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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.
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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).
[image: image]
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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).
[image: image]
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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.
[image: image]
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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