3:50, and 5:50, the corresponding band gap values are 3.08, 3.01, and 2.96 eV, respectively. It can be seen that the band gap of the Ag/CeO2 fiber membrane decreases gradually with the increase of the relative content of metallic silver. After modification of the CeO2 fiber membrane by Ag nanoparticles, the band gap of the CeO2 fiber membrane is reduced.
Photocatalytic Decomposition of Water to Produce Hydrogen
Figure 8 shows the hydrogen production of bulk cerium dioxide, cerium dioxide nanofibers, and three different silver-doped cerium dioxide nanofiber membranes. It can be seen from the figure that the hydrogen production of the sample is increasing with the progress of the reaction, but the efficiency of hydrogen production decreases with the consumption of the sacrificial agent and the decrease of the catalyst activity. The hydrogenation efficiency of bulk cerium dioxide and cerium dioxide nanofibers are very low because the cerium dioxide only absorbs ultraviolet light, which leads to low photocatalytic activity. The photocatalytic hydrogen production efficiency of the noble metal nano-silver-doped cerium dioxide fiber material has been greatly improved due to the nano-silver as it is in contact with the cerium dioxide crystal to form a heterojunction, and the band of the semiconductor is bent at the interface. Then, the electrons shift from a high Fermi level to a low Fermi level, forming a Schottky barrier in the materials. Comparing 3 M ratios of Ag/CeO2, the photocatalytic hydrogen is the highest when the molar ratio of Ag/CeO2 is 3:50, and the hydrogen production is about 402 µmol/g after 6 h of illumination. The photocatalytic activity of CeO2 fiber increases with the addition of nano-silver, but the photocatalytic activity decreases when the doped noble metal nano-silver goes over a certain limit. This is because the excess of nano-silver particles will become the recombination center of the carrier, which will capture the hole on the surface of the CeO2 fiber, leading to a decrease of photogenerated carrier density and a reduction in photocatalytic performance. While too much precious metal particles will cover the active center of CeO2, which will also reduce the photocatalytic performance of the system. Moreover, it can be seen from the SEM image that CeO2 has a tendency to accumulate into blocks as the amount of silver increases which can make the specific surface area reduce.
[image: Figure 8]FIGURE 8 | Hydrogen evolution of different materials under visible light irradiation.
Photocatalytic Mechanism
Based on band theory and experimental results, Figure 9 shows the photocatalytic mechanism of CeO2 and Ag/CeO2 photocatalysts. When visible light irradiates on the surface of CeO2, because the band gap of CeO2 is large, it can only respond to ultraviolet light, so the probability of valence band electron transition to the conduction band is small. At the same time, the photocatalytic hydrogen production efficiency is low because a small number of electrons in the conduction band are easily recombined with the holes in the valence band. When Ag is loaded on the surface of CeO2, the electron transition from the valence band of CeO2 to its conduction band is accelerated, so that the Ag/CeO2 photocatalyst can respond to visible light. The electrons that transition to the CeO2 conduction band will accelerate the transfer to Ag particles, preventing the electron from recombination with the holes of the CeO2 conduction band. The transfer and separation of electrons and holes play an important role in the whole process of photocatalytic hydrogen production. Ag particles act as the carrier of charge carrier transfer during the whole process.
[image: Figure 9]FIGURE 9 | Photocatalytic mechanism of CeO2 and Ag/CeO2 photocatalysts.
CONCLUSION
CeO2 nanofiber membranes and CeO2 fiber membranes doped with different contents of nano-silver were prepared by the sol-gel method and electrospinning technique. The CeO2 and Ag/CeO2 nanofiber membranes were characterized by TG-DSC, XRD, SEM, TEM, and UV-Vis, and their photocatalytic activity was investigated by the photocatalytic decomposition of water. The electrospinning method successfully prepared CeO2 with a diameter of about 100 nm and fiber membrane materials doped with nano-silver; the fiber is made of a large number of accumulated grains. The increase of silver concentration can inhibit formation of CeO2 crystal. With the increase of the relative content of silver ions, the difficulty of spinning increases, the morphology of the fibers becomes more and more cluttered, and the accumulation phenomenon becomes more and more serious. The doped nano–silver CeO2 fiber membrane enhances the absorption of visible light and reduces the band gap of the material, so its photocatalytic performance is significantly improved. In the photocatalytic hydrogen production, the cerium dioxide nanofibers doped with nano-silver can greatly improve the photocatalytic performance of materials. The Ag/CeO2 fiber membrane with the Ag/CeO2 molar ratio of 3:50 exhibits the highest photocatalytic hydrogen production efficiency, and the hydrogen production after irradiation for 6 h is about 402 µmol/g due to its high electron hole transfer and separation efficiency.
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Hall thruster is a kind of plasma optics device, which is used mainly in space propulsion. To simulate the discharge process of plasma and the performance of a 5 kW hall thruster, a two-dimensional PIC-MCC model in the R-Z plane is built. In the model, the anomalous diffusion of the electrons including Bohm diffusion and near-wall conduction is modeled. The Bohm diffusion is modeled by using a Brownian motion instead of the Bohm collision method and the near-wall conduction is modeled by a secondary electron emission model. In addition to the elastic, excitation, and ionization collisions between electrons and neutral atoms, the Coulomb collisions are included. The plasma discharge process including the transient oscillation and steady state oscillation is well reproduced. First, the influence of the discharge voltage and magnetic field on the steady state oscillation is simulated. The oscillation amplitude increases as the discharge voltage gets larger at first, and then decreases. While the oscillation amplitude decreases as the magnetic field gets stronger at first, and then increases. Later, the influence of the discharge voltage and mass flow rate on the performance of the thruster is simulated. When the mass flow rate is constant, the total efficiency initially increases with the discharge voltage, reaches the maximum at 600 V, and then declined. When the discharge voltage is constant, the total efficiency increases as the mass flow rate rises from 10 to 15 mg/s. Finally, a comparison between simulated and experimental performance reveals that the largest deviation is within 15%, thereby indirectly validating the accuracy of the model.
Keywords: hall thruster, plasma optics device, particle-in-cell, performance simulation, plasma oscillation
INTRODUCTION
Hall electric propulsion is one of the most mature and widely used electric propulsion technologies (Pidgeon, 2006; Mathers et al., 2009). LHT-140 (Figure 1) is a 5 kW hall thruster developed by the Lanzhou Institute of Physics. At present, the discharge characteristics of the plasma and the performance of a hall thruster are evaluated mainly by conducting high–cost and time–consuming experiments. As research on plasma discharge mechanism becomes in depth and numerical methods improve continuously, simulation plays an increasely important role in understanding the micro physical process of hall thruster (Arkhipov and Bishaev, 2007; Hofer, 2008; Zhang et al., 2011; Zhang et al., 2014). Lentz built a one-dimensional particle-in-cell (PIC) model (Lentz, 1993) and simulated the plasma characteristics and performance of a Japanese hall thruster. Noguchi, Martinez–Sanchez and Ahedo studied axial plasma discharge oscillation by using a one-dimensional PIC model (Noguchi et al., 1999). Hirakawa built a two-dimensional PIC model (Hirakawa and Arakawa, 1996) and simulated the electron diffusion. Later, Beidler (1999), Szabo (2001), Sullivan (2004) and Adam et al. (2004) improved the simulation method continuously.
[image: Figure 1]FIGURE 1 | LHT-140 hall thruster.
In most PIC models, Bohm collision was applied to simulate the anomalous diffusion of electrons (Koo and Boyd, 2006; Cho et al., 2013). The limitation is that not all the probable diffusion magnitudes can be simulated. In this paper, we applied the method of Vincent (2002) to simulate Bohm diffusion, to allow the simulation of any diffusion magnitude. In addition, in most present models, the Coulomb collisions between electrons and ions, as well as electrons and electrons, are excluded, we simulated the Coulomb collisions by using the method of Szabo (2001).
This paper aims to evaluate the performance and discharge characteristics of LHT-140 by using the built PIC model. First, the numerical methods applied in the building process of the model are introduced. Second, the plasma discharge characteristics and thruster performance are simulated. Finally, the simulated and experimental performance results are compared.
NUMERICAL METHODS
Simulation Region
The simulation region (Figure 2) consists of the discharge channel and the near plume region. The length and width of the near plume region is 1.5 and 4.5 times that of the discharge channel, respectively. The boundary of the discharge channel consists of a metal anode wall, ceramics wall, symmetric axis, and free space.
[image: Figure 2]FIGURE 2 | Simulation region.
Model Simplification
Lightening ions using an artificial mass ratio and increasing the vacuum permittivity using artificial permittivity are conventional methods to simplify the particle-in-cell (PIC) model (Szabo, 2001). Speeding up the ions could shorten the time of convergence. In this study, we apply an artificial mass ratio of f = Mreal/Mcomp = 1,000, which indicates that the ions are 1,000 times lighter than they should be. Increasing the vacuum permittivity enables us to use a coarser grid. In this study, we increase the vacuum permittivity by 2,500 times. Consequently, the size of rectangular grid applied in our model could be magnified by 50 times (Szabo, 2001). The LHT-140 Hall thruster is similar to the 5 kW P5 Hall thruster (Vincent, 2002), and the Debye length of 0.02 mm in reference (Vincent, 2002) is used in our model. Finally, the mesh size becomes 1 mm after increasing the vacuum permittivity.
Potential and Electric Field Solving
The potential was acquired by solving the Poisson equation. The boundary conditions of the potential are as follows:
• At the anode surface, the potential is set to discharge voltage.
• At the symmetric axis, the normal electric field [image: image].
• At the free space boundary, the potential is set to 0 V.
• At the boron nitride ceramic wall surface, the boundary condition is (Vincent, 2002):
[image: image]
For LHT-140 hall thruster, both in and outside the discharge channel, [image: image] is negligible compared with [image: image], similar to the situation for the P5 thruster (Vincent, 2002). Thus, [image: image] could be neglected, and Eq. 2 becomes:
[image: image]
The electric field was solved by Eqs 4, 5 (Birdsall and Langdon, 1991):
[image: image]
[image: image]
where [image: image] and [image: image] are the electric field on the grid point (j, k) in the x and y directions, respectively, and [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image] and [image: image] are the electric potential on the grid points around (k, j), and [image: image] is the width of the square grid.
Moving the Particles
Both neutrals and charged particles were modeled by PIC-MCC method. After the electric filed was determined, electrons and ions moved by the electric and magnetic fields were simulated using the leapfrog method (Birdsall and Langdon, 1991). The neutrals were not affected by the electric and magnetic fields, and there’s no need to update their velocity during each time step if there’s no collision. Because the density of neutrals is much larger than that of charged particles, a larger weight should be used for neutrals, which was 60 in our model.
Cathode Modeling
The cathode is modeled by injecting electrons from the upper free boundary with 0.1 eV of kinetic energy. The number of electrons injected in each time step is determined by current balance.
[image: image]
Cathode current getting into the discharge region [image: image], ion current leaving from the free boundary[image: image], and electron current leaving from the free boundary [image: image] satisfy the following constraints:
[image: image]
From Eq. 7, the number of electrons injected in each time step could be determined.
Anomalous Diffusion
The Bohm diffusion and near-wall conduction are the main factors that lead to the anomalous diffusion of electrons. Usually, a virtual collision called “Bohm collision” is introduced to simulate the Bohm diffusion. The Bohm collision frequency [image: image], is acquired by solving the following equation:
[image: image]
[image: image] is the hall parameter that indicates the magnetization of electrons. Two limitations occur. Within one time step, the direction of electron velocity can be randomized only once, thus, [image: image]. When [image: image] = 1, [image: image] reaches the maximum in Eq. 8.
Thus, not all the probable diffusion magnitudes can be simulated. Vincent (2002) applied a Brownian motion to simulate the Bohm diffusion. After the electron was moved by the leapfrog algorithm, it was then moved in the two-dimensional plane perpendicular to the local magnetic field
[image: image]
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where [image: image] is the electron diffusion coefficient; [image: image] is the time step; and [image: image] and [image: image] are uniform random numbers between 0 and 1. Through this approach, any Bohm diffusion magnitude can be simulated.
Coulomb Collision
According to J. J. Szabo’s method (Szabo, 2001), the Coulomb collision frequency can be calculated as follows:
[image: image]
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The collision section can be calculated as follows:
[image: image]
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where [image: image] is the Coulomb logarithm.
Near-Wall Conduction
A secondary electron emission model of Richard R. Hofer (Hofer et al., 2007) was applied to simulate the near-wall conduction of electrons.
[image: image]
where [image: image] is the gamma function (a = 0.123, b = 0.528). The number of secondary electrons emitted from the ceramics wall after an electron collision is
[image: image]
where [image: image] means rounding [image: image] down to an integer, and [image: image] is a random number between 0 and 1. If [image: image], the primary electron is reflected back into the plasma, otherwise accumulates on the ceramics wall. The velocities of the secondary electrons after colliding against the wall are determined as follows:
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where [image: image] and [image: image] are perpendicular to the direction of effusion and [image: image] is in the direction of effusion.
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R1, R2, and R3 are random numbers between 0 and 1.
Performance Model
The main performance of a hall thruster includes thrust, specific impulse and efficiency. The thrust is calculated by summing the product of mass flow rate and axial speed of ions that leave from the thruster exit.
[image: image]
[image: image]represents the charge state of ions, [image: image] represents single-charged ions, and [image: image] represents double-charged ions. The anode efficiency of the thruster is
[image: image]
where [image: image] is the discharge power, and [image: image] is the anode mass flow rate. The acceleration efficiency of ions is defined as the ratio of the ion current to the discharge current
[image: image]
The utilization efficiency of propellant is defined as the ratio of the mass flow rate of ions leaving the discharge channel to that of propellant atoms entering the discharge channel
[image: image]
The efficiency of electrical energy converted into kinetic energy of ions is defined as:
[image: image]
The relationship between the total efficiency and other efficiencies is 
[image: image]
where [image: image] is the thrust loss factor.
RESULTS AND DISCUSSION
Plasma Discharge
The plasma discharge process of LHT-140 when the discharge voltage is 300 V and the propellant mass flow rate is 10 mg/s is simulated. Figure 3 shows the change of currents with time. The process consists of transient oscillation and steady-state periodic oscillation. During the transient oscillation, the discharge and ion currents increase quickly, reaching a maximum, which is far larger than the steady-state value at approximately 15 μs. Figure 3 shows that the transient maximum value of the discharge current is twice that in the steady state. After the transient reached the maximum value, the currents decreased and then oscillated periodically, which indicated the beginning of the so-called “breathing oscillation” (Fife et al., 1997; Boeuf and Garrigues, 1998).
[image: Figure 3]FIGURE 3 | Time history of current.
Figure 4 presents the change of maximum value (Imax), minimum value (Imin), and average value (Iave) of the discharge current and the oscillation frequency (fosc) with discharge voltage. The discharge voltage significantly affected the oscillation. When the discharge voltage increased from 300 to 700 V, the oscillation amplitude (Imax−Imin) increased from 1.8 to 7.1 A. When the discharge voltage increased from 700 to 900 V, the oscillation amplitude decreases from 7.1 to 3.1 A. The oscillation frequency increased from 12 to 20 kHz.
[image: Figure 4]FIGURE 4 | Simulated oscillation amplitude and frequency of discharge currentwith different discharge voltages.
Figure 5 displays the change of Imax, Imin, Iave, and fosc with magnetic field intensity. We can see that the magnetic field also exhibited a great influence on the oscillation. The oscillation amplitude decreased from 4.6 to 1.8 A when the magnetic field increased from 150 to 300 Gs and increased from 1.8 to 4.3 A when the magnetic field increased from 300 to 450 Gs. The oscillation frequency decreased from 17 to 10 kHz.
[image: Figure 5]FIGURE 5 | Simulated oscillation amplitude and frequency of discharge current with different magnetic field intensities.
Figures 6A–C show the time-averaged two-dimensional distributions of the plasma potential, density, and ionization rate during 1,000 steps (almost 1/5 of the oscillation period), respectively. As shown in Figure 6A, the ionization region is located at one to two normalized distances from the anode. Figure 6B indicates that the largest plasma density is 2 × 1012cm−3 and 0.6 normalized distance upstream of the thruster exit. Figure 6C illustrates that the potential drop occurs mainly in the ionization region, where the magnetic field is strong and the electron conductivity is low. The strength of the electric field must be high to compensate for the low electron conductivity, and to guarantee the continuity of the discharge current.
[image: Figure 6]FIGURE 6 | Two-dimensional distributions of the plasma characteristics. (A) Ionization rate/cm−3s−1. (B) Ion density/cm−3 (C) plasma potential/V.
Thruster Performance
Performance experiments (Figure 7) with different discharge voltages and propellant mass flow rates of LHT-140 were conducted in a large vacuum chamber TS-7 with a diameter and a length of 3.8 and 8.5 m, respectively. The pumping speed of TS-7 can reach 1.8 × 105 L per second, providing a background pressure of around 2.0 × 10−3 Pa during testing. The discharge voltage ranged from 300 to 900 V, and the propellant mass flow rate which was regulated by a flowmeter ranged from 10 to 15 mg/s, while the magnetic field remained unchanged.
[image: Figure 7]FIGURE 7 | Performance test of LHT-140.
Thrust was measured by a laser interferometer (showed in Figure 7) through the relationship between thrust and displacement. Thrust measurements were conducted in intervals of about 40 min to minimize the thermal drift. Considering the thermal drift and repeatability, the average variation in thrust for a given point was estimated to be about ±2%. Given the uncertainty of the thrust, mass flow rate, current and voltage, the uncertainty for efficiency was about ±3.1%.
The simulated results of the total, acceleration, utilization, and energy conversion efficiencies are shown in Figure 8 The total efficiency initially increased with the discharge voltage, reached the maximum at 600 V, and then declined. Blateau’s simulation study (Vincent et al., 2001) showed that the magnetic field and discharge voltage require a reasonable match. After the discharge voltage increased to a certain value, the magnetic field must increase as well. However, Figure 8 shows that the magnetic field remained unchanged. After the discharge voltage increased to 600 V, the magnetic field was not large enough to constrain the electrons, which indicated that the electrons were absorbed by the anode before the ionization collisions with the propellant atoms. Thus, the total efficiency declined after the discharge voltage increased to 600 V. The acceleration efficiency is insensitive to the change in discharge voltage, and remains at 77%. A similar relationship is found in experiments (Ashkenazy et al., 1998) for a hall thruster with a diameter of 70 mm. Moreover, with the increasing discharge voltage, the ionization of propellant atoms becomes increasingly adequate, thereby increasing the utilization efficiency. Once the magnetic field is no longer large enough to constrain the electrons, the utilization efficiency starts to decline.
[image: Figure 8]FIGURE 8 | Simulated results of efficiency for different discharge voltages.
Figure 9 shows a comparison of the experimental and simulated results of total efficiency when the discharge voltage ranged from 300 to 900 V and the propellant mass flow rate was 10 mg/s. The tested maximum value is 58%, and the simulated maximum value is 51%. When the discharge voltage increased from 300 to 600 V, [image: image]increased with [image: image]. When the discharge voltage increased from 600 to 900 V, [image: image] decreased with [image: image]. The simulated results are smaller than the experimental results by 9–13% because the influence of background pressure in the vacuum chamber is not included.
[image: Figure 9]FIGURE 9 | Comparison of simulated and experimental results of total efficiency for different discharge voltages.
Figure 10 shows a comparison of the experimental and simulated results of thrust when the discharge voltage ranged from 300 to 900 V and the propellant mass flow rate was 10 mg/s. As in the previous analysis, when the discharge voltage increased from 300 to 600 V, the ionization became increasingly adequate, the amount of produced ions increased, and the speed of the ejected ions became increasingly fast. Thus, the thrust increased with the discharge voltage. When the discharge voltage increased from 600 to 900 V, the ionization efficiency decreased dramatically and the number of produced ions decreased, but the speed of the ejected ions still increased. Thus, the thrust still increased with a slower speed. The simulated results are smaller than the experimental results by 8–14%. As mentioned earlier, the influence of background pressure in the vacuum chamber is not included.
[image: Figure 10]FIGURE 10 | Comparison of simulated and experimental results of thrus for different discharge voltages.
Figure 11 shows the relationship between thrust and efficiency. The maximum simulated efficiency is 51.1%, and the corresponding thrust is 315 mN. The maximum experimental efficiency is 58%, and the corresponding thrust is 350 mN. The trend demonstrated that efficiency increased as thrust increased initially and then decreased as thrust increased continuously.
[image: Figure 11]FIGURE 11 | Relationship between efficiency and thrust.
Only single-charged ions Xe+ and double-charged ions Xe++ are included. Figure 12 shows the ratio of Xe+ current and Xe++ current to the total ion current when the discharge voltage ranged from 300 to 900 V and the mass flow rate is 10 mg/s. The ratio of Xe+ current decreased from 96 to 82%, while the ratio of Xe++ current increased from 4 to 18%. In accordance with the variance of propellant utilization efficiency or ionization efficiency, the ion current increased when the discharge voltage increased from 300 to 600 V and then decreased when the discharge voltage increased from 600 to 900 V. The trend of beam current, Xe+ and Xe++ fractions were similar to that in reference (Vincent et al., 2001; Vincent, 2002), in which, the Xe++ fraction increased from 20.2 to 30.3% when the discharge voltage ranged from 300 to 1200 V, and the beam current increased at first, then started to decrease.
[image: Figure 12]FIGURE 12 | Proportion of xe+ and xe++ current to the total ion current for various discharge voltages.
The frequency of ionization collisions increased with the increase in the propellant mass flow rate. Consequently, the utilization or ionization efficiency increased as well, as shown in Figure 13.
[image: Figure 13]FIGURE 13 | Simulated results of efficiency for different mass flow rate.
CONCLUSION
The discharge process of the plasma, including transient and steady-state oscillations, is well reproduced. During transient oscillation, the discharge current increases rapidly to a value that is far larger than the steady-state value. These characteristics must be considered when designing the power processing unit. During steady-state oscillation, the discharge amplitude increased first and then decreased as the discharge voltage increased, while it decreased first and then increased as the magnetic field became stronger. The performance of LHT-140 was well predicted by the built model with a deviation of less than 15% compared with the experimental results, while the deviation was mainly caused by the background pressure of the vacuum chamber. Both discharge voltage and propellant mass flow rate have a great influence on the performance of the thruster. The trend of the total efficiency was consistent with either the propellant utilization efficiency or the ionization efficiency. As the discharge voltage increased, the thrust became larger and the specific impulse became higher, but the efficiency of the thruster decreased. The research results of this paper is helpful to determine a reasonable range of discharge voltage. This paper is helpful for the optimization of the performance and selection of ideal operating points for the LHT-140 hall thruster.
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In recent years, solar energy has received extensive attention as a clean and renewable energy. We present a perfect broadband solar absorber based on tungsten and semiconductor GaAs in this paper. The structure of GaAs grating-GaAs film-W substrate has been proposed. And the finite time domain difference method (FDTD) has been used for the numerical simulation of the model. Broadband absorption has been realized in the 500–1,850 nm, by adjusting the parameters of geometry to excite high-efficiency surface plasmon resonance. The absorption spectrum of the structure can be changed by adjusting the geometric parameters to meet different needs. The proposed absorber has incidence insensitive (0–60°) and high short-circuit current characteristics. The structure is simple and easy to manufacture, and has superior photoelectric properties to be application in photothermal conversion, collection and utilization of solar energy.
Keywords: solar energy absorber, ultra-broadband perfect absorption, GaAs grating, photoelectric performance, surface plasmon resonance
INTRODUCTION
Solar energy is inexhaustible, reliable and less polluting, which is why it is considered the most potential energy (Zhao et al., 2020). As a green energy, solar energy is widely used in many fields (Xiong et al., 2013; Yang et al., 2014; Zhang et al., 2014; Li et al., 2016; Xiao et al., 2017; Li et al., 2018; Tang et al., 2018; Chen P. et al., 2019; Cheng et al., 2022). These advantages have always made how to collect and use solar energy a hot and important issue. The actual solar radiation in the range of about 295–2,500 nm, the design can be perfectly matched to the wavelength band of the solar device is a key to efficient use of solar energy.
[image: Graphical ABSTRACT]GRAPHICAL ABSTRACT | A perfect broadband solar absorber based on tungsten and grating-GaAs was proposed. Broadband absorption has been realized in the 500–1,850 nm. The proposed absorber has incidence insensitive (0–60°). The proposed absorber has high short-circuit current characteristics.
In recent years, solar absorbers have attracted more and more attention as an important energy collect device (Kimpton et al., 2020; Yi et al., 2020; Yu et al., 2020; Li et al., 2021a; Zhou et al., 2021). For an ideal absorber must have a high efficiency of light absorption and many other physical properties, such as polarization stability and adjustability etc. (Jiang et al., 2021a; Li et al., 2021b; Li R. et al., 2021c; Li-Ying et al., 2021; Wu et al., 2021). However, the existing absorbers are generally limited by low temperature tolerance, low light absorption efficiency and materials (Briggs et al., 2010; Li et al., 2020a; Chen et al., 2021a; Chen et al., 2021b; Jiang et al., 2021b). Therefore, a new broadband solar absorber needs to be proposed to solve these problems.
Broadband absorber is an old concept that was proposed many years ago. Over the years, it has been widely used in the fields of solar heating devices, solar cells and photothermal converters (Sobhani et al., 2013; Xiao et al., 2019; Li et al., 2020b; Wang et al., 2021; Zhao et al., 2021). The improvement of broadband absorbers has three main directions. Firstly, it is important to find the most suitable material. Because of the obvious shortcomings of traditional metal materials such as gold and silver, such as high cost and poor heat resistance, people began to pay attention to materials with high melting points such as TiN, tungsten and other, which are different from the original broadband absorber. They not only have a high melting point, but also can be used as effective plasmon excitation materials. Secondly, the nanostructure design of the broadband absorber is also very critical. The multi-layer-metal-insulator (MMI) structure is first used, and then turned to a simpler MIM or IMI nanostructures. Finally, the working range of the broadband absorber was investigated and continuously improved, especially in the ultraviolet to near infrared range. In order to obtain an ideal broadband absorber in practical applications, it is necessary that the proposed absorber can fulfill the requirements mentioned above. For example, Lei et al. (2016) modulated the duty cycle of metal gratings. They simulated the optical characteristics of metal-insulator-metal grating nanostructures and obtained four absorption regions with absorption near 100%. Qin et al. (2020) proposed a solar absorber based on TiN and Ti. The simulation results demonstrate that broadband absorption can be achieved. Jiang et al. proposed a broadband solar absorber based on hyperbolic multilayer metamaterial (HMM) is obtained in greater than 90% absorption from 300 to 2,215 nm (Khavasi, 2015). Although the characteristics of these absorbers are sufficiently superior, their complex nanostructures and various preparations of complex materials make the proposed absorbers imperfect, and it is difficult to apply them in subsequent practical manufacturing. Accordingly, an absorber with structure simpler but also excellent high absorption is presented urgently.
Over here, we proposed a GaAs grating solar absorber which obtain bandwidth with absorption over 90% reaches 1,350 nm. The overall structure only uses two kinds of materials: metal W and semiconductor GaAs, the melting points of them are high and their thermal stabilities are great. Compared with traditional noble metals, W has higher metal loss and is easier to achieve broadband absorption. And the semiconductor GaAs has a stronger excitation effect on the structure due to its higher dielectric constant, and can also achieve broadband absorption. The proposed structure can achieve wide broadband absorption, changing the absorption spectrum by adjusting structure parameters with a certain tunability is feasible. The model was also simulated with the solar spectrum conditions in the actual environment to investigate the effect in the actual solar radiation environment.
STRUCTURAL DESIGN OF BROADBAND PERFECT SOLAR ENERGY ABSORBER
First, the broadband absorber structure based on metal W and semiconductor GaAs has been proposed. Figure 1 shows this structure. W has been selected as the substrate. There is a thin layer of GaAs film on the W film, and the top layer is a GaAs grating arranged periodically. The period of the grating is represented by P, and the width is t. d1 and d2 are the thicknesses of the GaAs film and the top grating, respectively. In order to ensure that the transmittance is almost zero, the thickness of W metal substrate needs to be much greater than the skin depth of light. The overall structure is very simple and clear, and can be manufactured using traditional magnetron sputtering and photolithography processes. The optimal parameters of the structure: P = 500 nm, t = 240 nm, d1 = 30 nm, d2 = 120 nm. The parameters of W and GaAs are both from the database of FDTD solutions (Cao et al., 2014; Deng et al., 2015; Deng et al., 2018).
[image: Figure 1]FIGURE 1 | (A) Schematic of metal W-semiconductor GaAs structure of broadband absorber. (B) Cross-sectional view.
Our simulations and calculations use the finite-difference time-domain (FDTD)methods. The software used is FDTD solutions of Lumerical Company. Compared with other commercial simulation software, its calculation time is shorter and the accuracy is higher, which is very suitable for the simulation of nanostructure. In the actual simulation parameter setting, the incident light source is vertically incident from above the structure and adopts TM polarized plane wave. The boundary conditions are set by using periodic boundary conditions in the x-direction and perfect matched layer to cut off the boundary in the z direction. The division precision of the grid is 10 nm × 10 nm × 5 nm. The material parameters of metal W and semiconductor GaAs are used in the material library of the FDTD solutions software. The global absorption of the structure can be calculated with the formula A = 1-T-R, where the absorption is A, T and R represent the transmission and reflection, respectively (Long et al., 2016; Liu et al., 2017; Cai et al., 2019; Liu et al., 2021).
RESULTS AND DISCUSSION
Figure 2 presents the simulation results of the structure. Obviously, the absorption effect of the proposed absorber is excellent, the absorption is higher than 90% at 500–1,850 nm. In order to reflect the rationality of the designed structure, we also calculated the other two similar configurations as a comparison. The absorption when there is no top grating and there is only a layer of W substrate and GaAs film is indicated by the blue line, and the red line represents the absorption when there is no W substrate and only GaAs film and grating. Clearly, when there is no top layer of GaAs grating, the structure only got a higher absorption at the wavelength from 700 to 1,100 nm, but there is almost no part higher than 90%, and the absorption at the wavelength after 1,100 nm drops rapidly; In the case of a non-metal W substrate, as shown by the red line, there is an absorption of about 60% only at the beginning of the curve, and thereafter it continues to decrease until it approaches zero. Through the comparison of the two, we can fully realize that the light reflection effect of the metal substrate and the LSPR mode excited by the top semiconductor grating have a huge effect on the improvement of the overall absorber, and the loss of any part of the component will lead to the collapse of the overall structure (Lv et al., 2018; Huang et al., 2021; Xu et al., 2021).
[image: Figure 2]FIGURE 2 | Absorption of broadband absorber in several different configurations.
There are many choices of metal and semiconductor materials. As a comparison, we listed the absorption of several other very common metal materials and semiconductors, as shown in Figure 3. Figure 3A presents the effect of choosing different metals when GaAs is used as the top layer material. In order to make a comprehensive comparison, we not only chose to use traditional noble metals such as gold and silver, but also selected Ti and V, which are the same refractory metals as W. It is very clear that the high absorption part of traditional noble metals is concentrated in the short wavelength region and the bandwidth is very narrow, and the absorption in the whole band is very unsatisfactory. This result is mainly caused by the small metal loss of noble metals (Cai et al., 2014). Figure 3B is the absorption spectrum of several different semiconductor materials when metal W is used as the bottom layer. It shows that GaAs is the best choice because of the widest absorption bandwidth and the best absorption. This is mainly because GaAs has a higher dielectric constant and the electromagnetic field has a strong excitation effect on the structure, so it has a good absorption effect.
[image: Figure 3]FIGURE 3 | (A) Absorbance spectrum of different metal materials. (B) Absorbance spectrum of different semiconductor materials.
Further, we have investigated the influences of several main geometric parameters on the overall absorption effect one by one, which explains the reasons for the selection of geometric parameters of the proposed absorber, and we also simulated the tuning according to the needs of the actual use. First, we studied the influence of the total structure period P on absorption, as shown in Figure 4A. We calculated in the range of 400–600 nm with 50 nm steps. It is clear that with the increase of the period, in the main absorption band (>90% part), the overall absorption of the structure continues to increase, and the bandwidth does not change significantly. However, this increase is not unlimited. At P = 550 nm, the total absorption begins to decrease. This is because the excessively large period greatly increases the intensity of the surface plasmon resonance (Chen et al., 2019a; Chen et al., 2019b; Chen et al., 2018), which narrows the absorption bandwidth slightly and decreases the absorption. Therefore, after comprehensive consideration, we selected P = 500 nm, which is an ideal parameter. Subsequently, we simulated the influence of the width t of the grating on the absorption of the structure, and the result is presented in Figure 4B. Obviously, its main influence on the spectrum is reflected in the long wavelength range. When the width of the grating becomes wider, the global absorption bandwidth becomes obviously wider, but the change of the absorption rate is not same, it is a trend of first increasing and then decreasing. After exhaustive consideration, we finally select the middle parameter as the optimal value, so that a wider absorption bandwidth can be obtained without making the overall absorption too low.
[image: Figure 4]FIGURE 4 | (A) Absorption spectrum under different periods. (B) Absorption spectrum under different grating widths.
After having investigated the influences of period and grating width on the whole absorption of the proposed absorber, we also studied the influence of grating layer and semiconductor layer thickness parameters on absorption, as results shown in Figure 5. First, we have changed the thickness of the semiconductor layer from 10 to 50 nm, and 10 nm as the step. We can see that the total absorption first rises from 10 nm, and reaches a maximum at 30 nm, then decreases as the height increases. The whole bandwidth is slightly widened as the height increases. 30 nm is selected as the optimal parameter on balance, so as not to make the bandwidth too narrow, but also to obtain the highest absorbance. Next, we also studied the influence of the different top grating layer thickness on absorption, and the results are presented in Figure 5B. The absorption of the structure is very low and the bandwidth is narrow when d2 = 40 nm; when it is increased to 80 nm, there is a big improvement. By comparison, we selected the optimal parameters 120 nm. In conclusion, whether it is the period of the structure, the width of the grating or the thickness of the semiconductor GaAs layer, the change of these parameters directly affects the surface plasmon resonance characteristics of the entire structure, or make it strengthen, or make it weaken, which in turn leads to a corresponding change in the absorption of the proposed absorber and the bandwidth of the spectrum (Chen et al., 2013; Liu et al., 2020; An et al., 2021; Cheng T. et al., 2021). The width of the top grating will not only affect the surface plasmon resonance, but also the change of its geometric parameters will have a certain effect on the cavity film of the structure, which will not be described in detail here.
[image: Figure 5]FIGURE 5 | (A) Absorption spectrum with different semiconductor layer thicknesses. (B) Absorption spectrum with different grating layer thicknesses.
As a solar absorber will be applied in the actual environment, it can be expected that the light in nature cannot be incident perpendicularly as in the ideal case (Cheng et al., 2015). Therefore, we must take these factors into consideration when simulating. In fact, the absorption under oblique incidence and different polarization angles are also two important parameters for examining the structural design of the solar absorber. Figure 6A is the absorption spectrum when the incidence angle changes from 0 to 60°, and Figure 6B is the absorption spectrum when the polarization angle changes from 0 to 90°. It is obviously from Figure 6A that the total absorption effect of the proposed absorber is good at the long wavelength range. The absorption starts to decrease significantly as the incident angle is close to 60°. However, the result is not very ideal in the short wavelength range. When the incident angle begins to increase, not only the absorption decreases, but the high-efficiency absorption bandwidth also becomes narrow. As for the situation when the polarization angle is changed as shown in Figure 6B, when the rotation angle exceeds about 30°, the absorption and bandwidth of the structure will decrease significantly. This is because the structure is not completely symmetrical, and when switching to the TE polarization mode, the surface plasmon resonance cannot be excited. The simulation results are consistent with the theoretical explanation.
[image: Figure 6]FIGURE 6 | (A) Absorption at different incident angles. (B) Absorption at different polarization angles.
The proposed absorber is mainly used for solar energy collection. Therefore, its absorption characteristics in actual solar radiation are very important. We simulated carefully to test the performance in actual situation of the proposed absorber. The solar energy absorption efficiency equation with AM 1.5 is:
[image: image]
Where [image: image] is the absorption efficiency, [image: image] is the reflection of the structure, [image: image] is the frequency of the incident source, and [image: image] is solar radiation (Long et al., 2015; Zhang et al., 2015; Fu et al., 2021; Su et al., 2021). The results are presented in Figure 7.
[image: Figure 7]FIGURE 7 | (A) Absorption spectrum under a solar spectrum at AM 1.5. (B) Total solar energy and missed energy at AM 1.5.
In the Figure 7A, black line is the solar spectrum at AM 1.5, red line is the absorption spectrum for the proposed absorber under solar radiation. It is very clear that the red line is much lower than the black line at the wavelength of 400–750 nm, which means the absorption of light in this range is relatively low. Also, the red line does not match the black line at the wavelength of 1,500–2,500 nm, which represents the low energy absorption same. In order to present this phenomenon intuitively, we made a schematic diagram showing the relationship between energy missed and total energy, as shown in Figure 7B. The gray area is the total solar energy, and the red area is the energy missed by the proposed absorber. We can see that the area of energy missed is also mainly concentrated in the two bands mentioned earlier, and the area is larger, which represents a greater loss of energy. Nevertheless, the global absorption effect of the proposed absorber is good and acceptable.
In practical applications, the proposed absorber can be used as a main component of a solar cell. Since it is a solar cell, the photoelectric conversion efficiency is a matter of great concern to us, and the photoelectric conversion efficiency is directly related to the ideal short-circuit current and directly proportional, which means that in order to achieve higher photoelectric conversion efficiency, higher short-circuit current is the basis (Ghasemi et al., 2014; Ni et al., 2016). Therefore, we studied the ideal short-circuit current of the structure and simulated with different grating layer thicknesses, as shown in Figure 8. When the grating layer thickness d2 = 160 nm, the short-circuit current reaches the maximum value, which is 543.027 A/m2.
[image: Figure 8]FIGURE 8 | The influence of different grating layer thickness on short-circuit current.
DISCUSSION
A broadband absorber structure based on metal W and semiconductor material GaAs is proposed in this paper. Its structure is very simple, consisting only of metal W substrate, GaAs film layer and grating layer. We have achieved broadband absorption at the wavelength of 500–1,850 nm by repeatedly adjusting the geometric parameters. Subsequently, the rationality of its structure design and materials selection, the influences of several geometric parameters on the global structure, the spectrum when incident and polarization angle change, the solar absorption and loss spectrum, and the ideal short-circuit current are analyzed one by one. We mainly drew the following conclusions:
1) The reflection effect of the metal substrate on the light and the LSPR mode excited by the top semiconductor grating have a very clear effect on the improvement of the total absorber, and the absence of any part will result in the failure of broadband absorption.
2) Selecting noble metals with less metal loss as the film will narrow the bandwidth; among semiconductor materials, GaAs has a stronger electrical excitation due to its higher dielectric constant, so the broadband absorption effect is good.
3) The change of the geometric parameters of the structure actually affects the surface plasmon resonance of the structure, and then different absorption conditions will appear.
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Fibrous micro-nano hierarchical porous cerium dioxide materials were prepared from oriental paperbush flower stems by impregnation and thermal decomposition methods. Thermogravimetric analyzer (TG, DSC), field emission scanning electron microscopy (FESEM), X-ray diffraction (XRD), transmission electron microscopy (TEM), N2 adsorption-desorption isothermals, temperature-programmed reduction (TPR), and UV-Vis spectrophotometer were used to characterize the thermal decomposition behavior, microstructure and photocatalytic properties of fibrous micro-nano hierarchical porous cerium dioxide materials. The results proved that the achieved products retained a fibrous morphology similar to oriental paperbush flower stems with the original biotemplate in material completely removed. The average diameter of CeO2 particles on the surface of the material is about 9 nm, and the large specific surface area is around 55.6 m2/g. UV-Vis absorption spectra showed that the fibrous micro-nano hierarchical porous cerium dioxide materials have high light absorption capacity and can respond to simulated sunlight. The effects of initial dye concentration, catalyst concentration, pH value, cycle number, and irradiation time on the photocatalytic activity of fibrous micro-nano hierarchical porous cerium dioxide materials for the photo-degradation of methylene blue under simulated solar irradiation were systematically studied. A reasonable photocatalytic mechanism is proposed based on the experimental results and theoretical analysis. This strategy can be extended to synthesize other broad bandgap semiconductor oxides with high photocatalytic activity for the photo-degradation of organic dyes under simulated solar irradiation.
Keywords: fibrous, cerium dioxide, photocatalytic activity, photocatalytic mechanism, organic dye
INTRODUCTION
With the development of society and the progress of industry, the pollution caused by varied organic dyes is becoming worse, which results in more attention being paid to environmental and energy issues (Chen et al., 2020; Ge et al., 2021). Scientists are committed to enhancing the living environment of mankind and creating better living conditions, and it is imperative to solve the environmental problems caused by industrial development (Chenab et al., 2020; Pooja and Chowdhury, 2021). Recently, pollution, especially organic dyes afecting water resources, has become quite serious. With the background of energy utilization and environmental protection, the photo-degradation of organic pollutants has been actively studied (Medda et al., 2020; Cheng et al., 2021a; Wang et al., 2021a). To reduce the pressure on the environment caused by organic pollutants, many processes including ozone-oxidation method, photo-degradation method, activated-carbon adsorption method, and so on have been designed to degrade the organic pollutants (Caballero-Espitia et al., 2020; Wang et al., 2021b; Wang et al., 2021c). Among these methods, the photo-degradation method is an efficient method to degrade organic dyes from wastewater. Therefore, using the photo-degradation method to study the degradation of organic pollutants from wastewater has important research significance.
The core of the photo-degradation method is to select suitable photocatalysts to degrade organic dyes from wastewater (Wang et al., 2020a; Cheng et al., 2021b; Jiménez-Almarza et al., 2021). Cerium dioxide (CeO2) is a highly efficient photocatalyst, which shows unique advantages in the degradation of various organic dyes (Gao et al., 2018a; Gong et al., 2019; Murali et al., 2019; Li et al., 2021). However, CeO2 has a large bandgap and can only respond to ultraviolet light, which greatly restricts its application in the field of photocatalysis. (Wang et al., 2021d; Han et al., 2021). Therefore, it is of great significance to develop a new synthesis route to synthesize the CeO2 photocatalyst with a special defect structure and study its photocatalytic activity. Lately, the biological template method prepared by inorganic functional materials has become a novel technology to produce the inorganic materials used as photocatalysts (Ai et al., 2021; Kulshrestha et al., 2021). Compared with other preparation methods, the biological template method has the advantages of green environmental protection, a simple process, low cost, and easy mass production. The technique is inspired by the development of biological mineralization and it is the method for preparing inorganic materials with controllable structures. The natural existence and special micromorphology of various biological matters are used as a template, with the introduction of inorganic particles by immersion and the removal of the template by calcination, which is aimed to prepare nano-materials with unique bionic morphology. The structure and properties of the inorganic materials synthesized by the biological template method are highly dependent on the structure and properties of the original biological template. The biological materials possess an inherent hierarchical porous structure, large surface area, light weight, high permeability, and any number of other properties. The chemical composition of the organism and the special microstructure can provide a stable environment for the synthesis of CeO2 photocatalyst. However, no researchers have yet used the natural biological structure as a template to synthesize a CeO2 photocatalyst and study its photocatalytic activity. Therefore, the selection of a suitable natural biological structure as a template can be prepared for the industrial production of high-performance CeO2 photocatalyst.
In this paper, oriental paperbush flower stems were utilized to synthesize the CeO2 materials with a micro-nano hierarchical structure with high photocatalytic activity for the photo-degradation of methylene blue dye under simulated solar irradiation. The phase purity, microstructure, morphology, optical properties, and photocatalytic activity of micro-nano hierarchical porous cerium dioxide materials were systematically studied. The effects of catalyst concentration, dye concentration, pH value, and stability on the photocatalytic activity of micro-nano hierarchical porous cerium dioxide materials were also studied. The results showed that the prepared micro-nano hierarchical porous cerium dioxide materials can preserve and duplicate the microstructure of the original biological template and exhibit excellent photocatalytic activity for the photo-degradation of methylene blue dye under simulated solar irradiation.
EXPERIMENTAL PROCEDURES
Materials Preparation
All the reagents including Ce(NO3)3·6H2O, hydrochloric acid anhydrous, and ethanol were purchased from Sinopharm Chemical Reagent Co. Ltd. and the oriental paperbush flower stems were picked from the campus. After being washed by deionized water three times or more, the oriental paperbush flower stems were put in a percentage of anhydrous ethanol solution which to was added a certain amount of hydrochloric acid and were left to stand for 24 h, then this step was repeated three times to get experimental available biological templates. Next, the right amount of oriental paperbush flower stems were impregnated into 0.1 mol/L Ce(NO3)3·6H2O solution for 72 h and dried at room temperature, the matter obtained in this step was named the precursor for material synthesis. After repeating the above steps three times, the third drying product was heated to 600°C in a muffle furnace for 200 min. After these processes, the micro-nano hierarchical porous cerium dioxide materials were obtained. To make a comparison, with other conditions unchanged, the cerium dioxide standard samples were obtained by heating pure cerium precursor to 550°C for 200 min in the muffle furnace.
Material Characterization
A thermogravimetric analyzer (TG-DSC TG 209 F3, Netzsch) of fibrous micro-nano hierarchical porous cerium dioxide materials was used to measure the weight changes of precursor for material synthesis during the calcination process. The morphology and various other information about the fibrous micro-nano hierarchical porous cerium dioxide materials were characterized by the Hitachi S4800 type field emission scanning electron microscopy (FESEM) and JEM-2100 type transmission electron microscopy (TEM). The phase structure of fibrous micro-nano hierarchical porous cerium dioxide materials was identified by a Rigaku D/max 2500 PC type X-ray diffraction by using Cu Kα radiation at 40 kV and 40 mA with a scanning rate of 5(°) at 2θ/min which ranges from 20° to 80°. The specific surface area and pore-size distribution of fibrous micro-nano hierarchical porous cerium dioxide materials were calculated by using the BET, ASAP-2010C Brunauer-Emmett-Teller method. A TP-5000 analyzer with a TCD detector (Tianjin, China) was used to determine the temperature-programmed reduction (TPR) of fibrous micro-nano hierarchical porous cerium dioxide materials. The TPR profile of the powder (about 100 mg) was recorded between 20°C and 780°C at a heating rate of 10°C/min.
Photocatalytic Experiments
Methylene blue dye, which is difficult to degrade under natural conditions, was used to detect the photocatalytic activity of fibrous micro-nano hierarchical porous cerium dioxide materials. Before the photo-degradation experiment, adsorption experiments in dark conditions for 30 min were performed to distinguish the change of dye concentration caused by adsorption. A measure of 400 ml of methylene blue solution with a concentration of 10, 50, 100, 150, 200, or 250 mg/L was poured into the photoreactor, and 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, or 1.4 g/L of fibrous micro-nano hierarchical porous cerium dioxide materials was weighed and added into the reactor, and magnetic stirring was carried out simultaneously under the simulated sunlight irradiation with the wavelength of 320–780 nm. Samples were taken at intervals, and the supernatant was removed after centrifugation. The absorbance of methylene blue was measured at 642 nm by the Shimadu Company’s UV-Vis spectrophotometer UV-2450. The degradation percentage (D%) of the solution was calculated by the following formula:
[image: image]
A0 is the absorbance of initial dye concentration, A is the absorbance of the dye after degradation. Simultaneously, different pH values and cyclic stability experiments were performed.
RESULTS AND DISCUSSION
TG-DSC Analysis
Figure 1 shows the TG-DSC curves of oriental paperbush flower stems/cerium nitrate precursor. The black curve in the figure reflects the thermal weight loss of oriental paperbush flower stems/cerium nitrate precursor as the temperature increased, while the red curve represented the changes of the heat flow in the oriental paperbush flower stems/cerium nitrate precursor. From the differential thermal analysis curve in the figure, the weight of the sample system was observed to decrease slightly when the temperature was about 100°C, and there was an insignificant endothermic peak in the heat flow curve, which could be regarded as part of the weight loss caused by the removal of adsorbed water in the complex. (Wang et al., 2013). While two obvious exothermic peaks appeared at 280 and 440°C, and the weight loss of the composite was observed on the corresponding weight loss curves, where the rate of weight loss was 38 and 28%, respectively. The weight loss phenomenon of the composite at 250–350°C can be considered as caused by the carbonization of the organic components in the stem (Zhang et al., 2009a; Zhang et al., 2009b). The observed weight loss between 350 and 600°C was due to the reaction of carbides with oxygen to produce gases such as carbon dioxide (Wu et al., 2004; Xian et al., 2009). The sample was decomposed completely at about 600°C, the quality remained constant. Therefore, the optimum calcination temperature for the selected material is 600°C, at which point the template was completely removed to obtain the pure cerium oxide material.
[image: Figure 1]FIGURE 1 | TG-DSC curves of oriental paperbush flower stems/cerium nitrate precursor.
Microstructure Analysis
Figure 2 presents SEM images of oriental paperbush flower stems and the micro-nano hierarchical ceria material synthesized from oriental paperbush flower stems. In Figures 2A,B, the products exhibited irregularly arranged long fibrous structures on the micro-morphology. The length of a single fiber was upward of 100 μm and the fiber radius was about 5–10 μm. In addition, the single fibers intertwined with each other, indicating that the prepared cerium oxide material completely retains the long fibrous structure of the pilose anthers stigma cells completely. Further observation of Figures 2C,D showed that the long fibers possessed a lamellar structure, and the edges of these lamellar structures underwent significant warping due to inconsistencies in the material and transverse and longitudinal shrinkage during the subsequent calcination. Figure 2D shows the magnified image of the area of the micro-nano hierarchical ceria materials. From the rupture of the fibrous structure in the figure, it can be seen that the inside of the material was hollow structure, which was caused by the curling of the single fiber. The outer surfaces of the fibrous structure were in the shape of burr structures. The presence of the burr structures indicated that in the cerium nitrate precursor after the impregnation–calcination progress the microstructure of the original template was perfectly reproduced. Moreover, these massive skin needles can significantly increase the BET specific surface area of the material and provide more catalytic active sites to promote adsorption of dye, thereby increasing the catalytic activity of the micro-nano hierarchical ceria materials.
[image: Figure 2]FIGURE 2 | SEM images of the biomimetic structure of oriental paperbush flower stems (A, B), and the micro-nano hierarchical ceria materials (C, D).
The composition of micro-nano hierarchical ceria materials can be observed from Figures 3A,B. The surface of micro-nano hierarchical ceria materials was like the structure of the biological cells. There were many pore structures between the particle and the nanoparticles uniformly distributed on the surface of the sample. Figure 3B shows the particle size of the sample was less than 20 nm, which was in accordance with the particle size calculated by JADE software. It can be seen from Figure 3C that the mean particle size of CeO2 particles was about 9 nm. The selected area electron diffraction (SAED) pattern of micro-nano hierarchical ceria materials as showed in Figure 3D, confirmed the prepared sample was composed of ceria nanoparticles with high crystallinity and polycrystalline structure. On the surface of micro-nano hierarchical ceria materials, there were many irregular cellular structure polycrystalline particles, whose size was about 100 nm and existed plenty of pore structure. These results confirm that the micro-nano hierarchical ceria materials with the fiber structure were formed by self-assembly.
[image: Figure 3]FIGURE 3 | (A) TEM image, (B) TEM enlargement, (C) HRTEM image, and (D) SAED pattern of micro-nano hierarchical ceria materials.
X-ray Diffraction Analysis
Figure 4 shows the XRD pattern of micro-nano hierarchical ceria materials. The six characteristic peaks of micro-nano hierarchical ceria materials sequentially correspond to (111), (200), (220), (311), (222), and (400) crystal planes of the face-centered cubic CeO2 with standard JCPDF card No. 34-0394, indicating that the prepared product is a cerium oxide material. No extra peaks were observed, indicating that the template had been completely removed during the calcination and that the cerium nitrate precursor was thoroughly decomposed and the phase purity of the product was improved. The sharp diffraction peak and high XRD intensity of the sample indicated that the product has good crystallinity. According to the full width at half maximum (FWHM) of each diffraction peak, the grain size of micro-nano hierarchical cerium oxide material is calculated by the Scherrer formula to be 9 nm. The theoretical calculation result is consistent with the TEM observation.
[image: Figure 4]FIGURE 4 | XRD pattern of micro-nano hierarchical ceria materials.
Adsorption-Desorption Isotherm and Pore Size Distribution
Figure 5 shows the nitrogen adsorption-desorption isotherms and their corresponding pore size distribution curves of micro-nano hierarchical ceria materials. It can be observed that the adsorption-desorption isotherm is type IV and is a typical adsorption isotherm for both microporous and mesoporous structures. When the relative pressure increases to a certain value (p/p0 is 0.4–10), the nitrogen molecules in mesopores Capillary condensation occur, resulting in adsorption lag phenomenon, and the formation of an H3-type hysteresis ring. The position of the pressure section determines the pore size of micro-nano hierarchical ceria materials. The specific surface area of micro-nano hierarchical ceria materials calculated by the BET method was 55.6 m2/g. The pore size distribution curve of micro-nano hierarchical ceria materials calculated by the BJH equation shows that the prepared fibrous cerium oxide material has more pore size distribution intervals and the diameters are between 4 and 20 nm, which fully shows that the sample was a rich mesoporous structure, which is consistent with the TEM observation. The existence of these mesoporous structures can increase the BET specific surface area of micro-nano hierarchical ceria materials, and then provide more active sites for the photocatalyst, and further enhance the photocatalytic activity of micro-nano hierarchical ceria materials.
[image: Figure 5]FIGURE 5 | Nitrogen adsorption-desorption isotherm of micro-nano hierarchical ceria materials. The inset shows the corresponding pore size distribution curve of micro-nano hierarchical ceria materials.
Temperature-Programmed Reduction Experiments
H2-TPR is the spectrum obtained according to the change of hydrogen concentration in the constant rate heating process, in which hydrogen in the reaction gas reacts with oxygen released in the transformation process of Ce4+/Ce3+ to generate water. According to the peak temperature, peak type and peak area of the TPR spectrum, the catalytic, oxygen storage and release properties of micro-nano hierarchical ceria materials and bulk ceria can be qualitatively analyzed. Figure 6 shows the temperature-programmed reduction profiles of micro-nano hierarchical ceria materials and bulk ceria. In Figure 6, bulk cerium oxide exhibits hydrogen consumption peaks at about 450 and 750°C, respectively, corresponding to surface and bulk oxygen consumption of cerium oxide materials. It can be clearly observed that the micro-nano hierarchical ceria materials prepared by the template method have a sharp peak type at about 480°C, and the peak area is much higher than that of bulk ceria. Simultaneously, the bulk phase oxygen consumption peak area of micro-nano hierarchical ceria materials is significantly reduced compared with the bulk ceria, indicating that the surface oxygen consumption of porous cerium oxide material is significantly increased. The results indicate that the micro-nano hierarchical ceria materials have more surface oxygen and more surface oxygen active sites. However, the hydrogen consumption peak of bulk phase oxygen appears at about 680°C, which may be caused by the crystal lattice distortion caused by the incorporation of N element in the template, which makes bulk phase oxygen overflow more easily. The above analysis results imply that the micro-nano hierarchical ceria materials have excellent photocatalytic activity.
[image: Figure 6]FIGURE 6 | Temperature-programmed reduction profiles of (a) micro-nano hierarchical ceria materials and (b) bulk ceria.
Optical Properties
Figures 7A, B shows the UV–Vis absorption spectra of micro-nano hierarchical ceria materials and bulk ceria. As can be seen from Figure 7A, bulk CeO2 has a high optical absorption coefficient before 400 nm and can respond to ultraviolet light. The micro-nano hierarchical ceria materials exhibit novel optical properties compared with those of bulk materials, and a new characteristic peak appears at about 380 nm, mainly due to special defects in the micro-nano hierarchical ceria materials. Meanwhile, the range of light absorption is extended from the ultraviolet region to the visible region. There is some weak light absorption at 600 and 700 nm, indicating that the micro-nano hierarchical ceria materials have a visible light response-ability. Based on UV-Vis absorption spectra and Tauc theory (Tang et al., 2020; Zhao et al., 2020; Gao et al., 2021a; Wang et al., 2021e), the optical band gap (Eg) value of bulk ceria and micro-nano hierarchical ceria materials can be obtained.
[image: image]
Where ν is the frequency, A is the absorption coefficient, and n = 2.
[image: Figure 7]FIGURE 7 | UV–Vis absorption spectra of (A) bulk ceria and (B) micro-nano hierarchical ceria materials. The insets show the optical band gap (Eg) values of (A) bulk ceria and (B) micro-nano hierarchical ceria materials.
The Eg values of bulk ceria and micro-nano hierarchical ceria materials as shown in Figure 7A inset and Figure 7B inset. The Eg values of bulk ceria and micro-nano hierarchical ceria materials are found to be 3.62 and 3.00 eV, respectively. The results show that the micro-nano hierarchical ceria materials can respond to visible light and is a potential visible-light photocatalyst. This conclusion will be further confirmed in the photocatalytic experiment section.
Photocatalytic Activity
To study the photocatalytic activity of micro-nano hierarchical ceria materials, methylene blue was selected as the target degradation dye (Figure 8A). To eliminate the influence of adsorption on the photocatalytic experiment, half an hour of adsorption experiments was carried out in a dark room before the photocatalytic experiment. Although CeO2 forms a porous structure, the amount of methylene blue dye adsorbed is very low, only about 8%. When only the methylene blue dye solution is illuminated, the methylene blue dye hardly degrades. The results show that methylene blue dye is an organic pollutant that is difficult to degrade under natural light irradiation. To compare with the traditional CeO2 nanoparticles (C-CeO2), the photo-degradation of methylene blue dye by CeO2 nanoparticles was also performed. The photocatalytic degradation rate increases with the increase of irradiation time. However, the degradation percentage of traditional CeO2 nanoparticles was only about 50% after being exposed to light for 180 min. The photocatalytic degradation percentage of micro-nano hierarchical ceria materials can reach about 90.4%.
[image: Figure 8]FIGURE 8 | Photocatalytic activity of micro-nano hierarchical ceria materials for the degradation of methylene blue under different parameters. (A) Different irradiation times, (B) Corresponding first-order dynamics curve, (C) Different catalyst concentrations, (D) Different dye concentrations, (E) Different pH values, and (F) Cyclic stability experiments.
The degradation rate of micro-nano hierarchical ceria materials can be further expressed by first-order kinetic model (Wang et al., 2020b; Yu and Han, 2021):
[image: image]
Where At, A0, k, and t are the absorbance of dye at different irradiation times, the initial dye absorbance, the rate constant, and the irradiation time, respectively. The corresponding first-order dynamics curve of blank, the CeO2 nanoparticles, and micro-nano hierarchical ceria materials is shown in Figure 8B. The k values of blank, CeO2 nanoparticles, and micro-nano hierarchical ceria materials are 0.00015, 0.00387, and 0.01308 min−1, respectively. The photocatalytic activity of micro-nano hierarchical ceria materials was about 3.38 times higher than that of CeO2 nanoparticles. The photocatalytic activity of micro-nano hierarchical ceria materials was 2.60 times higher than that of CeO2 nanoparticles reported in the literature (Gao et al., 2018a). The results further confirmed that the micro-nano hierarchical ceria materials exhibited high visible-light photocatalytic activity for the photo-degradation of methylene blue dye.
The effect of catalyst concentration on the photocatalytic activity of semiconductor photocatalysts is always a problem worth discussing. Figure 8C shows the effect of catalyst concentration on the photocatalytic activity of micro-nano hierarchical ceria materials for the photo-degradation of methylene blue under simulated solar irradiation. With the increase of catalyst concentration, the photocatalytic degradation percentage first increases and then decreases, and the optimal catalyst concentration is 0.8 g/L. When the catalyst concentration is low, the probability of photon absorption is small, the photogenerated electron-hole pair is less, the number of catalytic active centers is correspondingly less, and the organic molecules can not be fully adsorbed to the surface of the micro-nano hierarchical ceria materials, so the photocatalytic degradation effect is poor. (Cao et al., 2018). With the increase of catalyst concentration, the utilization rate of photons increases, the number of catalytic active centers in the reaction increases, and the degradation rate increases. When the concentration of catalyst increases to a certain value (0.8 g/L), the photocatalytic degradation percentage reaches the best. When the concentration of catalyst continues to increase, the scattering effect of catalyst particles on incident light becomes prominent, and the utilization rate of photons decreases, making the degradation rate show a downward trend. (Yumei Guo et al., 2020).
Figure 8D shows the effect of dye concentration on the photocatalytic activity of micro-nano hierarchical ceria materials for the photo-degradation of methylene blue dye under simulated solar irradiation. With the increase of the methylene blue dye initial concentration, the degradation percentage first increased and then showed a downward trend, and the degradation percentage reached the maximum when the dye concentration was 100 mg/L. When the dye concentration is low, the photocatalytic reaction rate is approximately proportional to the concentration of organic matter (Konstantinou and Albanis, 2004), so the degradation percentage of dye increases with the increase of dye concentration. When the dye concentration is too high, the transmittance of the solution decreases, resulting in a decrease in the number of effective photons involved in the photocatalytic reaction, and the surface of the catalyst will reduce its active site due to the adsorption of excessive dye molecules. (Wang and Tian, 2020). When the concentration of dye molecules exceeds a certain level, its degradation rate begins to decline.
Figure 8E shows the effect of pH value on the photocatalytic activity of micro-nano hierarchical ceria materials for the photo-degradation of methylene blue dye under simulated solar irradiation. It can be seen from Figure 8E that the degradation percentage of methylene blue dye is higher in acidic conditions, but lower in alkaline conditions. The optimal pH value of micro-nano hierarchical ceria materials for the photo-degradation of methylene blue dye under simulated solar irradiation is 5. This result is related to the point of zero charge (PZC) of CeO2 and the cationic dye of methylene blue. (Gao et al., 2018b; Ramirez et al., 2019).
The recyclability of a photocatalyst is another important index to evaluate its photocatalytic activity. Figure 8F shows the recyclability experiments of micro-nano hierarchical ceria materials for the photo-degradation of methylene blue dye under simulated solar irradiation. After each cycle, the photocatalyst in the degraded dye solution should be centrifuged, filtered, and dried before the next cycle experiment. After five cycles, the degradation rate of micro-nano hierarchical ceria materials decreased by only about 6%, indicating that the micro-nano hierarchical ceria materials can be reused many times. The results indicate that the micro-nano hierarchical ceria materials have high cyclic stability and are a potential visible-light photocatalyst.
Photocatalytic Mechanism
Based on the literature (He et al., 2016; He et al., 2021), the hole (hVB+), hydroxyl radical (•OH) and superoxide radical (•O2−) can be detected by using the disodium ethylenediamine tetraacetic acid (EDTA-2Na), 2-propanol (IPA), and 1, 4-benzoquinone (BQ) as scavengers, respectively. The trapping experiment was consistent with the photocatalytic experiment, except that a 1 mmol trapping agent was added to the reaction solution. Figure 9 shows the species trapping experiments for the degradation of methylene blue dye over micro-nano hierarchical ceria materials. When EDTA-2Na, IPA, and BQ were added to the reaction solution, the photocatalytic efficiency of micro-nano hierarchical ceria materials was significantly inhibited, indicating that holes, hydroxyl radicals, and superoxide radicals played a crucial role in the photocatalytic reaction.
[image: Figure 9]FIGURE 9 | Species trapping experiments for the degradation of methylene blue dye over micro-nano hierarchical ceria materials.
Based on the experimental results and band theory analysis, the photocatalytic mechanism of micro-nano hierarchical ceria materials can be discussed. The adsorption experiment results show that the effect of adsorption on micro-nano hierarchical ceria materials is very small. According to the literature (Gao et al., 2018a) and the Eg value of micro-nano hierarchical ceria materials, the conduction band potential and valence band potential of micro-nano hierarchical ceria materials were obtained. Figure 10 shows the photocatalytic mechanism of micro-nano hierarchical ceria materials. When simulated sunlight shines on the surface of micro-nano hierarchical ceria materials, photogenerated electrons are excited to transition to the conduction band of micro-nano hierarchical ceria materials, leaving holes in the valence band.
[image: image]
[image: Figure 10]FIGURE 10 | Photocatalytic mechanism of micro-nano hierarchical ceria materials.
Some of the remaining holes in the valence band react directly with the dye to form non-toxic small molecular organic matters, while the other reacts with OH− or H2O to form hydroxyl radicals (•OH).
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The electrons that transition to the conduction band will undergo a series of reactions, forming superoxide radicals (•O2−), which in turn interact with the electrons to form •OH (Li et al., 2019; You et al., 2020; Zheng et al., 2020; Dhinagaran et al., 2021).
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Hydroxyl radicals generated in the conduction band or valence band of micro-nano hierarchical ceria materials will interact with dye molecules to produce non-toxic and harmless products.
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When the dye and micro-nano hierarchical ceria materials adsorb together by electrostatic interaction (Ayati et al., 2016; Gao et al., 2021b; Liu et al., 2022), in addition to the interaction of holes, superoxide radical, and hydroxyl radical, the special defect structure of micro-nano hierarchical ceria materials also causes the degradation of the dye. Combined with experimental analysis results and mechanism study, the special defects in the micro-nano hierarchical ceria materials also play an important role in the photo-degradation of methylene blue dye. Analysis of the results shows that the defect plays the role of electron transport carrier in the transfer and separation of charge carriers.
CONCLUSION
The micro-nano hierarchical ceria materials were prepared using the oriental paperbush flower stems as a template and cerium nitrate as a precursor. The fiber length ranged from 100 to 500 μm and the radius was about 3–8 μm. The fiber structure was warped due to inconsistent shrinkage in the subsequent calcination process and formed a hollow-like structure. The micro-nano hierarchical ceria materials have a large BET-specific surface area (55.6 m2/g) and abundant pore structures, which can increase the BET-specific surface area and promote the mass transfer process. HRTEM imaging shows that the fiber structure is composed of uniformly distributed nano-polycrystalline cerium oxide grains. There are many active oxygen sites on the surface of micro-nano hierarchical ceria materials, but the doping of N element in the template causes the lattice distortion of cerium oxide. The micro-nano hierarchical ceria materials showed the best photocatalytic activity for the photodegradation of methylene blue under visible light irradiation, and the degradation percentage of methylene blue reached 90.4% after 180 min. The optimal irradiation time, catalyst concentration, dye concentration, and pH value were 180 min, 0.8 g/L, 100 mg/L, and 5, respectively. This method can be used to synthesize other micro-nano hierarchical metal oxides and enhance their physicochemical properties.
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Photocatalysis is regarded as a green technology to degrade organic dyes driven by light energy. The selection of photocatalyst restricts the development of photocatalytic technology. Aluminate is a kind of potential broad-gap semiconductor photocatalyst and also an excellent phosphor substrate materials. The physical and chemical properties of aluminate are strongly dependent on the preparation method. Insight into the influence of synthesis methods on photocatalytic activity of aluminate based photocatalysts is helpful for the development of novel aluminate based photocatalysts. In this paper, the typical synthesis methods of aluminate photocatalysts, ion-doped aluminate based photocatalysts and heterojunction type aluminate photocatalysts, and their photocatalytic activities are reviewed. Based on the energy band theory, the photocatalytic mechanisms of single component aluminate photocatalyst, ion-doped aluminate based photocatalyst, and heterojunction type aluminate photocatalyst were reviewed. The future development of aluminate based photocatalyst will give priority to the salinization of aluminate modified by silver and other metal particles and the photocatalytic application of activated ion modified aluminate based phosphors.
Keywords: photocatalysis, aluminate, heterojunction, photocatalytic mechanism, photocatalytic application
INTRODUCTION
The economic development of all countries in the world has a great impact on the environment, especially human beings’ thirst for necessities such as leather, textiles, medicines, food and so on, and the increasing demand for dyes, thus causing different degrees of pollution to the environment. (Wang et al., 2021a; Piriyanon et al., 2021; Ibrahim et al., 2022; Lahiri et al., 2022). Since water is needed for all kinds of necessities, and these factories are built along rivers, direct discharge of organic dyes into rivers will cause devastating pollution to the environment. This forces mankind to consider the problem of environmental pollution while developing. To deal with the pollution of organic dyes to water resources, the countries all over the world have invested a lot of money to solve this problem. Many mature methods have been developed to solve the problem of organic dye contamination, including: 1) Thermocatalytic technique driven by thermal energy. (Bao et al., 2020; Forouzesh et al., 2021) 2) Electrocatalytic technique driven by electric field or magnetic field. (Li et al., 2017; Szroeder et al., 2019). 3) Piezoelectric catalytic technique driven by mechanical energy. (Cheng et al., 2021a; Cheng et al., 2021b) 4) Biodegradation technique (Ghalei and Handa, 2022; Mathew et al., 2022). 5) Adsorption technique (Gao et al., 2021; Liu et al., 2022). 6) Photocatalytic technique driven by light energy (Pu et al., 2021; Gao et al., 2022; Zhang et al., 2022). 7) Multi - technology hybrid degradation of organic matter. (Wang et al., 2021b). Among these technologies, the catalyst is the key factor affecting the degradation rate of dyes.
Recently, a series of photocatalysts have been developed to degrade organic dyes. There are three main types of photocatalysts (Wang et al., 2017; Wang et al., 2020a; Rajabathar et al., 2020; Shifa Wang et al., 2020; Cheng et al., 2021c; Wang et al., 2021c; Ivashchenko et al., 2021; Kim et al., 2021; Kumar and Luxmi, 2021; Musa et al., 2021; Taazayet et al., 2021): 1) Single-component photocatalysts 2) Photocatalyst of two components 3) Ternary or multi-component photocatalysts. For a long time, single-component photocatalysts have been widely favored by researchers because of their advantages of simple composition and easy synthesis. Spinel aluminate is a kind of such single component photocatalyst, which has wide application prospect in the field of photocatalysis due to its high chemical and thermal stability, high catalytic activity, high specific surface area, and high surface defects and active sites. (Kharlanov et al., 2019; Boudiaf et al., 2020; Chen et al., 2021). Spinel aluminate generally has the structure of MB2O4, A is generally Mg, Ca, Sr, Ba, Co, Ni, Cu, Mn, and other bivalent metal ions, B is Al, Fe, Ga, Cr, and other trivalent metal ions. (Sharma et al., 2014; Sriram et al., 2020). Among these spinel aluminates, MAl2O4 (A = Mg, Sr, and Ba) has attracted extensive attention from researchers due to its excellent physicochemical properties make it can be used as long afterglow phosphor base materials, lightweight helmets, photoelectric devices, microwave dielectric capacitors, and high temperature windows, etc. (Han et al., 2018; Takebuchi et al., 2020; Basyrova et al., 2021; Kiryakov et al., 2021) Simultaneously, MAl2O4 is a kind of environmental friendly material, in the photocatalytic field, especially in the degradation of organic dyes has a good application. (Wang et al., 2019a; Shifa Wang et al., 2020; Liu et al., 2022). Therefore, the work of MAl2O4 and MAl2O4 based photocatalysts in the degradation of organic dyes is reviewed, which has important research significance for the development of new aluminate based photocatalysts.
It is well known that the photocatalytic activity of aluminate based photocatalysts is strongly dependent on the preparation method. Different preparation methods will produce aluminate with different morphology, which may have special defect structure, thus enhancing the photocatalytic activity of aluminate. Ion doping and heterostructure construction will accelerate the transfer and separation of electrons and holes, and improve the photocatalytic activity of the system. Therefore, the influence of ion doping and heterostructure construction on the photocatalytic activity of aluminate photocatalyst should not be underestimated. In this paper, we start from the preparation of aluminate based photocatalysts, reviewed the preparation of single-component aluminate, metal ion doped aluminate and multiple heterojunction aluminate based photocatalysts, and their applications in the field of photocatalysis. Based on electron hole pair transfer, separation and energy band theory, the photocatalytic mechanism of single component aluminate and heterojunction aluminate photocatalysts was reviewed, and which provided technical support for the development of aluminate based photocatalysts.
SYNTHESIS OF MAL2O4(M = MG, SR, AND BA) BASED PHOTOCATALYSTS
The photocatalytic activity of catalysts strongly depends on morphology, size, dimension, specific surface area, defec,t and impurity. Ultimately, these parameters affect the electron hole pair transfer and separation efficiency of the photocatalyst, which in turn accelerates the oxidation or reduction capacity of the electrons and holes. The dye is oxidized or reduced to form non-toxic small organic molecules. To regulate these parameters, the special synthesis methods are necessary. Currently, the MAl2O4(M = Mg, Sr, and Ba) based photoatalysts have been synthesized in a number of ways to construct specific defect structures.
Synthesis of MAl2O4(M = Mg, Sr, and Ba) Photocatalysts
Spinel aluminate is a wide-gap semiconductor, such as BeAl2O4 (6.450 eV) (Ching et al., 2001), MgAl2O4 (3.923 eV) (Wang et al., 2019a), CaAl2O4 (7.400 eV) (Moirangthem et al., 2019), SrAl2O4 (3.984 eV) (Shifa Wang et al., 2020), BaAl2O4 (3.910 eV) (Nair and Pillai, 2021), MnAl2O4 (4.030 eV) (Bhavani et al., 2018), FeAl2O4 (1.780 eV) (Mu et al., 2017), CoAl2O4 (1.948 eV) (Gao et al., 2018), NiAl2O4 (3.000 eV) (Chellammal Gayathri et al., 2021), CuAl2O4 (2.920 eV) (Potbhare et al., 2019), and ZnAl2O4 (3.800 eV) (Shang-Pan et al., 2020). Based on the obtained optical band gap value and band theory, the conduction band potential and valence band potential of MAl2O4 were calculated.
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Where, X of MAl2O4 was estimated by Eq. 3, Ee is 4.5 eV and Eg is optical band gap value.
[image: image]
Table 1 shows the X value, conduction band potential and valence band potential of MAl2O4 photocatalyst. The related energy level diagram of MAl2O4 photocatalyst can be described in Figure 1. As can be seen from Figure 1, the band gap value of MAl2O4 (M = Fe, Co, and Cu) is less than 3, which can easily respond to visible light and degrade organic dyes under visible light conditions (Gholami et al., 2016; Mu et al., 2017; Feng et al., 2021). Other aluminate photocatalysts must adopt special preparation methods to introduce impurities or defects if they are to respond to visible light. Wang et al. (Wang et al., 2019b) used amorphous alumina and α-alumina to modify MnAl2O4 spinel type oxides exhibits high visible light photocatalytic activity. However, these mainly introduce impurities in the form of doping or coupling to enhance the photocatalytic activity of single component aluminate. In particular, the band gap values of MAl2O4 (M = Mg, Sr, and Ba) are close to 4, making it difficult to respond to visible light. Traditional methods such as the solid state reaction method, (Ganesh et al., 2004; Canaza-Mamani et al., 2021), the sol-gel method, (Habibi et al., 2017; Salehabadi et al., 2017), the solvothermal method, (Zhu et al., 2012), the hydrothermal method (Sera et al., 2021), and the coprecipitation method (Zawrah et al., 2007) are difficult to make its have special defect structure. In order to make a single component aluminate photocatalytic activity, special preparation methods must be used to enhance the electron and hole pairs transfer and separation ability. Wang et al. (Wang et al., 2019a) synthesized MgAl2O4 photocatalyst with special defective structure by gamma ray irradiation assisted polyacrylamide gel method, which showed that it had high visible light photocatalytic activity for the degradation of methylene blue. However, the extreme conditions such as high energy, high pressure and high temperature are often needed to prepare aluminate photocatalyst with defective structure by special preparation process, which are very difficult to achieve in general laboratory. Therefore, other means must be found to enhance the photocatalytic activity of single component aluminate photocatalyst.
TABLE 1 | The conduction band potential and valence band potential of MAl2O4 photocatalyst.
[image: Table 1][image: Figure 1]FIGURE 1 | The related energy level diagram of MAl2O4 photocatalyst.
Synthesis of Metal Ion Doped MAl2O4(M = Mg, Sr, and Ba) Photocatalysts
Ion doping is an effective way to enhance the photocatalytic activity of a single component semiconductor photocatalyst. Generally, ion doping can change the band gap value of a single component semiconductor photocatalyst. For the MAl2O4, doping can choose A site substitution and Al site substitution, A site substitution of ion radius should be close to the A site ion. In the synthesis of dense ceramics, the solid state reaction method is relatively better, and the high temperature, and high pressure conditions are easy to doping ions into the lattice of a single component aluminate. However, due to the small specific surface area and porosity of dense ceramics, the photocatalytic degradation of organic dyes is not favorable, which will greatly limit the application of solid phase reaction method in the synthesis of ion doped aluminate photocatalysts. Alam et al. (Alam et al., 2022) synthesized the Cr3+-doped MgAl2O4 nanoparticles by the solution combustion method exhibits excellent photocatalytic activity against Acid Red-88 (AR-88) dye. Solution combustion method is easy to control the morphology of Cr3+-doped MgAl2O4, adjust the doping ratio, reduce the particle size, resulting in a single component of MgAl2O4 exhibit novel physicochemical properties. Chen et al. (Chen et al., 2009) synthesized MgAl2O4:Eu3+ phosphors by hydrothermal method exhibits high photoluminescence properties. Different morphologies of MgAl2O4:Eu3+ phosphors can be obtained by changing the ratio of precursor salts. The SEM images of MgAl2O4:Eu3+ phosphors as shown in Figure 2. The results further show that it is easy to synthesize different morphologies of ion doped aluminate photocatalysts by hydrothermal method. Wang et al. (Wang et al., 2019c) reported that the Mg1–xCoxAl2O4 photocatalysts synthesized by the irradiation assisted polyacrylamide gel route exhibits high photocatalytic activity. The method can be used to synthesize aluminate photocatalysts with different proportions and morphologies, which is beneficial to improve the photocatalytic activity of single component aluminate photocatalysts.
[image: Figure 2]FIGURE 2 | SEM images of MgAl2O4:Eu3+ phosphors with different molar ratios of Mg(NO3)2• 6H2O, Al(NO3)3 •9H2O and CO(NH2)2. (A, B) 1:2:10, and (C, D) 1:2:50 (Chen et al., 2009). Adapted from ref. (Chen et al., 2009). Copyright © 2009 Elsevier Inc.
Synthesis of MAl2O4(M = Mg, Sr, and Ba) Based Multivariate Heterojunction Photocatalysts
Another way to enhance the photocatalytic activity of semiconductor photocatalysts is to construct multiple photocatalysts with special heterojunction structure. Similarly, the aluminate based phosphors can be used in a similar way to enhance the photoluminescence properties of a single component aluminate (Wang et al., 2020b; Liu et al., 2020). Surface modification of MgAl2O4 with metal particles can enhance its photoluminescence properties due to plasma resonance effect. With the increase of sintering temperature, the metal particles are oxidized, which affects the band gap value of the system. The MgAl2O4: M (M = Mg, Ti, Mn, Co, and Ni) phosphors exhibits wide visible light absorption, suggesting that they have high photocatalytic activity under visible light. Mkhalid et al. (Mkhalid, 2022) synthesized the Ag2O/SrAl2O4/CNT ternary photocatalyst by the sol-gel method exhibits high visible-light-responsive for H2 production. The construction of multiple heterojunctions is beneficial to enhance the electron transport, transfer and separation efficiency of SrAl2O4, and thus improving the photocatalytic activity of the system under visible light irradiation. Sol-gel method has more advantages than solid phase method and coprecipitation method because of its easy composition control and simple synthesis. Hydrothermal method is easy to synthesize the aluminate products with different morphologies, but its application in the construction of multiple heterojunctions is less. Therefore, the sol-gel method is commonly used to synthesize aluminate - based multielement heterostructures.
PHOTOCATALYTIC ACTIVITY OF MAL2O4(M = MG, SR, AND BA) BASED PHOTOCATALYSTS
The photocatalytic activity of aluminate photocatalyst is strongly dependent on the preparation method, ion doping and heterostructure construction.
Photocatalytic Activity of MAl2O4(M = Mg, Sr, and Ba) Photocatalysts
Due to the large band gap value of MAl2O4(M = Mg, Sr, and Ba) aluminate photocatalyst, there are relatively few studies on its use as photocatalyst alone. Except for MgAl2O4 and BaAl2O4, single component SrAl2O4 has not been used as a photocatalyst to degrade organic dyes. Table 2 shows the photocatalytic activity of MgAl2O4 and BaAl2O4 photocatalyst. Nassar et al. (Nassar et al., 2014) reported the MgAl2O4 photocatalyst prepared by the sol–gel auto combustion method exhibits high photocatalytic activity for the degradation of Reactive Red Me 4BL dye. Qian et al. (Qian et al., 2017) synthesized MgAl2O4 photocatalyst by a simple hydrothermal route exhibits high photocatalytic activity for the degradation of Methylene bule. However, MgAl2O4 synthesized by this method is inadequate in degrading phenol. Li et al. (2011) prepared the mixed amorphous and crystalline MgAl2O4 nanopowders by a simple solution combustion method using glycine and urea as fuel mixtures exhibits high visible light-induced photocatalytic activity for the degradation of Methylene bule. Jiang et al. (2014) synthesized the MgAl2O4 photocatalyst by a sol-gel method exhibits a poor photocatalytic activity for the degradation of various dyes including methyl orange, acid red B and reactive brilliant red K-2G. Parvarinezhad et al. (2019) synthesized the MgAl2O4 nanopowders by one-step solid state reaction method possessed strong light absorption properties in the ultraviolet-visible region. Wang et al. (2019d) synthesized the MgAl2O4 and BaAl2O4 photocatalysts by the polyacrylamide gel method exhibits high photocatalytic activity. The results show that the photocatalytic activity of MAl2O4 synthesized by different preparation methods is different.
TABLE 2 | The photocatalytic activity of MAl2O4 photocatalyst.
[image: Table 2]Photocatalytic Activity of Metal Ion Doped MAl2O4(M = Mg, Sr, and Ba) Photocatalysts
Metal ion doping can effectively change the band gap value of aluminate photocatalyst so as to enhance its photocatalytic activity. Different doping ions have different regulation on the band gap of aluminate, so different metal ions doped aluminate show different photocatalytic activity. Table 3 shows the photocatalytic activity of metal ion doped MAl2O4(M = Mg, Sr, and Ba) photocatalyst. Li et al. 2(016) synthesized the Mg1-xZnxAl2O4 spinel nanoparticles by the chemical coprecipitation method have a high photocatalytic activity. The photocatalytic activity of Mg1-xZnxAl2O4 spinel nanoparticles increased with the increasing of x value as shown in Figure 3. When Cu2+ ions were engrafted onto MgAl2O4 nanoparticles by a highly adaptable and energy efficient chemical process, the photocatalytic activity of the system was greatly improved (Mukherjee et al., 2020). The photocatalytic activity of MgAl2O4 can also be improved by introducing Co (Wang et al., 2019c) or Ce (Chen et al., 2019) ions into MgAl2O4. Ce and Mn co-doped MgAl2O4 can further improve the photocatalytic activity of MgAl2O4 (Wang et al., 2019e). Metal ion doping in SrAl2O4 has also been widely used, through Eu2+ and Dy3+ (Park, 2018), Bi (García et al., 2018), Cu (Berlanga et al., 2017), Ce and Mn (Shifa Wang et al., 2020), and rare earth ion (Deepika and Kumar, 2020) doping SrAl2O4, all enhance the photocatalytic activity of SrAl2O4. Similarly, Nd3+ (Mumanga et al., 2021) and Ce and Mn (Wang et al., 2020c) ions are also used in the doping of BaAl2O4, and their photocatalytic activity is greatly improved compared with that of single-phase BaAl2O4.
TABLE 3 | The photocatalytic activity of metal ion doped MAl2O4(M = Mg, Sr, and Ba) photocatalyst.
[image: Table 3][image: Figure 3]FIGURE 3 | Degradation rate curve with x value of Mg1-xZnxAl2O4 spinel nanoparticles (Li et al., 2016). Adapted from ref. (Li et al., 2016). Copyright © 2016 Elsevier Masson SAS.
Photocatalytic Activity of MAl2O4(M = Mg, Sr, and Ba) Based Multivariate Heterojunction Photocatalysts
The construction of multiple heterojunction composite is beneficial to combine the advantages of multiple semiconductor materials and enhance the photocatalytic activity of the system. The MAl2O4 (M = Mg, Sr, and Ba) photocatalyst has a relatively large band gap, which makes it difficult to respond to visible light. Therefore, the semiconductor materials that can respond to visible light are preferentially selected for the construction of heterojunction. Table 4 shows the photocatalytic activity of MAl2O4(M = Mg, Sr, and Ba) based multivariate heterojunction photocatalysts. MgAl2O4 based photocatalyst was constructed by combining various semiconductor materials, and its photocatalytic activity was confirmed to be enhanced (Abbasi Asl et al., 2019; Abbasi Asl et al., 2020; Wang et al., 2021d). Meanwhile, MgAl2O4/CeO2/Mn3O4 ternary heterojunction photocatalyst was constructed by combining CeO2 and Mn3O4, showing high photocatalytic activity for the degradation of methylene blue dye (Li et al., 2021). Aluminate is a very good phosphor base material, the introduction of activated ions will make aluminate luminescence as phosphor. Recently, researchers have found that aluminate activated by metal ions as photocatalysts also have high photocatalytic activity. The photocatalytic activity of SrAl2O4 was greatly enhanced by the construction of multi-component composite SrAl2O4 photocatalysts (García et al., 20162016; Xiao et al., 2018; Liu et al., 2019; Zargoosh and Moradi Aliabadi, 2019; Mavengere and Kim, 2020; Aliabadi et al., 2021). The construction of the heterojunction provides a technical reference for the subsequent study of other aluminate photocatalysts. The photocatalytic activity of aluminate modified by noble metal particles can be greatly improved by plasma resonance effect. However, the modification of Silver particles on the surface of MgAl2O4 easily leads to the hydrolysis of MgAl2O4, which greatly affects the application of MgAl2O4 as a photocatalyst. Zhu et al. (2015) synthesized the Ag/BaAl2O4 photocatalyst shows high photocatalytic activity for the degradation of Gaseous toluene. When the silver content is low, the hydrolysis of BaAl2O4 is inhibited and it can be used as a photocatalyst. Li et al. (2009) constructed the TiO2/BaAl2O4: Eu2+, Dy3+ photocatalyst exhibits high photocatalytic activity. These successful applications provide a new idea for the use of wide-band gap semiconductors as photocatalysts in future research.
TABLE 4 | The photocatalytic activity of MAl2O4(M = Mg, Sr, and Ba) based multivariate heterojunction photocatalysts.
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Different types of photocatalysts have slightly different photocatalytic mechanisms. The photocatalytic mechanism of single component aluminate photocatalyst, ion doped aluminate photocatalyst and heterogeneous aluminate photocatalyst was compared and analyzed.
Photocatalytic Mechanism of MAl2O4 Photocatalysts
Due to the large band gap value of a single component aluminate, it is difficult to respond directly to visible light. When single component aluminate is synthesized by a special method, it is easy to introduce defects such as oxygen vacancy into the aluminate, so that it has visible photocatalytic activity. Figure 4 shows the photocatalytic mechanism of MgAl2O4 photocatalyst. When a beam of light hits the surface of MgAl2O4, electrons jump from its valence band to the conduction band, and leaving holes in the valence band. It is difficult for electrons to jump directly to the conduction band without the action of defect levels. Therefore, the defect level plays an important role in the whole photocatalytic process. Combined with the band theory analysis, it is found that the degradation of methylene blue dye is difficult to take place in the photosensitization process. Therefore, the whole process is mainly photocatalytic degradation, the valence band electrons and conduction band holes are involved in the reaction, and the final generation of non-toxic and harmless products. The related chemical reactions can be described as follows (Shifa Wang et al., 2020):
(1) The creation of electron hole pairs.
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(2) The production of hydroxyl radicals
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(3) The production of superoxide radicals
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(4) Dye degradation
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[image: Figure 4]FIGURE 4 | Photocatalytic mechanism of MgAl2O4 photocatalyst (Qian et al., 2017). Adapted from ref. (Qian et al., 2017). Copyright © 2017 Royal Society of Chemistry.
Photocatalytic Mechanism of MAl2O4 Based Heterojunction Photocatalysts
During the construction of the multiple heterostructure, the semiconductor material enhancing the photocatalytic activity of visible light is regarded as the defect level, so the other half of the aluminate heterojunction acts as the defect level. However, multiple heterojunction photocatalysts introduce new semiconductor materials and have great influence on the phase purity of the whole system. Therefore, the photocatalytic mechanism is different from that of a single component photocatalyst. Figure 5 shows the photocatalytic mechanism of MgAl2O4/CeO2/Mn3O4 heterojunction photocatalyst. MgAl2O4, CeO2, and Mn3O4 form a double p-n heterojunction structure among each other, which facilitates the transfer and separation of electron hole pairs, thus enhancing the photocatalytic activity of the system. The separation of electron and hole pairs accelerates the oxidation or reduction reactions of each, which then reacts with the dye to produce non-toxic and harmless products.
[image: Figure 5]FIGURE 5 | Photocatalytic mechanism of MgAl2O4/CeO2/Mn3O4 heterojunction photocatalyst (Li et al., 2021). Adapted from ref. (Li et al., 2021). Copyright © 2020 Elsevier Ltd.
Photocatalytic Mechanism of Metal Ion Doped MAl2O4 Based Heterojunction Photocatalysts
Activated ions induce aluminate luminescence, which is its advantage when used as a photocatalyst. Figure 6 shows the photocatalytic mechanism of CdS-sheathed SrAl2O4: Eu2+, Dy3+ heterojunction photocatalysts. When SrAl2O4: Eu2+, Dy3+ is used as phosphors, the recombination of electron and hole pairs in the system is accelerated. However, when it combines with other semiconductor materials to form heterojunction photocatalyst, the energy absorbed by it can promote the electron transition in the whole system, thus accelerating the separation of electron and hole pairs in the system. The non-meeting of electrons and holes on CdS causes each to react with the dye to form CO2, H2O and other small molecular organics.
[image: Figure 6]FIGURE 6 | Photocatalytic mechanism of CdS-sheathed SrAl2O4: Eu2+, Dy3+ heterojunction photocatalysts (Xiao et al., 2018). Adapted from ref. (Xiao et al., 2018). Copyright © 2018 Royal Society of Chemistry.
CONCLUSION AND OUTLOOK
Aluminate based photocatalyst is a kind of photocatalyst developed rapidly in recent years. Despite it have a very large band gap, researchers have always found ways to promote the transfer and separation of electrons and hole pairs, and thereby improving their photocatalytic activity. For the single-component aluminate photocatalysts, defects are introduced to provide defect levels to promote electron transition to aluminate conduction band under extreme conditions such as high temperature and high pressure, so as to enhance the photocatalytic activity of visible light. Similarly, impurity ions can be introduced into the lattice of aluminate by ion doping to improve the migration and separation efficiency of electron hole pairs and improve the photocatalytic activity of aluminate. The construction of special heterojunction structure is a simple method with relatively mature technology. By introducing other semiconductor materials with excellent performance, the construction of multiple heterojunction aluminate based photocatalyst has become a hot research field.
There are seven development trends of aluminate based photocatalysts in the future 1) The hydrolysis of aluminate is still one of the key problems to be solved. When silver particles are used to modify aluminate photocatalyst, aluminate will produce different degree of hydrolysis, which has been a difficult problem for researchers. The development of new synthetic pathways may solve this problem. 2) New application of aluminate based heterojunction phosphors in photocatalysis. When aluminate phosphor is combined with other semiconductor photocatalysts, the photocatalytic activity of the whole system will be greatly improved. However, the research of aluminate based phosphor in the field of photocatalysis is still in its infancy, and further research is needed. 3) The photocatalytic mechanism needs further study. The newly developed aluminate photocatalyst will face the problem that the existing mechanism cannot explain, so it is necessary to develop a new explanation mechanism. 4) The effect of different morphologies of aluminate photocatalysts on photocatalytic activity needs further study. The specific surface area of aluminate photocatalysts with different morphologies was different, and their degradation activity to dyes was obviously different. 5) The photocatalytic activity of aluminate photocatalyst modified by lanthanide metal particles is worth further study. There is no evidence that the modification of aluminate photocatalyst by lanthanide metal particles will lead to hydrolysis, so it is also worth studying. 6) Modification of aluminate photocatalyst by organic macromolecular network. The modification of aluminate photocatalyst by organic macromolecular network is beneficial to provide electron transport carrier for aluminate, thus enhancing the photocatalytic activity of aluminate. 7) New applications of photocatalysts are worth exploring. Novel photocatalysts may induce new interpretation mechanisms, thus promoting the application of these photocatalysts in new fields.
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The hydrothermal calcination method using bamboo leaves as the biological template, thiourea as the sulfur source, and molybdenum chloride as the molybdenum source was employed to synthesize the molybdenum disulfide/biological structure carbon (MoS2/C) photocatalytic composites with different concentrations of molybdenum chloride. The thermal decomposition behavior, surface morphology, phase structure, BET specific surface area, optical and photoluminescence properties, and photocatalytic activity of MoS2/C photocatalytic composites with different concentrations of molybdenum chloride were studied. The results showed that the optimal temperature for synthesizing MoS2/C photocatalytic composites is 700°C. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) observations show that the hydrothermal calcination method can be used to load MoS2 onto the biological carbon and form a structurally stable composite system. Analysis of optical and photoluminescence properties shows that the MoS2/C composites prepared by the hydrothermal calcination method with the concentration of molybdenum chloride of 0.20 mol/L exhibit a high charge transfer and separation efficiency. Photocatalytic experiments show that the MoS2/C composites prepared by the hydrothermal calcination method with the concentration of molybdenum chloride of 0.20 mol/L have a high photocatalytic activity and cyclic stability. This excellent synthesis strategy can be used to synthesize other photocatalytic hydrogen production materials.
Keywords: hydrothermal calcination method, molybdenum disulfide, biological structure carbon, photoluminescence properties, photocatalytic activity
INTRODUCTION
With the development of world economy, non-renewable resources are gradually exhausted, so it is necessary to develop renewable resources to meet the needs of human life (Gouma et al., 2016; Wang et al., 2021a; Wang et al., 2021b; Cheng et al., 2021; Jia et al., 2021; Li et al., 2021; Zhang et al., 2021). Photocatalytic hydrogen production is an effective technology for the utilization of renewable resources and has attracted extensive attention from researchers all over the world (Kais et al., 2019; Luo et al., 2019; Ravishankar et al., 2019; Chen et al., 2019; Wang et al., 2020a). Molybdenum disulfide (MoS2) is a potential photocatalyst for photocatalytic decomposition of water to produce hydrogen, which has been applied in this field (Zhang et al., 2019). MoS2 is the main component of molybdenite in nature. Block MoS2 is made up of a large number of single or small layers of MoS2 combined with interlayer van der Waals force and stacked. According to the different stacking modes and layers in the crystal, layered MoS2 can be divided into three types, namely, 1T, 2H, and 3R, where the number represents the layers of the unit cell MoS2; T, H, and R are trigonal, hexagonal, and rhombohedral, respectively (Zhang et al., 2018). 1T-MoS2 and 3R-MoS2 are metastable, while 2H-MoS2 is stable and exhibits excellent semiconductor properties (Sarno and Ponticorvo, 2019).
Single or small layer MoS2 material is a direct band gap semiconductor; its band gap width is 1.82 eV, so it can produce optical response to the visible light in the sunlight (Rumyantsev et al., 2007). However, it is easy to form folds and clusters due to the high surface activity of MoS2 material, which greatly reduces the surface area of MoS2 semiconductors and increases the composite probability of the photogenerated electron–hole pair. In addition, there is a significant photocorrosion effect in MoS2 semiconductors, which limits the further improvement of photocatalytic semiconductor materials. To solve these problems, researchers put forward a variety of solutions. Yuan et al. (Qi et al., 2019) prepared MoS2/reduced graphene oxide (rGO) composite catalytic material, whose excellent photocatalytic performance can be attributed to graphene acting as an electron transfer bridge to improve the transfer of charge carriers. Li et al. (2014) conjugated MoS2 nanosheets to (graphite phase carbon nitride) g-C3N4 through an easy ultrasonic chemical method to form the MoS2/C3N4 heterostructure. In this structure, MoS2 is used as an electron trap to prolong the life of the separated electron–hole pair and can be used for the photodegradation of organic dyes. Meng and his team (Meng et al., 2013) deposited 5–20 nm p-type MoS2 nanosheets on n-type nitrogen-doped reduced graphene oxide (N-rGO) nanosheets to form multiple p-n junctions on each rGO nanosheet. The p-MOS2/N-rGO heterostructure greatly enhanced charge generation and inhibited charge recombination and showed high photocatalytic activity for hydrogen evolution reaction in the wavelength range from ultraviolet to near-infrared light. Generally, bamboo leaves are used as a biological template to prepare semiconductor oxide materials with a special structure, which can enhance the physical and chemical properties of the semiconductor oxide materials (Li et al., 2007; Wang et al., 2018). It is of great significance to develop a new synthesis route using bamboo leaves as biological templates to prepare MoS2 and enhance its charge-carrier migration and separation efficiency.
In this study, we proposed to use bamboo leaves as biological templates to prepare biostructured carbon and to prepare MoS2/biological structure carbon (C) composites with four concentration gradients by the hydrothermal calcination method. The thermal decomposition behavior, surface morphology, phase structure, BET specific surface area, optical and photoluminescence properties, and photocatalytic activity of MoS2/C composites with different concentrations of molybdenum chloride were comparatively studied by using various instruments. Simultaneously, the cyclic stability experiment of photocatalytic hydrogen production was performed. The MoS2/C composites prepared by the hydrothermal calcination method with the concentration of molybdenum chloride of 0.20 mol/L exhibit lowest emission intensity, high charge transfer, and separation efficiency, as well as high photocatalytic activity.
MATERIALS AND METHODS
Preparation of MoS2/C Composite Photocatalysts
Thiourea and molybdenum chloride, with the molar ratio of 1:1, were accurately weighed. Four solutions with different concentrations of molybdenum chloride with 0.05, 0.10, 0.15, and 0.20 mol/L were prepared. The bamboo leaves are pretreated in a tubular furnace under a nitrogen atmosphere at a sintering temperature of 800°C. Four 20 g pretreated bamboo leaf biological templates were weighed and completely immersed in the aforementioned solution. After immersing for 24 h, the templates were transferred to the reaction kettle with teflon lining. The reactor was transferred to a drying oven and held at 160°C for 6 h to obtain four concentrations of precursors. The precursors were transferred to quartz tubes in a tubular furnace, and the MoS2/C composite photocatalysts were obtained by heating the precursors from room temperature to 800°C at a rate of 5°C/min under the exposure of nitrogen protection gas.
Material Characterization
The thermogravimetric analysis (TG) and differential scanning calorimetry (DSC) of precursors were characterized by using the SDT Q600 simultaneous thermal analyzer (TA instruments, Inc. United States) under the exposure of nitrogen protection gas. The heating rate, the air flow rate, the injection volume, and the temperature range are 20 K/min, 100 ml/min, 2 mg, and 25–800°C, respectively. The microstructures of the MoS2/C composite photocatalysts were observed by scanning electron microscopy, while the fibers and particles constituting membranes were characterized by using an Apollo 300 scanning electron microscope (SEM) and Libra 200 type transmission electron microscope (TEM) produced by Carl Zeiss IRTS, Germany. The MoS2/C composite photocatalysts were characterized by using a Brook D8 Advance X-Ray diffractometer with the scanning angle of 20–80°, the scanning step length of 0.02°, and using Cu target Kα (λ = 0.154056 nm) radiation with the working voltage of 40 kV and current of 40 mA. UV-visible absorption spectra of the MoS2/C composite photocatalysts were measured by using an ultraviolet and visible spectrophotometer. The fluorescence spectra of the MoS2/C composite photocatalysts were collected in a confocal Raman system using a He-Cd laser with the RGB laser system (325 nm, NovaPro 30 mW, Germany) at room temperature. Nitrogen adsorption experiments are performed through nitrogen adsorption equipment.
Photocatalytic Experiments
In order to investigate the photocatalytic properties of the prepared MoS2/C composite photocatalysts, they were applied to the reaction of photocatalytic degradation of water to produce hydrogen and compared with the pure MoS2. The Labsolar H2 photolysis system was developed by Beijing Perfectlight Technology Co., Ltd., and the detection device was a Shanghai Tianmei GC7900 gas chromatograph produced by Shandong Jinpu Analytical Instrument Co. Ltd., with a Microsolar 300 high-performance analog daylight xenon lamp which was used as the simulation light source. For the experiment, 100 mg sample was added to 100 ml deionized water, and sodium sulfite was added as the sacrificial agent to carry out photocatalytic hydrogen production. The hydrogen production of each material was compared after 6 h of illumination.
RESULTS AND DISCUSSION
TG-DSC Analysis
Figure 1 shows the thermogravimetry (TG) and differential scanning thermal curves (DSC) of the precursor of MoS2/C composites with the concentrations of molybdenum chloride of 0.20 mol/L prepared by the hydrothermal calcination method. The weight loss process of the precursor is divided into five stages. As the samples were dried at 40°C, the content of free water in the precursor was slightly lower, and the weight loss ratio of free water precipitation to evaporation was 5.88% (Artiaga et al., 2005; Hsu and Lin, 2009). Hydrothermal and drying processes can effectively reduce the free water content of the precursor, and the weight loss is only 1.38% in the heating range of 100–198°C, and the release and heat dissipation of free water and bound water are energy dissipation reactions, corresponding to an obvious endothermic process on the energy curve (Saldo et al., 2002; Tahmasebi et al., 2014). The third weightless stage mainly occurs in the range of 200–400°C, which is the main concentrated range of slow thermal decomposition of cellulose (Szcześniak et al., 2008; Kristanto et al., 2021). A large number of groups in cellulose decomposition, accompanied by the pyrolysis and recombination of functional groups of lignin, and the biological structure carbon begins to generate in large quantities (Mikheeva et al., 2021). After 400°C, a small amount of cellulose cleaves to produce small molecules, the groups continue to decompose, carbon elements rearrange, and hemicellulose enters the carbonization stage and undergoes strong decomposition until 450°C basically ends (Yadav et al., 2021; Zhao et al., 2021). The main reason of 7.80% weight loss was the fracture of old bonds and the formation of new bonds in lignin. At the final weightlessness stage of the precursor, cellulose completes the carbonization reaction, and the benzene ring in lignin is first unchained and then aromatized, forming an amorphous carbon biological structure (Krueger et al., 2021; Xia et al., 2021). The hemicellulose eventually forms the biological carbon (Kabachkov et al., 2020). In addition, during the heating process of 200–570°C, the energy curve of the precursor does not decrease significantly with the pyrolysis and carbonization rearrangement of organic matter but is in dynamic equilibrium. The phenomenon can be ascribed to the release of energy, and organic carbon absorption energy of the grain growth is roughly the same, so the energy changes in a dynamic balance. Based on the analysis of weight loss in the thermal decomposition stages mentioned previously, the weight stabilizes at 800°C.
[image: Figure 1]FIGURE 1 | TG–DSC curves of precursors of MoS2/C composites with the concentrations of molybdenum chloride of 0.20 mol/L prepared by the hydrothermal calcination method.
Scanning Electron Microscopy Analysis
Figures 2A–H shows the SEM images of MoS2/C composites prepared by the hydrothermal calcination method with the different concentrations of molybdenum chloride including 0.05, 0.10, 0.15, and 0.20 mol/L at different magnifications. At low magnification, the organic matter in the leaves could be transformed into biological carbon, and the microscopic morphology of the original template was completely preserved. The composite system is based on biological structure carbon, and MoS2 particles are loaded on the thin layer of carbon. The obtained biological structure carbon material has two main functions: First, it can provide support for the loading of MoS2 particles so that the material can resist the deformation caused by clusters or Oswald curing during high temperature calcination and avoid the collapse phenomenon. Second, a firm bond is formed between biological carbon and MoS2 under the action of high temperature, and the photogenerated electrons in the semiconductor are transferred to the surface of biological carbon for the reduction reaction, reducing the possibility of photogenerated electron–hole pair recombination. After the calcination process, a cluster phenomenon of MoS2 nanoparticles was formed by the hydrothermal process under thermal action and presented a spherical structure; the diameter of spherical particles is about 2–5 μm. As the concentration of the sulfur source and molybdenum source increases in the hydrothermal process, the number of MoS2 nanoparticles increases successively, and the cluster size increases with the concentration change. According to SEM observation, it can be inferred that the complex system has a high photocatalytic performance when the molybdenum chloride concentration is 0.2 mol/L. This conclusion needs to be proven by photocatalytic experiments.
[image: Figure 2]FIGURE 2 | SEM images and enlarged SEM images of MoS2/C composites with the different concentrations of molybdenum chloride prepared by the hydrothermal calcination method. (A,B) 0.05 mol/L, (C,D) 0.10 mol/L, (E,F) 0.15 mol/L, and (G,H) 0.20 mol/L.
Transmission Electron Microscopy Analysis
Figure 3 shows the TEM and HRTEM images of MoS2/C composites prepared by the hydrothermal calcination method with the concentrations of molybdenum chloride of 0.20 mol/L. As can be seen from Figure 3A, a large number of MoS2 nanoparticles are loaded on the a thin layer of the biological structure of carbon, indicating that the MoS2 nanoparticles form clusters and undergo accumulation when loaded on the surface of carbon material, which is consistent with the SEM observation. Figure 3B was obtained by magnifying the edge of the TEM image by 10 times. From the figure, it can be found that the MoS2 particles forming clusters are nanoscale with a particle size of about 15 nm. The crystal lattice fringe of the particles is obvious. TEM professional software is used to calculate the spacing of exposed crystal planes in the figure, and the value is 0.61 nm, corresponding to the (002) crystal plane of MoS2 in the β-phase. Similarly, the biological structure of carbon obtained by this method is layered carbon, which further proves that high-temperature calcination is more beneficial to enhance the crystallinity of the layered carbon.
[image: Figure 3]FIGURE 3 | (A) TEM and (B) HRTEM images of MoS2/C composites prepared by the hydrothermal calcination method with the concentrations of molybdenum chloride of 0.20 mol/L.
XRD Analysis
Figure 4 shows the XRD patterns of MoS2/C composites prepared by the hydrothermal calcination method with the different concentrations of molybdenum chloride including 0.05, 0.10, 0.15, and 0.20 mol/L. A series of characteristic peaks were observed at similar locations for the four products with different concentrations, and they all corresponded to the (002), (101), (103), and (008) crystal planes of β phase MoS2 (JCPDS card no. 41-1049) at 2θ = 13.92, 33.43, 39.77, and 59.25°, respectively. In addition, there were no redundant miscellaneous peaks in the pattern, indicating that the prepared MoS2 nanocrystal is of high purity. The crystallinity of the material increases with the increase in the concentration, and the crystal plane with the sharpest diffraction intensity is (101). The half-peak width of the main characteristic peak of the material is wide, indicating that the average coherent scattering size of the material is small, and the concentration has no significant effect on the coherent scattering size of the material.
[image: Figure 4]FIGURE 4 | XRD patterns of MoS2/C composites prepared by the hydrothermal calcination method with the different concentrations of molybdenum chloride including 0.05, 0.10, 0.15, and 0.20 mol/L.
Optical Properties
Figure 5A shows the UV–Vis absorption spectra of molybdenum disulfide/biological structure carbon composites prepared by the hydrothermal calcination method with the different concentrations of molybdenum chloride including 0.05, 0.10, 0.15, and 0.20 mol/L. For the products obtained by the hydrothermal calcination method, the composite system absorbs all the light sources of the whole band because the color of MoS2 is black, and the material absorbs all the light sources of the whole band. However, the composite system absorbs the infrared light source but does not respond due to the limitation of the band gap. The concentration had no significant effect on the UV–Vis absorption capacity of the composite system. The band gap energy (Eg) values of molybdenum disulfide/biological structure carbon composites were prepared by the hydrothermal calcination method with the different concentrations of molybdenum chloride including 0.05, 0.10, 0.15, and 0.20 mol/L obtained by the UV–Vis absorption spectra using the Tauc relation (Gao et al., 2018; Gao H. J. et al., 2021; Wang et al., 2021c; Wang et al., 2022) from Figure 5B.
[image: image]
where ν, A, and n are the frequency, the absorption coefficient, and 2, respectively. The Eg values of molybdenum disulfide/biological structure carbon composites prepared by the hydrothermal calcination method with the different concentrations of molybdenum chloride including 0.05, 0.10, 0.15, and 0.20 mol/L are obtained by a simple intercept method. The Eg values of molybdenum disulfide/biological structure carbon composites prepared by the hydrothermal calcination method with the different concentrations of molybdenum chloride including 0.05, 0.10, 0.15, and 0.20 mol/L are 1.50, 1.57, 1.65, and 1.70 eV, respectively. The Eg value of molybdenum disulfide/biological structure carbon composites increases with the increasing molybdenum chlorate content. The Eg value of molybdenum disulfide/biological structure carbon composites decreases slightly than that of pure monolayer MoS2 (1.80 eV). These results suggest that the molybdenum disulfide/biological structure carbon composites can respond to visible light.
[image: Figure 5]FIGURE 5 | (A) UV–Vis absorption spectra and (B) Eg values of molybdenum disulfide/biological structure carbon composites prepared by the hydrothermal calcination method with the different concentrations of molybdenum chloride including 0.05, 0.10, 0.15, and 0.20 mol/L.
Photoluminescence Properties
Figure 6A shows the emission spectra of MoS2/C composites prepared by the hydrothermal calcination method with the different concentrations of molybdenum chloride including 0, 0.05, 0.10, 0.15, and 0.20 mol/L. The emission peak of pure MoS2 is mainly concentrated in the range of 575–900 nm and has the highest emission peak intensity compared with other samples. The intensity of emission peak decreases with the increase in the molybdenum chloride content. The MoS2/C composites prepared by the hydrothermal calcination method with the concentrations of molybdenum chloride of 0.20 mol/L have the lowest emission intensity indicating that the sample exhibits the highest charge transfer and separation efficiency. Its high charge transfer and separation efficiency result in high photocatalytic activity for splitting water to produce hydrogen.
[image: Figure 6]FIGURE 6 | (A) Emission spectra of MoS2/C composites prepared by the hydrothermal calcination method with the different concentrations of molybdenum chloride including 0, 0.05, 0.10, 0.15, and 0.20 mol/L. (B) Emission spectrum of pure MoS2 could be resolved into three Gaussian peaks with the maxima at 658, 692, 705, and 855 nm. (C) Emission spectrum of MoS2/C composites with the concentration of molybdenum chloride of 0.20 mol/L could be resolved into four Gaussian peaks with the maxima at 658, 672, 692, and 705 nm.
Figure 6B shows the emission spectrum of pure MoS2 that could be resolved into three Gaussian peaks with the maxima at 658, 692, 705, and 855 nm. The peaks at 658 and 692 nm can be ascribed to the intrinsic luminescence peak of MoS2, which is mainly composed of the photon energy radiated by the recombination of photogenerated electron–hole pairs in the MoS2 semiconductor. The peaks at 705 and 855 nm can be assigned to the defect luminescence peak, which is mainly composed of fluorescence radiation generated by the sulfur lattice vacancy capturing electrons in the MoS2 semiconductor and then recombination with photogenerated holes (Tang et al., 2020; Wang et al., 2020b; Wang and Tian, 2020; Gao H. et al., 2021; Wang S. F. et al., 2021).
Figure 6C shows the emission spectrum of MoS2/C composites with the concentration of molybdenum chloride of 0.05 mol/L could be resolved into four Gaussian peaks with the maxima at 658, 672, 692, and 705 nm. This result differs from MoS2 in two ways: one new peak at 672 nm can be observed, and the fluorescence emission peak at 855 nm is quenched. The peak at 672 nm can be ascribed to the interface defect formed by MoS2 coupling with biological structure carbon particles. The quenching of the fluorescence emission peak at 855 nm may be due to the formation of MoS2/C heterojunction which greatly enhances the separation and transportation of photogenerated carriers (Zhao et al., 2020; Chi et al., 2021). The intensity of the luminescent peak decreases with the increase in the content of molybdenum chloride. Generally, the charge carrier transfer and separation efficiency decrease with the increase in the luminescence intensity. The MoS2/C composites with the concentrations of molybdenum chloride of 0.20 mol/L exhibit lowest emission intensity. Therefore, the results confirm that the MoS2/C composites prepared by hydrothermal calcination method with the concentrations of molybdenum chloride of 0.20 mol/L have the highest charge transfer and separation efficiency.
Adsorption-Desorption Isotherm and Pore Size Distribution
Figure 7A shows the nitrogen adsorption–desorption isotherm of molybdenum disulfide/biological structure carbon composites prepared by the hydrothermal calcination method with the concentration of molybdenum chloride of 0.20 mol/L. Combined with the IUPAC classification method, the nitrogen adsorption–desorption isotherms belong to a typical type IV. When the relative pressure is at a low pressure (0–0.1), monolayer adsorption is carried out, and the adsorption capacity of the system increases gently. When the relative pressure is in the middle range (0.1–0.4), multilayer adsorption takes place, and nitrogen molecules are adsorbed on the interlayer channels of the biological structure of carbon and the slit mesopores formed by the folds of MoS2 nanosheets. Under the relative high pressure (0.4–1.0), capillary condensation is mainly carried out in the system, and the adsorption–desorption saturation equilibrium is achieved at a p/p0 of 1.0. The H3-type hysteresis ring formed under high pressure indicates that there are a lot of slit pore mesoporous structures formed by the accumulation of sheet MoS2 and biological structure carbon layer in the system. Combined with the related literature studies, the causes of the H3 hysteresis loop due to the adsorption of composite material are because of the hole wall of multilayer adsorption and condensation, two factors in the hole, by the action of the stripping process caused only by capillary condensation. Given the multilayer structure for a parallel state, Kelvin radius changes constantly, thus resulting in the H3-type hysteresis phenomenon. The BET (Brunauer–Emmett–Teller) equation was used to analyze the data, and its specific surface area was 568.35 m2/g. Figure 7B shows the pore size distribution of molybdenum disulfide/biological structure carbon composites prepared by the hydrothermal calcination method with the concentration of molybdenum chloride of 0.20 mol/L. It can be concluded from the figure that the nano-pore size of the composite is between 2 and 20 nm, which further proves that the material is a mesoporous system. It was observed that the ratio of 4 nm mesopores in the material system was high, which was caused by the coordination between pores in the carbon mesosphere of biological structure and flake MoS2.
[image: Figure 7]FIGURE 7 | (A) Nitrogen adsorption–desorption isotherm and (B) pore size distribution of molybdenum disulfide/biological structure carbon composites prepared by the hydrothermal calcination method with the concentration of molybdenum chloride of 0.20 mol/L.
Photocatalytic Decomposition of Water to Produce Hydrogen
Figure 8 shows the hydrogen evolution of MoS2/C composites prepared by the hydrothermal calcination method with the different concentrations of molybdenum chloride including 0.05, 0.10, 0.15, and 0.20 mol/L under visible light irradiation for three cycles. In addition to four samples with different concentrations of molybdenum chloride, pure MoS2 was also tested in the photocatalytic decomposition of water to produce hydrogen. The experimental results show that MoS2 can hardly decompose water to produce hydrogen. The photocatalytic performance of the composite system with a higher concentration (0.10, 0.15, and 0.20 mol/L) was better than that of the composite system with a lower concentration (0.05 mol/L) in each cycle experiment. After 6 h of illumination, the hydrogen production of low concentration MoS2 composites tended to be gentle, while the hydrogen production of the three high concentration composites showed an upward trend. Comparing the results of three cycles, it can be found that the hydrogen production of the MoS2 sample with the concentration of 0.05 mol/L decreases significantly with the increase of the number of cycles, while the photocatalytic hydrogen production of composite materials with other concentrations still reaches a stable high value after multiple cycles. This is because MoS2 has a more serious photocorrosion phenomenon when the concentration is low, which limits the continuous photocatalytic reaction. After 6 h of illumination in the first cycle, the photocatalytic decomposition of hydrogen in aquatic products with four concentrations were 120.85, 358.95, 464.02, and 492.12 μmol, respectively. The hydrogen production of MoS2/C composites prepared by the hydrothermal calcination method with the different concentrations of molybdenum chloride including 0.05, 0.10, 0.15, and 0.20 mol/L were 32.61, 336.40, 443.27, and 475.14 μmol, respectively, after 6 h of illumination in the third cycle.
[image: Figure 8]FIGURE 8 | Hydrogen evolution of MoS2/C composites prepared by the hydrothermal calcination method with the different concentrations of molybdenum chloride including 0.05, 0.10, 0.15, and 0.20 mol/L under visible light irradiation for three cycles.
Due to the low band gap value of MoS2 and the introduction of biological structure carbon particles, the band gap value of the system is further reduced so that when the light shines on the surface of the composite material, the electrons in the MoS2 band are easy to undergo transition to the conduction band of MoS2 under the action of biological structure carbon (Wang and Zhao, 2019; Li et al., 2020; Deng et al., 2021; Ibrayev et al., 2021; Pu et al., 2021; Sharma et al., 2021; Syed et al., 2021; Xiu et al., 2021; Yang et al., 2021; Wang et al., 2021d). Biological structure carbon accelerates the transfer rate of charge carriers between the conduction band and the valence band of MoS2, thus enhancing the transfer and separation efficiency of charge carriers in the system. Therefore, the photocatalytic activity of MoS2/C composites was mainly attributed to the high charge transfer and separation efficiency of the system. The photogenerated electron in MoS2/C composites can effectively reduce the water molecule to produce OH− and give off H2 (Yu et al., 2011; Zhang et al., 2013). In addition, the water molecule can be oxidized by hole to produce H+ and to release O2 (Zhang et al., 2013). It is also possible as the competition between the recombination of the electron–hole pair and the charge transfer and separation reaction occur in pure water. The backreaction between H2 and O2 produces water on the surface of MoS2/C composites (Husin et al., 2011). The change of the band gap value continuously regulates the electron migration and recombination rate of MoS2/C composites and then influences its hydrogen production ability.
CONCLUSION
Four kinds of MoS2/C photocatalytic composites with different concentrations of molybdenum chloride were prepared by the hydrothermal calcination method using bamboo leaves as the biological template, thiourea as the sulfur source, and molybdenum chloride as the molybdenum source. TG-DSC, XRD, SEM, TEM, UV-VIS DRS, PL, and gas chromatograph were used to systematically study the thermal decomposition behavior, phase purity, surface morphology, optical properties, photoluminescence properties, and photocatalytic decomposition of water to produce hydrogen of MoS2/C photocatalytic composites with different concentrations of molybdenum chloride. The experimental results show that the hydrothermal calcination method can be used to load MoS2 onto the biological carbon and form a structurally stable composite system. The MoS2/C composites prepared by the hydrothermal calcination method with the concentration of molybdenum chloride of 0.20 mol/L exhibits a high charge transfer and separation efficiency. With the increase in the concentration, the photocatalytic activity of the material was significantly improved, and it showed excellent photocorrosion resistance and recyclability, which provided an effective synthesis approach for the preparation of MoS2/C composites with a stable photocatalytic performance.
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Micro/nanostructured TiO2, ion-doped TiO2, and heterojunction TiO2 composite photocatalysts have low toxicity, high biocompatibility, and high photocatalytic and antibacterial activities and have broad applications in the fields of photocatalytic, antibacterial, and orthopedic implants. The photocatalytic and antibacterial activities of TiO2 and TiO2-based photocatalysts depend on their preparation methods. In this review, the preparation methods of TiO2, ion-doped TiO2, and heterojunction TiO2 composite photocatalysts and their effects on photocatalytic and antibacterial activities were reviewed. Based on the excellent physical and chemical properties of TiO2, ion-doped TiO2, and heterojunction TiO2-based photocatalysts, their applications in the field of orthopedic implants were reviewed. Meanwhile, the development trend of the photocatalyst in the fields of photocatalysis, bacteriostasis, and medicine was prospected. The purpose of this review was to point out the direction for further study on photocatalytic and antibacterial activities and related applications of TiO2 and TiO2-based photocatalysts.
Keywords: TiO2, heterojunction, photocatalytic activity, antibacterial activity, orthopedic implants
1 INTRODUCTION
The development of global economy has brought comfortable material living conditions and various conveniences to the people of the world, but at the same time, it has caused great pressure on the environment (Tiwari et al., 2022). Dyes are closely related to the clothes people wear, the paper they use, and the packaging of food and medicine. The use of these dyes discharges a large amount of organic dye wastewater into rivers, resulting in water pollution (Chow et al., 2021; Feng et al., 2021; Liu et al., 2022a). The most effective method to kill the pollution of organic dye is at the source, to solve the pollution of organic dye wastewater. Therefore, the development of new technical means to degrade organic dyes has become an urgent task to solve water pollution and has received extensive attention from all over the world.
In order to solve the problem of environmental pollution, the world’s developed countries associated together at all costs to solve this problem. Through unremitting efforts, many effective means have been developed to solve the problem of water pollution (Wang et al., 2019; Wang et al., 2020a; Wang et al., 2020b; Shifa Wang et al., 2020; He et al., 2021a; Wang et al., 2021a; Cheng et al., 2021; Mateo et al., 2021; Saheed et al., 2021; Han et al., 2022; He et al., 2022), including 1) the thermal catalysis technique driven by thermal energy; 2) the electrocatalytic technology driven by electricity; 3) the photocatalysis technique driven by light energy; 4) the ultrasonic catalytic technology driven by mechanical energy; 5) the biodegradation technology, which uses microbial degradation; 6) adsorption techniques, using physical or chemical properties or diffusion; and 7) the new catalytic technology using heat, light, electricity, and other methods. Among these catalytic technologies, the photocatalytic technology is a green catalytic technology that uses sunlight to achieve degradation of organic dyes. In order to realize the effective degradation of organic dyes, the selection of a suitable photocatalyst is very important.
Among many photocatalysts, TiO2 photocatalysts have the longest research history (Fujishima and Rao, 1997). TiO2 has three phases: tetragonal, orthogonal, and monoclinic phases. It has an optical band gap of 3.2 eV, can respond to ultraviolet light, and is a good ultraviolet photocatalyst, which has a wide range of applications in the industrial degradation of organic dyes (Wu and Yu, 2004). Meanwhile, it has high antibacterial activity and also has a wide range of applications in the fields of photocatalytic and antibacterial implants (Skorb et al., 2008). However, due to its large optical band gap value, it is difficult to respond to visible light, and the visible light occupies the majority of sunlight, which limits its application in the field of photocatalysis or photocatalytic and antibacterial implants (Dalton et al., 2002). Therefore, researchers have adopted many methods to improve the photocatalytic and antibacterial activities of TiO2. 1) TiO2 photocatalysts with a special defect structure were synthesized under extreme conditions. TiO2 photocatalysts synthesized under such extreme conditions have a high specific surface area, which introduces a large number of defects and makes it have a high surface active site, thus enhancing its photocatalytic and antibacterial activities (Qu and Kroes, 2007; Li et al., 2017; Li et al., 2021a). 2) An atom with a similar radius to the Ti atom is selected for doping, and the optical band gap value of TiO2 is reduced to achieve the purpose of responding to visible light. This method allows the atom to be doped to occupy the position of the Ti atom, but not many atoms can be doped. If the synthesis method is not chosen correctly, it can easily form composites (Colón et al., 2006; Cong et al., 2007; Zaleska, 2008). 3) Special preparation technology to construct a special heterojunction structure or surface-modified TiO2 photocatalysts to enhance the photocatalytic or antibacterial activity of TiO2 photocatalysts was developed (Chen et al., 2010; Bai et al., 2015; Martins et al., 2016). This method does not change the optical band gap value of TiO2, and it combines one or more excellent physical and chemical properties of semiconductors so that the new TiO2-based photocatalyst combined together has enhanced or novel physical and chemical properties.
In this study, the preparation methods of TiO2, ion-doped TiO2, and TiO2-based composite photocatalysts are reviewed, and the effects of preparation methods on the physicochemical properties of TiO2-based photocatalysts are summarized. Meanwhile, the photocatalytic and bacteriostatic activities of TiO2, ion-doped TiO2, and TiO2-based composite photocatalysts in degradation of organic pollutants and antibacterials were reviewed. Based on the review of photocatalytic and antibacterial activities of TiO2-based photocatalysts, the photocatalytic and antibacterial mechanisms and application of TiO2-based photocatalysts in orthopedic implants were summarized. This review puts forward the future development direction of TiO2-based photocatalysts and provides corresponding technical reference for expanding the study of other photocatalysts.
2 PREPARATION OF MICRO/NANOSTRUCTURED TIO2-BASED PHOTOCATALYSTS
The photocatalytic and bacteriostatic activities of the micro/nanostructured TiO2-based photocatalyst strongly depend on the preparation method (Nakata and Fujishima, 2012; Daghrir et al., 2013; Guo et al., 2019). TiO2-based photocatalysts synthesized by using different preparation methods may have the advantages of large specific surface area, large surface defect concentration, and high charge carrier transfer and separation efficiency, thus greatly improving the photocatalytic and antibacterial activities of the system (Zhang et al., 1998; Choi et al., 2010).
2.1 Preparation of Micro/Nanostructured TiO2 Photocatalysts
With the rapid development of technology, the preparation method of TiO2 has also been in rapid development. But, really summed up, there are only two methods: physical and chemical methods. Physical methods mainly include the solid phase sintering method, vacuum evaporation, vapor phase transfer deposition, and sputtering method. Pure TiO2 prepared by using the physical method is mainly in the form of a film, and as a photocatalyst, it has the disadvantages of having a small contact area and low photocatalytic efficiency. Chemical methods mainly include the gas-phase and liquid-phase preparation method. The commonly used gas-phase methods for the preparation of TiO2 include gas fuel combustion, gas phase oxidation, and the atmospheric microwave plasma gas-phase method. The liquid phase methods include the sol–gel method, inorganic salt hydrolysis method, solvothermal method, micro-emulsion method, hydrolysis, hydrothermal method, HCl–water volatilization-assisted precipitation method, and polyacrylamide gel method (Macwan et al., 2011; Yu et al., 2009; Fan et al., 2009). Ren et al. (2022) prepared the TiO2 nanoparticles by using the HCl–water volatilization-assisted precipitation method, which exhibit high photocatalytic activity for the degradation of methyl orange. Figure 1 shows the preparation flow chart of pure TiO2 nanoparticles prepared by using the HCl–water volatilization-assisted precipitation method. TiO2 nanoparticles prepared by using this method have a one-dimensional structure, which greatly enhances its specific surface area and improves its photocatalytic activity. The polyacrylamide gel method is also a common method used to prepare TiO2 nanoparticles. The nanoparticles prepared by this method are uniformly dispersed with almost no adhesion agglomeration and are widely used in the preparation of metal oxide semiconductor materials and multiple heterojunction composite semiconductor materials (Xian et al., 2013; Gao et al., 2021a; Gao et al., 2021b; He et al., 2021b; Li et al., 2021b; Liang et al., 2021; Tang et al., 2022a; Liu et al., 2022b; Fu et al., 2022; Gao et al., 2022; Wang et al., 2022). Lu et al. (2022) prepared the TiO2 nanotube photocatalysts, which exhibit high photocatalytic activity for the degradation of patulin in simulated juice. This special structure enables TiO2 to achieve new applications in the degradation of cold drugs.
[image: Figure 1]FIGURE 1 | Preparation flow chart of pure TiO2 nanoparticles prepared by the HCl–water volatilization-assisted precipitation method. Adapted from Ren et al. (2022). Copyright © 2021 Elsevier B.V.
2.2 Preparation of Micro/Nanostructured Ion-Doped TiO2 Photocatalysts
Ion doping mainly includes metal ion doping and non-metal ion doping. Metal ion doping mainly introduces metal ions such as alkali metals, transition metals, and rare earth metals into the crystal structure of pure TiO2, making metal ions become the receiver pole of photogenerated electrons or the defect that can capture photogenerated electrons, thus improving the separation of the photogenerated charge carrier and correspondingly improving the photocatalytic capacity of photocatalysts. Non-metallic ion doping generally involves doping B, N, C, S, and other non-metallic elements close to O elements into TiO2 photocatalysts. It is generally believed that the hybridization of p orbital and 2p orbital of O in the non-metal leads to an upward shift in the valence band width of TiO2, which reduces the band gap width and enables TiO2 to absorb visible light.
The key to the synthesis of ion-doped TiO2 is to control the composition and content of doped ions and element substitution for the position of Ti. Researchers usually adopt physical and chemical methods to enhance the photocatalytic activity of TiO2 by doping metal ions or non-metal ions in the lattice position of Ti or modifying the surface of TiO2. Generally, it is easy to modify TiO2 with metal ions, and the photocatalytic and bacteriostatic activities of TiO2 can be greatly improved by chemical experiments. Ellouzi et al. (2021) synthesized silver-doped TiO2 nanoparticles by the glucose-assisted ball-milling method, which exhibit high photocatalytic activity for efficient photodegradation of rhodamine B. The preparation flow chart of silver-doped TiO2 nanoparticles prepared by using the glucose-assisted ball-milling method is shown in Figure 2. As can be seen from the figure, it is easier to modify Ag particles to the surface of TiO2 nanoparticles by the glucose-assisted ball-milling method, thus improving the uniformity of the entire sample particles. Venkatachalam et al. prepared Mg2+- and Ba2+-doped TiO2 nanoparticles by using the sol–gel method (Venkatachalam et al., 2007). The band gap value of nano-TiO2 doped with Mg2+ and Ba2+ is higher than that of pure nano-TiO2, but the photocatalytic activity of 4-chlorophenol degradation is higher than that of pure nano-TiO2 and commercial Degussa P25. Hu et al. (2022) synthesized Ni-doped TiO2 nanotubes by using the anodic oxidation method, which exhibit high electrocatalytic activity for the degradation of phenol wastewater. Zhou et al. (2019) prepared a photocatalyst doped with six different types of rare earth (RE) ions (La, Ce, Pr, Nd, Eu, or Gd) by using the microwave hydrothermal treatment method. The results showed that the structure and chemical properties of nanocomposites are related to the radius of Re3+. Since the radius of Re3+ is much larger than that of Ti4+, Ti4+ can replace Re3+ in the lattice of Re2O3 in the form of Ti3+, and it produces charge imbalance due to its small ionic radius.
[image: Figure 2]FIGURE 2 | Preparation flow chart of silver-doped TiO2 nanoparticles prepared by the glucose-assisted ball-milling method. Adapted from Ellouzi et al. (2021). Copyright © 2021 Elsevier B.V.
Boningari et al. (2018) successfully prepared N-doped TiO2 by using a new single-step flame spraying method. The results showed that the N atom is effectively doped into the crystal structure of TiO2. The combination of the N atom and TiO2 crystal structure changed the electronic band structure of TiO2, formed a new middle gap energy state N 2p band in the O 2p valence band, reduced the band gap width of TiO2, and transferred the optical absorption of TiO2 to the visible region. The results showed that the N-doped TiO2 improved TiO2’s solar energy utilization rate. Zhang et al. (2015) continuously deposited TiO2 using monodispersed cationic polystyrene microspheres as templates by using the directional self-assembly method and then removed cationic polystyrene microspheres by calcination at 450°C to obtain C-doped hollow TiO2. Under visible light irradiation, C-doped hollow anatase TiO2 has better photocatalytic activity than commercial P25.
2.3 Preparation of Micro/Nanostructured TiO2-Based Composite Photocatalysts
The TiO2-based composite photocatalysts mainly show two states: one is the formation of heterojunction, and the other is mixed together in a simple way. Semiconductor heterostructures are usually constructed by coupling two or more semiconductors with different band gap widths to widen the light response range of wide-gap semiconductors and improve the separation efficiency of photogenerated electron hole pairs. If two or more semiconductor materials are simply combined, a simple one-step synthesis can be performed by many chemical processes. When two or more semiconductor materials are combined in a heterojunction, special preparation methods are required to couple them together. Some special morphologies, such as the hierarchical structure and core-shell structure, were constructed to promote the separation of photogenerated electron holes from the built-in electric field, thus improving the photocatalytic efficiency of the photocatalyst.
There are many methods for heterostructure construction, including the sol–gel method, electrostatic spinning method, hydrothermal method, solvothermal method, spin-coating method, and facile solid–liquid adsorption template technology, followed by calcination process. Table 1 shows the preparation method of micro/nanostructured TiO2-based composite photocatalysts. Based on the different uses of TiO2 composite photocatalyst, different methods can be used to regulate and synthesize heterojunction composites with different morphologies. Wang et al. (2021b) prepared SiO2-TiO2@PDMS by the spray method, which exhibited excellent repellent effect toward organic dye droplets and good mechanical stability. Xu et al. (2022) synthesized the core-shell C@TiO2 microspheres by using a three-step method, which exhibit high electrochemical property. Figure 3 shows the preparation flow chart of core-shell C@TiO2 microspheres prepared by using a three-step method. Uniform core-shell C@TiO2 microspheres can be obtained by this method. However, in order to increase the photocatalytic or bacteriostatic activity of TiO2-based composite photocatalysts, defects, impurity levels, and transport carrier of charge carriers should be introduced into the composite. As the companion of TiO2 heterojunction, the selection of the other half plays a crucial role in the photocatalytic and antibacterial activities of TiO2 catalysts. Improper selection of another semiconductor may result in the reduced photocatalytic or bacteriostatic activity of the entire system. Therefore, the preparation method is only one of the important factors affecting the photocatalytic and antibacterial activities of TiO2-based composite photocatalysts.
TABLE 1 | Preparation method of micro/nanostructured TiO2-based composite photocatalysts.
[image: Table 1][image: Figure 3]FIGURE 3 | Preparation flow chart of core-shell C@TiO2 microspheres prepared by a three-step method. Adapted from Xu et al. (2022). Copyright © 2020 Elsevier Ltd.
3 PHOTOCATALYTIC ACTIVITY OF MICRO/NANOSTRUCTURED TIO2-BASED PHOTOCATALYSTS
3.1 Photocatalytic Activity of Micro/Nanostructured TiO2 Photocatalysts
The photocatalytic activity of TiO2 strongly depends on its preparation method. TiO2 with different morphologies can be obtained by using different preparation methods, including nanoparticles, nanoflowers, nanosheets, nanoribbons, microspheres, and nanotrees. For pure phase TiO2, it can only respond to ultraviolet light and can degrade different kinds of dyes, drugs, and some pollutants that are difficult to degrade. Due to the small composition of ultraviolet light in natural light, this greatly limits the application of TiO2 photocatalyst in the field of photocatalysis. The recombination rate of photogenerated carriers in TiO2 is much higher than its mobility, which makes the photogenerated carriers to migrate to the surface of TiO2 and participate in very few photocatalytic reactions. At present, commonly used TiO2 photocatalysts are mainly powdered nanoparticles, which makes it difficult to separate, recycle, and reuse from liquid after the photocatalytic reaction. On the one hand, it causes waste of photocatalysts; on the other hand, it is easy to cause secondary pollution, which limits its large-scale use. However, as a catalyst for industrial use, TiO2 has contributed a lot.
For pure phase TiO2 catalysts, many researchers used special preparation methods to construct defects or special morphology to enable TiO2 to respond to visible light, thus expanding the application of TiO2 photocatalyst in the field of photocatalysis. Xie et al. (2021) synthesized the TiO2 nanobelts by a molten salt method with the NaBH4 or H2/Ar atmosphere and exhibits high photocatalytic activity. Figure 4 shows the SEM images of TiO2 nanobelts, TiO2 nanobelts calcined at 400°C for 3 h in air, TiO2 nanobelts with 30 mg NaBH4, and TiO2 nanobelts annealed at 400°C for 3 h under a H2/Ar atmosphere. TiO2 nanobelts have different concentrations of oxygen vacancies and special electronic structures through different treatment methods, thus enhancing the transfer and separation efficiency of electrons and holes in TiO2 and finally achieving the purpose of enhancing the photocatalytic activity of TiO2 nanoribbons. Therefore, a variety of extreme conditions are used to construct TiO2 surface defects, regulate the electronic structure of TiO2, and enable it to have high oxidation or reduction capacity, thus achieving the purpose of degrading dyes. However, this approach often has the disadvantages of high equipment requirements, high cost, and unsafe, and the concentration of surface defects cannot be accurately controlled, which further limits the development of this technology. Kaushik et al. (2019) transformed 2D TiO2 to mesoporous hollow 3D TiO2 spheres by using the solvothermal strategy followed by thermal treatment, which exhibit high photocatalytic and antibacterial activities. This strategy provides a new idea for the follow-up study of TiO2.
[image: Figure 4]FIGURE 4 | SEM images of (A) TiO2 nanobelts, (B) TiO2 nanobelts calcined at 400°C for 3 h in air, (C) TiO2 nanobelts with 30 mg NaBH4, and (D) TiO2 nanobelts annealed at 400°C for 3 h under a H2/Ar atmosphere. Adapted from Xie et al. (2021). Copyright © 2021 Capital Normal University. Published by Elsevier B.V.
3.2 Photocatalytic Activity of Micro/Nanostructured Ion-Doped TiO2 Photocatalysts
Ion doping is one of the effective ways to enhance the photocatalytic activity of the TiO2 photocatalyst. The optical band gap value of TiO2 can be effectively improved by doping different ions. The reduction of its optical band gap value enables it to respond to visible light, expanding its application in the field of photocatalysis. The ultimate goal is to prevent the recombination of electron–hole pairs inside TiO2 so that electrons react with dyes in its conduction band, and the holes in the valence band react with dyes to generate non-toxic and harmless products. Ion doping is divided into metal doping and non-metal doping, and metal doping is mainly performed by doping rare earth ions and transition metal ions (Santos et al., 2022). As for noble metal ions, they are easy to exist in the elemental form, so TiO2 is mostly modified on the surface of noble metal particles to enhance the photocatalytic activity of TiO2 (Phromma et al., 2022). The photocatalytic activity of ion-doped TiO2 is also affected by the surface morphology, oxygen vacancy, electronic structure, and optical band gap value.
Unlike metal ion doping, non-metal ion–doped TiO2 can be sintered at high temperature to remove non-metal ions. Therefore, it is necessary to control the appropriate sintering temperature to keep non-metal ions. This will bring a new problem: the content of non-metallic ions cannot be controlled. However, non-metallic ion doping does solve the shortcoming that TiO2 cannot respond to visible light, which enables it to have high visible light photocatalytic activity. Zhu et al. (2022b) reported that the C-modified and N-doped TiO2 photocatalysts prepared by the hydrothermal method using tetrabutyl titanate (TBOT) and feathers of chicken as the precursor exhibit high photocatalytic activity for the degradation of tetracycline hydrochloride under visible light irradiation. Figure 5 shows the photocatalytic mechanism diagram of C-modified and N-doped TiO2 photocatalysts. Carbon acts as a carrier of charge carriers in the whole system, separating photogenerated electrons and holes in space. Nitrogen doping can make TiO2 respond to visible light.
[image: Figure 5]FIGURE 5 | Photocatalytic mechanism diagram of C-modified and N-doped TiO2 photocatalysts. Adapted from Zhu et al. (2022b). Copyright © 2022 Elsevier B.V.
3.3 Photocatalytic Activity of Micro/Nanostructured TiO2-Based Composite Photocatalysts
TiO2 composite photocatalysts can overcome the shortcoming of uncontrollable doping content of non-metal ions. Combining the advantages of two or more kinds of semiconductor materials, the whole system has physical and chemical properties that a single component does not have at the same time, which is the key to the design of TiO2-based composite photocatalysts (Perales-Martínez et al., 2015; Hao et al., 2016; Sotelo-Vazquez et al., 2017). This design method will not only change the optical band gap value of TiO2 but also will introduce surface defects or oxygen vacancies at the interface of the two semiconductors. Therefore, the study of the interface characteristics of two or more semiconductors is conducive to insight into the photocatalytic mechanism of TiO2-based complex photocatalyst. In addition to metal oxides that can form heterojunctions with TiO2, some polymers and sulfides can also form heterojunctions with TiO2 in special ways to enhance the photocatalytic activity of TiO2 (Vorontsov et al., 2001; Liao et al., 2010; Antoniadou et al., 2011; Riaz et al., 2015). Therefore, there are many kinds of TiO2-based photocatalysts, but the ultimate goal is to make TiO2 exhibit high visible light photocatalytic activity or show new physical and chemical properties.
To summarize, there are four main ways to form a heterojunction (Schuettfort et al., 2009; Low et al., 2017; Guo et al., 2021): one is that the conduction band of a semiconductor is located in the conduction band and valence band of another semiconductor. The other is that the conduction band and valence band of one kind of semiconductor are located in the interior of another kind of semiconductor. Third, the conduction band and valence band of the two kinds of semiconductor are completely separated. Fourth, there is no conduction band and valence band between metal particles and semiconductor heterojunction. Tang et al. (2022b) reported that the b-TiO2 @MoS2 photocatalysts synthesized by an ultrasound technique coupled with the sol–gel method at low temperature exhibit high visible light photocatalytic activity. A photocatalytic mechanism diagram of b-TiO2 @MoS2 photocatalysts is shown in Figure 6. As can be seen from the figure, the valence band of MoS2 is located inside the conduction band and valence band of TiO2. Such a structure facilitates the relaxation of electrons from the more negative conduction band of MoS2 to the conduction band of TiO2, and the transition of holes from the more positive valence band of TiO2 to the valence band of MoS2, thus promoting the separation of electrons and holes. At present, the construction of special heterojunction TiO2-based composite photocatalysts has become the most popular effective way to enhance the photocatalytic activity of TiO2 photocatalysts.
[image: Figure 6]FIGURE 6 | Photocatalytic mechanism diagram of b-TiO2 @MoS2 photocatalysts. Adapted from Tang et al. (2022b). Copyright © 2022 Elsevier B.V.
4 ANTIBACTERIAL ACTIVITY OF MICRO/NANOSTRUCTURED TIO2-BASED PHOTOCATALYSTS
4.1 Antibacterial Activity of Micro/Nanostructured TiO2 Photocatalysts
The high antibacterial properties of orthopedic implants are an effective way to avoid infection during surgery, which will reduce the incidence of amputation or death due to infection. Generally, antibacterial materials can be divided into natural antibacterial materials, organic antibacterial materials, and inorganic antibacterial materials (Li et al., 2020). Inorganic antibacterial materials can be divided into two categories: one is the prepared antibacterial materials containing copper, silver, zinc, and other metal antibacterial ions; the second is photocatalytic antibacterial materials represented by TiO2; such inorganic antibacterial materials can play an antibacterial role under the condition of ultraviolet light irradiation, water, or oxygen (Chen et al., 2017; Wang et al., 2020c). TiO2 is a widely studied orthopedic implant material with high photocatalytic antibacterial activity. Titanium dioxide has become the most common photocatalytic antibacterial material because of its low toxicity, high safety, and no irritation to skin. Silver antibacterial materials take about 24 h to exert the antibacterial effect, while the oxide ingots only take about an hour. Moreover, the antibacterial effect of the dioxide ingot is carried out through photocatalysis, and it itself will not be consumed in the antibacterial process so that the antibacterial material of dioxide ingot has a more lasting antibacterial performance.
The antibacterial mechanism of titanium dioxide is similar to its photocatalytic mechanism, and the resulting hydroxyl radicals can react with biological macromolecules, damage the structure of biological cells, and then lead to cell death. Figure 7 shows the photocatalytic bactericidal process of TiO2 photocatalysts. Bacteria eventually mineralize H2O, CO2, and other small molecular organics under the action of TiO2 (Ge et al., 2019). Similarly, the antibacterial activity of TiO2 is affected by its morphology, surface defects, oxygen vacancy concentration, and electronic structure (Mazare et al., 2016). At the same time, the crystal type of titanium dioxide also has a great influence on its antibacterial activity. TiO2 has high antibacterial activity under ultraviolet light irradiation, but TiO2 is powerless under visible light irradiation due to the limitation of its own optical band gap value. Therefore, researchers are committed to improving the photocatalytic antibacterial mechanism of TiO2 through ion doping and heterostructure construction.
[image: Figure 7]FIGURE 7 | Photocatalytic bactericidal process of TiO2 photocatalysts. Adapted from Ge et al. (2019). Copyright © 2020 Production and hosting by Elsevier B.V. (A) An intact bacterium; (B) Bacterial oxidized by TiO2 photocatalysis; (C) The bacterium leak small molecules and ions; (D) Leakage of higher molecular weight components; (E) Degradation of bacterial internal components; (F) The bacterium was completely mineralized.
4.2 Antibacterial Activity of Micro/Nanostructured Ion-Doped TiO2 Photocatalysts
In the process of using the antibacterial activity of titanium dioxide, the photoresponse range of titanium dioxide is narrow, and the photoelectron–hole pair is easy to compound. To solve such problems, TiO2 photocatalytic materials can be modified structurally or on the surface so as to increase the light response range. This modification process can also reduce the recombination probability of carriers and improve the quantum efficiency, thus enhancing the photocatalytic bacteriostatic effect of TiO2. Recently, the application of TiO2 in the field of antibacterial materials has achieved remarkable results. With the continuous development and utilization of antibacterial performance of the TiO2 photocatalyst, glass, ceramics, metal products, coatings, fibers, plastics, and other antibacterial products can be produced by plating on the surface of materials or doping in other materials (Mori, 2005; Tung and Daoud, 2011).
Ion-doped TiO2 photocatalysts have been widely used in the bacteriostatic field. Similar to the photocatalytic activity of the TiO2 photocatalyst, ion-doped TiO2 can be divided into metal ion doping and non-metal ion doping when studying the antibacterial activity of ion-doped TiO2. Zhang et al. (2020) reported that the Y-doped TiO2 photocatalysts prepared by the plasma electrolytic oxidation method exhibit high bacteriostatic activity. Figure 8 shows the preparation flow chart and antibacterial mechanism of Y-doped TiO2 photocatalysts. The result shows that the Y-doped TiO2 photocatalysts possess excellent bacteriostatic activity against Staphylococcus aureus and Escherichia coli and outstanding biocompatibility and antibacterial capacity. Yadav et al. (2014) prepared nickel-doped TiO2 nanoparticles by using the sol–gel method, which show the high photocatalytic inactivation and lower recombination rate of photogenerated charge carriers. Similarly, non-metallic doping can also greatly improve the antibacterial activity of TiO2. Cao et al. (2014) reported that the N-doped TiO2 thin films coated on stainless steel brackets exhibit high antibacterial activity against Lactobacillus acidophilus and Candida albicans.
[image: Figure 8]FIGURE 8 | Preparation flow chart and antibacterial mechanism of Y-doped TiO2 photocatalysts. Adapted from Zhang et al. (2020). Copyright © 2020 Published by Elsevier Ltd.
4.3 Antibacterial Activity of Micro/Nanostructured TiO2-Based Composite Photocatalysts
The construction of heterojunction will greatly improve the surface oxygen vacancy concentration and interface characteristics of TiO2 so that it has a high antibacterial activity and a potential application prospect in orthopedic implants. Similar to the study on the photocatalytic activity of TiO2, its antibacterial activity has received unprecedented attention. The construction of heterojunction can form microspheres, mesoporous structures, layered structures, nanotubes, nanosheets, nanoribbons, nanotrees, and various flower-like structures (Wu et al., 2014; Lou et al., 2019; Murthy, 2019). These special morphologies will make TiO2-based composite photocatalysts have high antibacterial activity. Combining the advantages of a variety of semiconductors will expand the application of TiO2 in different fields, which is the absolute advantage of heterogeneous structure construction (Ma et al., 2015). Therefore, TiO2-based heterojunction composite photocatalysts are widely favored by researchers.
Gnanasekaran et al. (2021) reported that p-n junction TiO2/CuO heterojunction composite photocatalysts synthesized by the sol–gel method, followed by chemical precipitation methods, exhibit high photocatalytic and antibacterial activities. Figure 9A shows the antibacterial activity of p-n junction TiO2/CuO heterojunction composite photocatalysts. The results indicate that the p-n junction TiO2/CuO heterojunction composite photocatalysts possess high bacteriostatic activity. The antibacterial mechanism of the p-n junction TiO2/CuO heterojunction composite photocatalysts is shown in Figure 9B. The conduction band and valence band of CuO are completely located inside TiO2. However, due to the spatial separation of charge carriers, CuO and CuO have high transfer and separation efficiency, thus enhancing the antibacterial activity of TiO2. At present, researchers focus on how to apply the prepared TiO2-based heterojunction composite photocatalysts to orthopedic implants, hoping to move the research of TiO2 from laboratory to practical application.
[image: Figure 9]FIGURE 9 | (A) Antibacterial activity and (B) antibacterial mechanism of the p-n junction TiO2/CuO heterojunction composite photocatalysts. Adapted from Gnanasekaran et al. (2021). Copyright © 2021 Elsevier Ltd.
5 TIO2-BASED PHOTOCATALYSTS FOR APPLICATION IN ORTHOPEDIC IMPLANTS
5.1 TiO2 Photocatalysts for Application in Orthopedic Implants
Biomaterials implanted in the body will induce a series of reactions, including postoperative infection, inflammatory reaction (acute inflammatory reaction and chronic inflammatory reaction), and fibrous tissue hyperplasia, which can prolong the treatment period and increase the treatment cost of patients at one level or lead to amputation or even death of patients due to infection (Anderson, 1993; Lin et al., 2014; Zhang et al., 2021). The mechanism of infection around orthopedic implants is that bacteria adhere to the implant surface and form biofilms. Deposition, adhesion, and growth are three main processes of biofilm formation. Therefore, orthopedic implants need to have high biocompatibility and bacteriostatic activity. TiO2 has low toxicity, high biocompatibility, and high bacteriostatic activity, so it can be used as orthopedic implants in the medical field.
Blendinger et al. (2021) deposited TiO2 thin films on the orthopedic implant material polyetheretherketone (PEEK) by plasma enhanced atomic layer deposition, which exhibit high biocompatibility and osteogenic properties. Figure 10 shows the deposition mechanism and SEM images of TiO2 thin films. This method provides a new idea for studying the biocompatibility and bacteriostatic properties of TiO2 orthopedic implants. Antibiotics such as vancomycin, gentamicin, amoxicillin, and berberine were used in the study of pit bacteria coating on the titanium implant surface, among which gentamicin and vancomycin were the most commonly used. Popat et al. (2007) prepared TiO2 nanotubes by using the anodic oxidation method and then loaded gentamicin into TiO2 nanotubes. Experimental results showed that the gentamicin-loaded TiO2 nanotubes could inhibit bacterial reproduction with good biocompatibility, but the release of antibiotics was faster. Due to the limitation of physical and chemical properties of pure TiO2, its application in orthopedic implants is limited. In order to break through this limitation, ion doping and heterostructure construction are necessary effective methods to expand the application of TiO2 in orthopedic implants.
[image: Figure 10]FIGURE 10 | Deposition mechanism and SEM images of TiO2 thin films. Adapted from Blendinger et al. (2021). Copyright © 2021 The Authors. Published by the American Chemical Society.
5.2 Ion-Doped TiO2 Photocatalysts for Application in Orthopedic Implants
In antibacterial agents, silver antibacterial agents have a wide range of antibacterial ability; can fight against Gram-negative bacteria, fungi, and even viruses; have low cytotoxicity, good stability, and low effective concentration; and are not easy to produce drug resistance and other advantages. Compared with eukaryotic cells, silver has greater toxicity to prokaryotic cells, so silver has excellent inhibition of microbial growth and proliferation and low cytotoxicity to biological somatic cells. Nanoscale silver particles have a high specific surface area, high contact probability with bacteria, and strong chemical activity. Atoms on the surface of silver particles are easy to bond with other chemical groups, and their antibacterial effect is much stronger than that of micron silver particles. Therefore, Ag-doped TiO2 can improve the antibacterial activity and biocompatibility of TiO2, which can be used in orthopedic implants. Zhao et al. (2013) used the anodic oxidation method and hydrothermal method in titanium implant surface preparation of Ag- and Sr-doped TiO2 nanotubes, by changing the process parameters for different structures of TiO2 nanotubes, as well as the precursor concentration change of Ag and Sr, and antibacterial performance and characterization of the biological activity of TiO2 was improved. According to the results, TiO2 coatings doped with Ag and Sr have good antibacterial activity and cytocompatibility. Amin Yavari et al. (2016) prepared TiO2 nanotubes on the surface of 3D-printed porous titanium, then loaded the nanotubes with Ag nanoparticles, obtained a composite coating loaded with silver antibacterial factors on the surface of porous titanium, and studied the killing ability of silver ions on Staphylococcus aureus.
Lv et al. (2021) reported that the Zn-modified TiO2 photocatalysts prepared by the micro-arc oxidation technique exhibit high cytocompatibility and bactericidal ability for orthopedic implants. Figure 11 shows the pathological photographs of Zn-modified TiO2 photocatalysts. The result indicates that the Zn-modified TiO2 coating produced by the micro-arc oxidation technique benefits the application in the orthopedic implanted devices. Due to technical limitations, ion-doped TiO2 is rarely used in orthopedic implants. At the same time, this is due to the fact that simple particles in the air are easy to be oxidized or easy to dissolve in water solution and release metal ions, resulting in high concentration of silver ions and fine toxicity. The aforementioned problems also occur when the elemental particles are combined or doped with TiO2, thus limiting the application of ion-doped TiO2 photocatalysts in orthopedic implants.
[image: Figure 11]FIGURE 11 | Pathological photographs of Zn-modified TiO2 photocatalysts. Adapted from Lv et al. (2021). Copyright © 2021 Elsevier B.V.
5.3 TiO2-Based Composite Photocatalysts for Application in Orthopedic Implants
In order to overcome two or many kinds of antibacterial materials used alone, materials with excellent antibacterial properties, by putting other excellent antibacterial materials and two titanic oxide composite photocatalytic antibacterial materials, not only make it photocatalytic and antibacterial under strong light conditions but also in the dark under the condition of using other antibacterial effects of antibacterial materials (Etacheri et al., 2013; Sood et al., 2016; Mousa et al., 2021). The synergistic antibacterial effect of inorganic antibacterial materials was obtained. On the other hand, compared with traditional linear, blocky, spherical and tubular materials, multistage structural materials have better antibacterial effect because of their close contact with cells. The construction of multiple heterojunction TiO2 composite photocatalysts can be effectively applied in the field of orthopedic implants.
Vandana et al. (2021) reported that the TiO2-Nb2O5 nanoporous mixed metal oxide bone implant materials were assessed by using in vitro and in vivo methods and exhibit high biocompatibility. The result indicates that the TiO2-Nb2O5 nanoporous mixed metal oxide bone implant materials are non-cytotoxic, non-hemolytic, and biocompatible. Figure 12 shows the orthopedic applications for the TiO2-Nb2O5 nanoporous mixed metal oxide bone implant materials. The results suggesting that the TiO2-Nb2O5 nanoporous mixed metal oxide bone implant materials can be used safely for orthopedic applications. A variety of heterojunction composite TiO2-based photocatalysts are widely used in the field of orthopedic implants. Therefore, its research is a very popular topic but also a fruitful topic. With the development of science and technology, the application of TiO2-based composite photocatalysts in orthopedic implants will develop rapidly.
[image: Figure 12]FIGURE 12 | Orthopedic applications for the TiO2-Nb2O5 nanoporous mixed metal oxide bone implant materials. Adapted from Vandana et al. (2021). Copyright © 2020 Elsevier B.V. (A, B) Animals that lie on their side, (C, D) The exposed femoral cortex, (E) Three holes spaced 1 cm apart, (F, G) Material implanted, (H, I) Suture with sterile stitches.
6 CONCLUSION AND OUTLOOK
6.1 Conclusion
TiO2 with three crystal structures has the characteristics of non-toxic and excellent physical and chemical properties and has been applied in many fields. Due to the large optical band gap value of TiO2 and the influence of its particle size, crystal structure, and crystal defect on the photocatalytic and antibacterial activities of TiO2, research of single-component TiO2 in photocatalytic and medical fields is greatly limited. Therefore, using special means to develop metal ion–doped and non-metal ion–doped TiO2 photocatalysts can expand the light response range of TiO2 so that TiO2 has an important application in the field of photocatalysis and bacteriostatic activities. Meanwhile, the development of heterojunction TiO2-based composite photocatalysts can overcome the shortcomings of non-metal ion–doped TiO2 and obtain novel physical and chemical properties so that the heterojunction TiO2-based composite photocatalyst has broad application prospects in a variety of fields. It is worth noting that TiO2, ion-doped TiO2, and heterojunction TiO2-based composite photocatalysts have low toxicity, high biocompatibility, high photocatalytic activity, and antibacterial activity, enabling them with unprecedented applications in orthopedic implants. Although TiO2 and TiO2-based photocatalysts have been widely used in the fields of photocatalysis and antibacterial and orthopedic implants, related technologies are still developing, which makes them have potential application prospects in many fields.
6.2 Outlook
The shortcomings of TiO2 and TiO2-based photocatalysts are being overcome by researchers, which have been applied in various fields. Nevertheless, there are still many topics worthy of study in the fields of photocatalysis, bacteriostasis, and orthopedic implants. 1) With the continuous development of science and technology, people are not only satisfied with the use of TiO2 and TiO2-based photocatalysts to degrade organic dyes but also toward more complex fields such as insoluble and difficult-to-degrade pollutants and drug degradation. 2) To develop special preparation methods to synthesize TiO2 and TiO2-based photocatalysts with a special defective structure and improve the application of the catalyst in the fields of photocatalysis, bacteriostasis, and orthopedic implants. 3) The TiO2-based photocatalyst combines excellent optical, magnetic, mechanical, and electrical properties of semiconductor materials and makes the properties of the system with special optical, magnetic, mechanical, or electrical properties and the internal connection mechanism of photocatalytic and bacteriostatic activities and aforementioned properties a topic worth studying. 4) The combination of ion-doped TiO2 and heterojunction TiO2-based composite photocatalysts will produce new physical and chemical properties, which is also a topic worthy of study.
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ZnO (ZO), Fe2O3 (FO), and graphene oxide (GO)/ZO/FO/ZnFe2O4 (ZFO) composite photocatalysts have been synthesized successfully via a simple sol–gel method and low-temperature technology. The phase structure and microstructural analysis confirmed that the GO/ZO/FO/ZFO magnetic separation photocatalyst is composed of GO, hexagonal ZnO, rhombohedral Fe2O3, and spinel ZnFe2O4 without any other impurities. The GO/ZO/FO/ZFO composite photocatalysts have a high visible light optical absorption coefficient and photocatalytic activity for degrading dyes, refractory pollutants, and antibiotics. The degradation percentages of methyl orange, tetrabromobisphenol A, and oxytetracycline hydrochloride by the GO/ZO/FO/ZFO magnetic separation photocatalyst were 98% for 180 min, 99% for 150 min, and 85% for 180 min, respectively. The special synthesis path leads to the formation of a special heterojunction between GO, ZnO, Fe2O3, and ZnFe2O4, which does not change the optical band gap value of the main lattice Fe2O3, and enhances the surface defects of the GO/ZO/FO/ZFO magnetic separation photocatalyst, resulting in high charge carrier transfer and separation efficiency of the catalyst and then enhanced the photocatalytic activity of the GO/ZO/FO/ZFO magnetic separation photocatalyst.
Keywords: ZnO, Fe2O3, composite photocatalysts, sol–gel method, charge carrier, photocatalytic activity
INTRODUCTION
Environmental pollution has always been a coexisting problem with human development (Rasheed, 2022). Dyes, persistent organic pollutants, and antibiotics are all powerful environmental killers (Cheng et al., 2022; He et al., 2022; Li et al., 2022). The degradation of these pollutants has become a necessary means to protect the environment. As countries around the world attach importance to environmental pollution, different technological means have been developed to degrade these pollutants (He et al., 2019a; He et al., 2021a; Wang et al., 2021a; He et al., 2021b; Wang et al., 2022a; Zhao et al., 2022). These technologies mainly include the photocatalytic technology, thermal catalytic technology, piezoelectric catalytic technology, ultrasonic catalytic technology, electrocatalytic technology, biodegradation technology, and a variety of technologies combined together to degrade pollutants (Sadrameli, 2016; Xiong et al., 2018; He et al., 2019b; He et al., 2020; Cheng et al., 2021; Dadashzadeh et al., 2021). Among these technologies, photocatalysis is a semiconductor green technology driven by light energy, which can effectively degrade pollutants, and has attracted extensive attention from researchers all over the world (Selli et al., 2008). The key aspect of the semiconductor photocatalysis technology is to develop semiconductor materials that can respond to visible light and use sunlight efficiently (Ren et al., 2016). Therefore, the development of a semiconductor photocatalyst that can respond to visible light becomes the key to solving this problem.
The photocatalytic activity of photocatalyst also depends on its charge carrier transfer and separation efficiency (Tang et al., 2018; Chen et al., 2019a; Cao et al., 2019; Luo et al., 2019; Xiao et al., 2019; Lin et al., 2020; Tang et al., 2020; Wang et al., 2022b). Even if some semiconductor materials can respond to visible light, the transfer and separation efficiency of charge carriers is not high, and Fe2O3 is such a material (Kuang et al., 2017; Chong et al., 2021; Fu et al., 2021). In order to enhance the visible light response capability of semiconductor materials and the transfer and separation efficiency of charge carriers at the same time, the excellent properties of various semiconductor materials can be combined to form a new composite semiconductor photocatalyst (Chen et al., 2019b; Shanavas et al., 2019; Kormányos et al., 2020). ZnO (ZO)/Fe2O3(FO)/ZnFe2O4(ZFO) is considered to be such a composite that its visible light response is improved compared with any single component materials (Valenzuela et al., 2002; Karpova et al., 2013a; Karpova et al., 2013b). However, due to the lack of carriers for charge carrier transfer and separation among the three, the transfer and separation efficiency of the charge carrier is low. Graphene oxide (GO) is a common carrier of charge carrier transfer and transport and is often used to enhance the charge transfer and separation efficiency of semiconductor materials (Hosseini et al., 2019; Rahmani et al., 2020; Pei et al., 2021). Therefore, the development of GO/ZO/FO/ZFO composite photocatalysts and the study of their degradation of dyes, POPS, and antibiotics are expected to show high photocatalytic activity.
In this study, we proposed the synthesis of GO/ZO/FO/ZFO composite photocatalysts with different GO contents by a low-temperature sintering technique. The effect of GO content on the phase purity, microstructure, optical properties, and photocatalytic activity of the GO/ZO/FO/ZFO composite photocatalyst was systematically studied. Using methyl orange, tetrabromobisphenol A, and oxytetracycline hydrochloride as degradation materials, the photocatalytic activity of the GO/ZO/FO/ZFO composite photocatalyst was studied. Based on the energy band theory and experimental results, a reasonable photocatalytic mechanism of the GO/ZO/FO/ZFO composite photocatalyst is proposed.
EXPERIMENTAL SECTION
Synthesis of ZnO and Fe2O3
According to the stoichiometric ratio of ZnO and Fe2O3, zinc nitrate and ferric nitrate were dissolved in 25 ml deionized water, respectively. Solutions containing zinc nitrate and ferric nitrate are labeled as solutions A and B, respectively. After zinc nitrate and ferric nitrate were dissolved, 5 g of citric acid was added to both A and B solutions to make the citric acid react with Zn ions or Fe ions. Then, the A and B solutions were transferred to an oil bath at 300°C for 12 h to obtain a black gel. A and B gels were ground into fine powder in a mortar, and after grinding with urea for half an hour, they were transferred to the combustion network for spontaneous combustion for 2 h to obtain ZnO and Fe2O3 powders.
One-Step Low-Temperature Sintering Synthesis of Graphene Oxide/ZnO/Fe2O3/ZnFe2O4 Photocatalysts
Graphene oxide (GO) and ZnFe2O4 (ZFO) were purchased from Aladdin Reagent LTD. According to Guskos et al. (2010), ZO/FO/ZFO with the mass ratio of ZO: FO: ZFO = 20 wt%: 10 wt%: 70 wt% was obtained. Then, according to the GO mass ratios of 5 wt%, 10 wt%, 15 wt%, and 20 wt% to ZO/FO/ZFO, they are named GO/ZO/FO/ZFO1, GO/ZO/FO/ZFO2, GO/ZO/FO/ZFO3, and GO/ZO/FO/ZFO4, respectively. Finally, the samples were placed in a box furnace and sintered at 200°C for 2 h to obtain the final sample. Figure 1 shows the preparation flowchart of GO/ZO/FO/ZFO.
[image: Figure 1]FIGURE 1 | Preparation of the flowchart of GO/ZO/FO/ZFO.
Material Characterization
The phase structures of samples GO, ZnO, Fe2O3, GO/ZO/FO/ZFO1, GO/ZO/FO/ZFO2, GO/ZO/FO/ZFO3, and GO/ZO/FO/ZFO4 were measured by means of X-ray powder diffraction (XRD) with Cu Kα radiation. The Fourier transform infrared (FTIR) spectrophotometer with Bruker IFS 66v/S was used to study the samples GO, ZnO, Fe2O3, GO/ZO/FO/ZFO1, GO/ZO/FO/ZFO2, GO/ZO/FO/ZFO3, and GO/ZO/FO/ZFO4 in the wave-number range of 400–4000 cm−1. The microstructures of GO/ZO/FO/ZFO1, GO/ZO/FO/ZFO2, GO/ZO/FO/ZFO3, and GO/ZO/FO/ZFO4 were investigated by field-emission scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Ultraviolet-visible (UV-Vis) diffuse reflectance spectra of samples GO, ZnO, Fe2O3, GO/ZO/FO/ZFO1, GO/ZO/FO/ZFO2, GO/ZO/FO/ZFO3, and GO/ZO/FO/ZFO4 were measured by using a UV1901 UV-Visible spectrophotometer.
Photocatalytic Experiments for the Degradation of Methyl Orange, Tetrabromobisphenol A, and Oxytetracycline Hydrochloride
The photocatalytic activity of GO/ZO/FO/ZFO composite photocatalysts was studied using methyl orange, tetrabromobisphenol A, and oxytetracycline hydrochloride as degradation materials. The light source, initial pollutant concentration, and catalyst concentration were xenon lamps with 500 W, 20 mg/L for methyl orange, 50 mg/L for tetrabromobisphenol A, and 1 g/L for oxytetracycline hydrochloride, respectively. Including adsorption experiments, samples were taken every 30 min, and each photocatalytic experiment was performed for 210 min. The removed solution was centrifuged, and its absorbance was measured by using a UV-Vis spectrophotometer. The photocatalytic degradation rate, first-order kinetic curve, and degradation percentage of the GO/ZO/FO/ZFO magnetic separation photocatalyst can be calculated based on the measured absorbance value.
RESULTS AND DISCUSSION
X-Ray Powder Diffraction Analysis
The phase structure and purity of semiconductor materials are measured by using an X-ray powder diffraction (XRD) instrument to determine whether the synthesized product is the target product. Figure 2 shows the XRD patterns of samples GO, ZnO, Fe2O3, GO/ZO/FO/ZFO1, GO/ZO/FO/ZFO2, GO/ZO/FO/ZFO3, and GO/ZO/FO/ZFO4. The XRD pattern of sample GO (Figure 2A) shows the XRD characteristic peaks located at 10.905, 42.193, and 77.772° related to (111), (200), and (123), respectively, which is identical to the JCPDS No. 89-8489. Similarly, ZnO (Figure 2B) displays an XRD pattern identical to the hexagonal structural phase with the space group P63mc (186), and the XRD characteristic peaks at 31.736°, 34.378°, 36.214°, 47.483°, 56.534°, 62.775°, 66.302°, 67.886°, 69.007°, 72.462°, 76.865°, 81.268°, and 89.489° related to (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), (202), (104), and (203) crystal plane ZnO corresponds to the JCPDS No. 76-0704. The sample of Fe2O3 (Figure 2C) exhibits several characteristic peaks located at 2θ of 24.149°, 33.158°, 35.631°, 39.283°, 40.862°, 43.508°, 49.462°, 54.069°, 56.159°, 57.448°, 57.597°, 62.436°, 64.000°, 66.031°, 69.595°, 71.947°, 72.281°, 75.191°, 75.455°, 77.738°, 78.776°, 79.486°, 80.582°, 80.709°, 82.953°, 84.485°, 84.934°, and 88.557°, corresponding to the (012), (104), (110), (006), (113), (202), (024), (116), (211), (122), (018), (214), (300), (125), (208), (1010), (119), (217), (220), (036), (223), (131), (312), (128), (0210), (0012), (134), and (226) crystal surfaces of rhombohedral structural Fe2O3 with the JCPDS No. 87-1164. When GO, ZnO, Fe2O3 and ZnFe2O4 are combined together, ZnO, Fe2O3 and ZnFe2O4 peaks appear in GO/ZO/FO/ZFO1, GO/ZO/FO/ZFO2, GO/ZO/FO/ZFO3, and GO/ZO/FO/ZFO4, as shown in Figure 2D. However, the diffraction peak of GO is difficult to observe. As the GO content increased to 20%, only a weak diffraction peak was observed at 10.905° of the sample GO/ZO/FO/ZFO4, further confirming that GO exists in the sample GO/ZO/FO/ZFO4.
[image: Figure 2]FIGURE 2 | XRD patterns of samples (A) GO, (B) ZnO, (C) Fe2O3, (D) GO/ZO/FO/ZFO1, GO/ZO/FO/ZFO2, GO/ZO/FO/ZFO3, and GO/ZO/FO/ZFO4.
Fourier Transform Infrared Analysis
In order to further study the phase structure and purity of semiconductor materials, FTIR was performed. Figure 3 shows the FTIR spectra of samples GO, ZnO, Fe2O3, GO/ZO/FO/ZFO1, GO/ZO/FO/ZFO2, GO/ZO/FO/ZFO3, and GO/ZO/FO/ZFO4. For all samples, the peaks at 3453 and 1616 cm−1 can be ascribed to the absorbed water due to the use of KBr in the tablet pressing process (Gao et al., 2021; Li et al., 2021; Liu et al., 2022). For the sample GO, the peaks at 1731 and 1065 cm−1 can be assigned to the graphene oxide (Dat et al., 2022; Hwa et al., 2022). For ZnO, the peaks at 1113, 545, and 418 cm−1 are attributed to the characteristic peak of C-O and the Zn–O and Zn-O-Zn vibrations, respectively (Prabhu et al., 2018; Rammah et al., 2020; Wang et al., 2021b; Nadeem et al., 2021; Wang et al., 2022c; Tang et al., 2022). For Fe2O3, the peaks at 550 and 467 cm−1 are assigned to the Fe-O and Fe-O-Fe vibrations, respectively (Lv et al., 2010; Ratep and Kashif, 2021). For the samples GO/ZO/FO/ZFO, the intensity of the characteristic peak of GO increases with the increase in the GO content, and the characteristic peak of Fe2O3 is slightly shifted, especially due to the influence of the Fe-O functional group in ZnFe2O4 (can be written as ZnO•Fe2O3), and the heterojunction between GO, ZnO, Fe2O3, and ZnFe2O4 is formed.
[image: Figure 3]FIGURE 3 | FTIR spectra of samples GO, ZnO, Fe2O3, GO/ZO/FO/ZFO1, GO/ZO/FO/ZFO2, GO/ZO/FO/ZFO3, and GO/ZO/FO/ZFO4.
XPS Analysis
Figure 4A shows the XPS survey spectrum of the sample GO/ZO/FO/ZFO3. The survey spectra of the samples GO/ZO/FO/ZFO3 exhibit sharp peaks of C, Zn, Fe, and O elements, and no other elements are observed, indicating that the sample GO/ZO/FO/ZFO3 does not contain any impurities. Figure 4B shows the high-resolution XPS spectrum of Zn 2p for the sample GO/ZO/FO/ZFO3. The two bands of Zn 2p1/2 and 2p3/2 were recorded at 1044.61 and 1021.42 eV, respectively, in ZnFe2O4, while the peaks at 1024.74 and 1047.77 eV can be ascribed to Zn 2p1/2 and 2p3/2 in ZnO, respectively. The Fe 2p spectrum showed obvious peaks at 711.83 (Fe 2p3/2) and 727.24 (Fe 2p1/2) eV which may be attributed to Fe2O3, and the peaks at 714.03 (Fe 2p3/2) and 733.85 (Fe 2p1/2) eV can be assigned to ZnFe2O4, as shown in Figure 4C. The O 1s spectrum of the samples GO/ZO/FO/ZFO3 is displayed in Figure 4D. The O1s peak could be convoluted into five peaks at 535.75, 533.51, 531.65, 530.70, and 530.21 eV, respectively. These peaks can be ascribed to C-O, the lattice oxygen of ZnO (O-Zn-ZO), the lattice oxygen of ZnFe2O4 (O-Zn-ZFO), the lattice oxygen of Fe2O3 (O-Zn-FO), and the lattice oxygen of ZnFe2O4 (O-Fe-ZFO), respectively. Figure 4E shows the high-resolution XPS spectra of C1s for the sample GO/ZO/FO/ZFO3. Three peaks at 287.72, 285.32, and 283.49 eV can be assigned C-H, C-O, and C1s for the XPS calibration peak, respectively. The results further confirmed the successful synthesis of the GO/ZO/FO/ZFO photocatalyst by low-temperature sintering technology.
[image: Figure 4]FIGURE 4 | (A) XPS survey spectrum and high-resolution XPS spectra of (B) Zn 2p, (C) Fe 2p, (D) O 1s, and (E) C 1s for the sample GO/ZO/FO/ZFO3.
Microstructural Analysis
The microstructure of semiconductor material has a great influence on its photocatalytic activity. Figures 5A–D show the SEM images of samples GO/ZO/FO/ZFO1, GO/ZO/FO/ZFO2, GO/ZO/FO/ZFO3, and GO/ZO/FO/ZFO4. When the GO content is 5%, the samples are mainly composed of fine nanoparticles, with lamellar particles faintly visible, as shown in Figure 5A. When the content of GO increased to 10%, the agglomeration of fine particles became obvious, and the lamellar structure gradually increased, as shown in Figure 5B. When the content of GO further increased to 15%, fine nanoparticles gradually deposited on GO, and the lamellar structure became more obvious, as shown in Figure 5C. With the GO content reaching 20%, lamellar structures appear in the samples in large quantities, as shown in Figure 5D. Figures 5E,F show the TEM and HRTEM images of the sample GO/ZO/FO/ZFO3, respectively. It can be seen from Figure 5E that fine nanoparticles are deposited on the lamellar GO, which is consistent with the SEM observation result. The lattice planes of ZnO, Fe2O3, and ZnFe2O4 were (100) and (101) with a lattice space of 0.2827 and 0.2486 nm, respectively, (104) and (110) with a lattice space of 0.2699 and 0.2517 nm, respectively, and (311) with a lattice space of 0.2536 nm, respectively. The results further confirmed that the GO/ZO/FO/ZFO3 samples contained GO, ZnO, Fe2O3, and ZnFe2O4.
[image: Figure 5]FIGURE 5 | SEM images of samples (A) GO/ZO/FO/ZFO1, (B) GO/ZO/FO/ZFO2, (C) GO/ZO/FO/ZFO3, and (D) GO/ZO/FO/ZFO4. (E) TEM and (F) HRTEM images of the sample GO/ZO/FO/ZFO3.
Optical Properties
The optical properties can be used to determine whether the semiconductor material has a high optical absorption coefficient and further verify whether it has high photocatalytic activity. Figure 6A shows the UV-Vis diffuse reflectance spectra of samples GO, ZnO, Fe2O3, GO/ZO/FO/ZFO1, GO/ZO/FO/ZFO2, GO/ZO/FO/ZFO3, and GO/ZO/FO/ZFO4. Fe2O3 has the lowest reflectivity, and ZnO has the highest reflectivity in the wavelength range of 400–800 nm, while GO tends to be almost constant in this range. When GO, ZnO, Fe2O3, and ZnFe2O4 are coupled, the reflectivity in the visible light range changes significantly compared with ZnO and is greatly improved. After 850 nm, the reflectivity of GO/ZO/FO/ZFO samples increases sharply with the increase in wavelength.
[image: Figure 6]FIGURE 6 | (A) UV-Vis diffuse reflectance spectra and (B) UV-Vis absorption spectra of samples GO, ZnO, Fe2O3, GO/ZO/FO/ZFO1, GO/ZO/FO/ZFO2, GO/ZO/FO/ZFO3, and GO/ZO/FO/ZFO4. First-order differential curves of UV-Vis diffuse reflectance spectra of samples (C) GO, (D) ZnO, (E) Fe2O3, (F) GO/ZO/FO/ZFO1, GO/ZO/FO/ZFO2, GO/ZO/FO/ZFO3, and GO/ZO/FO/ZFO4.
According to Kubelka–Munk's (K–M) formula, the UV-Vis diffuse reflectance spectrum can be transformed into the UV-Vis absorption spectrum.
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where R is the reflectance of samples GO, ZnO, Fe2O3, GO/ZO/FO/ZFO1, GO/ZO/FO/ZFO2, GO/ZO/FO/ZFO3, and GO/ZO/FO/ZFO4, α is the optical absorption coefficient, and S is the scattering coefficient of samples GO, ZnO, Fe2O3, GO/ZO/FO/ZFO1, GO/ZO/FO/ZFO2, GO/ZO/FO/ZFO3, and GO/ZO/FO/ZFO4. Figure 6B shows the UV-Vis absorption spectra of samples GO, ZnO, Fe2O3, GO/ZO/FO/ZFO1, GO/ZO/FO/ZFO2, GO/ZO/FO/ZFO3, and GO/ZO/FO/ZFO4. ZnO exhibits a high UV absorption coefficient, indicating that it has high UV photocatalytic activity. Fe2O3 has the highest light absorption coefficient in the wavelength range of 190–900 nm, but its photocatalytic activity is not high because of its high charge carrier recombination rate. When GO, ZnO, Fe2O3 and ZnFe2O4 are coupled to form heterojunctions, the absorption coefficient of the GO/ZO/FO/ZFO sample is greatly improved in the visible light range compared with ZnO, indicating that GO/ZO/FO/ZFO samples have high visible-light photocatalytic activity.
The first-order differential curve is calculated based on the UV-vis diffuse reflectance spectrum. The peak of the curve can be used to obtain the optical band gap (Eg) value of the semiconductor material (Gao et al., 2019; Gao et al., 2022a).
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where λ0, h, and c are the peak of the first-order differential curve, the Plank constant, and the velocity of light, respectively. Figures 6C–F show the first-order differential curves of UV-Vis diffuse reflectance spectra of samples GO, ZnO, Fe2O3, GO/ZO/FO/ZFO1, GO/ZO/FO/ZFO2, GO/ZO/FO/ZFO3, and GO/ZO/FO/ZFO4. The Eg values of samples GO, ZnO, Fe2O3, GO/ZO/FO/ZFO1, GO/ZO/FO/ZFO2, GO/ZO/FO/ZFO3, and GO/ZO/FO/ZFO4 are 1.44, 3.18, 2.12, 2.11, 2.11, 2.11, and 2.11 eV, respectively. As can be seen from Figure 5F, when GO, ZnO, Fe2O3 and ZnFe2O4 are coupled, the Eg value does not change at all. According to Xue et al. (2019), Kelaidis et al. (2020), Wang et al. (2021c), Gao et al. (2022b), and Gao et al. (2022c), only defects or vacancies can be introduced, and their Eg values will not be changed after a variety of semiconductor photocatalysts are coupled to form heterojunctions. This result is consistent with the literature reports.
Photocatalytic Activity for the Degradation of Dyes
The photocatalytic activity of the sample GO/ZO/FO/ZFO was studied with dyes, pollutants, and antibiotics as target degradation materials. Figure 7A shows the time-dependent degradation of methyl orange in the presence of the sample GO/ZO/FO/ZFO3 under simulated solar irradiation. Before the photocatalytic degradation experiment, methyl orange was adsorbed for half an hour to exclude the influence of adsorption on photocatalytic activity. After half an hour of adsorption, the adsorption of methyl orange by GO, ZnO, Fe2O3, and GO/ZO/FO/ZFO is small, less than 10%. The degradation rate of all samples increased with the increase in illumination time. Under visible light irradiation, the photocatalytic degradation percentage of GO, ZnO, and Fe2O3 is less than 30%. The sample GO/ZO/FO/ZFO3 showed the highest photocatalytic activity, and the degradation percentage reached 98% after 3 h of degradation.
[image: Figure 7]FIGURE 7 | (A) Time-dependent characteristic, (B) plots of ln (At/A0) vs. irradiation time (t), (C) first-order kinetic constant (k), and (D) degradation percentage of degradation of methyl orange in the presence of samples GO, ZnO, Fe2O3, and GO/ZO/FO/ZFO under simulated solar irradiation.
The first-order kinetic curve can directly reflect the photocatalytic activity of semiconductor materials. The first-order dynamics equation can be described as follows:
[image: image]
where At is the absorbance of the pollutant at time t, A0 is the absorbance of the pollutant at the initial time, k is the first-order kinetic constant, and t is the irradiation time. Figure 7B shows the plots of ln (At/A0) vs. irradiation time of degradation of methyl orange in the presence of the sample GO/ZO/FO/ZFO3 under simulated solar irradiation. ln (At/A0) for samples GO, ZnO, Fe2O3, and GO/ZO/FO/ZFO shows a good linear relationship with the irradiation time. Figure 7C shows the k values of degradation of methyl orange in the presence of samples GO, ZnO, Fe2O3, and GO/ZO/FO/ZFO under simulated solar irradiation. The k values of samples GO, ZnO, Fe2O3, GO/ZO/FO/ZFO1, GO/ZO/FO/ZFO2, GO/ZO/FO/ZFO3, and GO/ZO/FO/ZFO4 are 0.00299, 0.00179, 0.00251, 0.00580, 0.00743, 0.02072, and 0.00550 min−1, respectively. The photocatalytic degradation rate of GO/ZO/FO/ZFO3 is 11.58 times that of ZnO. Figure 7D shows the degradation percentage of degradation of methyl orange in the presence of samples GO, ZnO, Fe2O3, and GO/ZO/FO/ZFO under simulated solar irradiation. The degradation percentages of samples GO, ZnO, Fe2O3, GO/ZO/FO/ZFO1, GO/ZO/FO/ZFO2, GO/ZO/FO/ZFO3, and GO/ZO/FO/ZFO4 are 43%, 30%, 38%, 65%, 75%, 98%, and 62%, respectively. With the increase in the GO content, the photocatalytic velocity of the GO/ZO/FO/ZFO photocatalyst first increases and then decreases. The results further confirmed that the sample GO/ZO/FO/ZFO3 had the highest photocatalytic activity.
Stability and Trapping Experiments
Figure 8A shows the emission spectra (λex = 300 nm) of the GO/ZO/FO/ZFO photocatalyst. The GO/ZO/FO/ZFO photocatalyst showed a narrow fluorescence emission peak at 485 nm, which may be caused by GO (Iliut et al., 2013; El-Hnayn et al., 2020). The maximum emission intensity at 485 nm of the GO/ZO/FO/ZFO photocatalyst is shown in Figure 8B. Compared with the photocatalytic activity, the emission intensity decreased with the increase in the photocatalytic activity. It can be seen from the fluorescence emission spectrum that the photocatalyst exhibits poor transfer and separation rates of photogenerated carriers with higher emission intensity. To study the stability of the GO/ZO/FO/ZFO photocatalyst, Figure 8C shows the stability experiments of the GO/ZO/FO/ZFO3 photocatalyst. After five cycles, the photocatalytic activity of the GO/ZO/FO/ZFO3 photocatalyst decreased by less than 6%, indicating that the GO/ZO/FO/ZFO3 photocatalyst has high stability and recycling ability. The trapping experiments of the GO/ZO/FO/ZFO3 photocatalyst are shown in Figure 8D. Trapping agents include the disodium ethylenediamine tetraacetic acid (EDTA-2Na), 2-propanol (IPA), and 1,4-benzoquinone (BQ), which have been used to detect the hole (hVB+), hydroxyl radical (•OH), and superoxide radical (•O2−), respectively. During each photocatalytic experiment, the amount of the trapping agent added to the reaction solution was 1 mmol/L. When EDTA-2Na, IPA, and BQ were added to the reaction solution, the photocatalytic activity of the GO/ZO/FO/ZFO3 photocatalyst decreased to 32%, 20%, and 11%, respectively. The results showed that holes, hydroxyl radicals, and superoxide radicals play important roles in the photocatalytic reaction. This will provide strong evidence for the subsequent analysis of the photocatalytic mechanism.
[image: Figure 8]FIGURE 8 | (A) Emission spectra (λex = 300 nm) of the GO/ZO/FO/ZFO photocatalyst. (B) Maximum emission intensity at 485 nm of the GO/ZO/FO/ZFO photocatalyst. The (C) stability and (D) trapping experiments of the GO/ZO/FO/ZFO3 photocatalyst.
Photocatalytic Activity for the Degradation of Pollutants and Antibiotics
Figures 9A,B show the time-dependent degradation of tetrabromobisphenol A and oxytetracycline hydrochloride in the presence of the sample GO/ZO/FO/ZFO3 under simulated solar irradiation, respectively. The degradation percentage of GO/ZO/FO/ZFO3 to tetrabromobisphenol A reached 99% after 150 min and that of oxytetracycline hydrochloride reached 85% after 180 min. The results showed that the sample GO/ZO/FO/ZFO3 had a high photocatalytic activity for the degradation of refractory pollutants and antibiotics. Figures 9C,D show the plots of ln (At/A0) vs. irradiation time (t) for the degradation of tetrabromobisphenol A and oxytetracycline hydrochloride in the presence of the sample GO/ZO/FO/ZFO3, respectively. The k-values of the sample GO/ZO/FO/ZFO3 for the degradation of tetrabromobisphenol A and oxytetracycline hydrochloride are 0.02687 and 0.01022 min−1, respectively. The results showed that the sample GO/ZO/FO/ZFO3 had the highest photocatalytic activity for the degradation of tetrabrombisphenol A.
[image: Figure 9]FIGURE 9 | Time-dependent degradation of (A) tetrabromobisphenol A and (B) oxytetracycline hydrochloride in the presence of the sample GO/ZO/FO/ZFO3 under simulated solar irradiation. Plots of ln (At/A0) vs. irradiation time (t) for the degradation of (C) tetrabromobisphenol A and (D) oxytetracycline hydrochloride in the presence of the sample GO/ZO/FO/ZFO3.
Photocatalytic Mechanism
In order to gain insight into the photocatalytic mechanism of GO/ZO/FO/ZFO, the conduction band potential (ECB) and valence band (EVB) potential of GO, ZnO, Fe2O3 and ZnFe2O4 were calculated based on the band theory. Table 1 shows the conduction band, valence band potential, electronegativity, and Eg values of GO, ZnO, Fe2O3, and ZnFe2O4.
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where the Eg values of GO, ZnO,Fe2O3, and ZnFe2O4 are 1.44, 3.18, 2.12, and 1.71 eV (Wang et al., 2019), respectively. Ee is 4.5 eV. The absolute electronegativity (X) values of GO, ZnO, Fe2O3, and ZnFe2O4 are 6.91, 5.79, 5.89, and 5.86 eV, respectively, and can be evaluated by Eqs. 4, 5.
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where X (C) = 6.27 eV, X (H) = 7.18 eV, X (Zn) = 4.45 eV, X (Fe) = 4.06 eV, and X (O) = 7.54 eV.
TABLE 1 | Conduction band, valence band potential, electronegativity, and Eg values of GO, ZnO and Fe2O3, and ZnFe2O4.
[image: Table 1]Based on the aforementioned calculations, the energy level diagram of GO/ZO/FO/ZFO is shown in Figure 10. As can be seen from the figure, GO acts as a carrier of charge transfer and transmission between ZnO, Fe2O3, and ZnFe2O4. When light is illuminated on the surface of the GO/ZO/FO/ZFO composite, the electrons in the respective valence band undergo transition to the conduction band. Since the conduction band of GO is more negative than ZnO, Fe2O3 and ZnFe2O4, the electrons will relax to the conduction band of GO. The valence bands of GO are more positive than those of ZnO, Fe2O3, and ZnFe2O4, and the valence band holes will undergo transition to the valence bands of ZnO, Fe2O3, and ZnFe2O4. Such relaxation and transition will promote the separation of electron and hole pairs of the whole complex, resulting in a large increase in its photocatalytic activity. The conduction electrons will react with oxygen in the reactant solution to form superoxide radicals and with O2/2H+ to form hydroxyl radicals. Valence band holes will react with H2O/OH− to form hydroxyl radicals. Subsequently, hydroxyl radicals or superoxide radicals react with pollutants to form non-toxic and harmless small organic molecules. Meanwhile, the valence band holes may react directly with pollutants to form non-toxic and harmless small molecular organics. The related chemical reactions can be expressed as follows:
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[image: Figure 10]FIGURE 10 | Photocatalytic mechanism of GO/ZO/FO/ZFO.
It can be seen that the holes, hydroxyl radicals, and superoxide radicals play important roles in the whole photocatalytic process.
CONCLUSION
GO/ZO/FO/ZFO composite photocatalysts with different GO contents were synthesized by a low-temperature sintering technique. The effects of the GO content on the phase purity, functional groups, microstructure, optical properties, and photocatalytic activity of GO/ZO/FO/ZFO composite photocatalysts were studied in detail. XRD, FTIR, and microstructural analysis confirmed that the GO/ZO/FO/ZFO magnetic separation photocatalyst contains four components, GO, ZnO, Fe2O3, and ZnFe2O4, without any other impurities. The optical property analysis shows that the GO/ZO/FO/ZFO magnetic separation photocatalyst has a high optical absorption coefficient, suggesting that it has a high visible-light photocatalytic activity, and the quadruple recombination does not change the Eg value of the main lattice of Fe2O3. The photocatalytic experiments confirmed that the GO/ZO/FO/ZFO magnetic separation photocatalyst had high photocatalytic activity for dyes, refractory pollutants, and antibiotics, and the degradation percentages were 98% for 180 min, 99% for 150 min, and 85% for 180 min, respectively. The special heterojunction structure promotes the transfer and separation of electrons and holes in the GO/ZO/FO/ZFO magnetic separation photocatalyst, showing high photocatalytic activity under the combined action of holes, hydroxyl radicals, and superoxide radicals.
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