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Abstract

:

The development of photocatalytic materials with specific morphologies promises to be a good opportunity to discover geometrically relevant properties. Herein, this paper reported a facile hydrothermal method to directly synthesize TiO2 crystals with flower-like structures using tetrabutyl titanate (TBT) as a titanium source and ethylene glycol as an additive. We also proposed a reasonable growth mechanism by controlling reaction time in detail. The as-prepared samples were analyzed by using X-ray diffraction, scanning electron microscopy and transmission electron microscopy for structure and morphology characterization. The N2 adsorption-desorption isotherm results showed that the surface area of flower-like TiO2 with 10 h reaction time can reach 297 m2/g. We evaluated the photocatalytic performance of samples by using the degradation rate of methylene blue (MB) solution under UV-vis light. The TiO2 with 10 h reaction time exhibited a superior photocatalytic property than other samples in degrading MB under UV-vis light irradiation. More importantly, the catalyst could be reused many times. These results could benefit from the special morphology, high crystallinity and large specific surface area of the samples.
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1. Introduction


With the increasing use of energy resources around the world, it has become a major topic of research to develop a high-efficiency, environmentally-friendly, low-cost energy conversion and storage system. Especially, the requirements for materials with unique designs and advanced functions are very high, which could overcome the limitations of current traditional energy sources [1]. TiO2, as a crucial component of energy conversion and storage systems, has attracted much attention because of its excellent physical-chemical characteristic and versatility. TiO2 has extensive applications in many energy fields as well [2,3,4,5]. For the many applications of TiO2, it is very important to precise control TiO2 morphology, size, specific surface area and crystalline phase because the properties of TiO2 are determined by these structural characteristics [6,7,8,9,10].



At present, TiO2 as one of the critical semiconductor oxides, has been widely used in the field of photocatalysis [11,12,13]. Particularly, TiO2 with special morphological structures has been intensively explored by researchers due to its unique properties [14,15,16,17]. A variety of TiO2 with different morphologies have been prepared, such as nanosheets, nanowires, nanotubes, and nanoflowers [18,19,20,21]. One dimensional (1D) TiO2 nanostructures with direct transport pathways, such as nanorods [22] or nanosheets [23], show promise of enhanced charge transport efficiency. However, these one-dimensional TiO2 structures have relatively small specific surface areas, hence impeding light harvesting efficiency [24]. For example, Chen et al. [25] reported the synthesis of hierarchical sphere TiO2 assembled from ultrathin nanosheets with exposed {001} facets. However, the use of surfactants may passivate the surface of the crystal, which leads to a rapid decrease in photocatalytic activity. Recently, the photocatalytic ability of three-dimensional (3D) hierarchical flower-like TiO2 structures has been extensively studied by researchers [26]. In this case, the nanoflower structure facilitates exposure of the specific surface area and an increase in the number of active sites. Furthermore, they are generally used as a scattering layer to improve the light absorption ability [27]. However, the synthesis process of this structure usually requires the use of templates, which may make it very tedious and difficult to separate unintended impurities [28]. For example, Xiang group [29] reported the fabrication of flower-like TiO2 by no template and no surfactant method. However, the route was so complicated that it needs two steps to prepare. Réti et al. [30] reported the synthesis of TiO2 hollow sphere via a hydrothermal and annealing route. However, carbon sphere templates affect the size of the hollow TiO2 structures, which caused a decrease in photocatalytic activity. From these new findings, we were really eager to develop a synthetic process for an easy fabrication of anatase TiO2 nanostructure having high specific surface area, so as to achieve efficient catalysis of pollutants.



Herein, we present a simple and template-free method using tetrabutyl titanate (TBT) as titanium source to synthesize novel flower-like TiO2 nanostructure assembled from nanosheets. The morphological characteristics and basic properties were obtained by using X-ray diffraction, scanning electron microscopy, N2 adsorption-desorption isotherms and photocatalytic activity. Subsequently, we have explored exhaustively the morphological growth and formation mechanism of flower-like structures. The results demonstrated that the flower-like TiO2 with 10 h reaction time exhibits the higher crystallinity and high photocatalytic activity for degradation of MB under UV-vis light irradiation.




2. Experiment Section


2.1. Synthesis of Flower-Like TiO2 Nanostructures


In a typical synthesis, a certain amount of hydrofluoric acid and 5 mL of ethylene glycol were added into 40 mL of ethanol under constant stirring. Subsequently, 3.3 mL of TBT were added drop wise into the above mixed solution. It was stirring for 0.5 h to obtain a clear homogeneous solution. Next, the solution was transferred into a Teflon-lined stainless steel autoclave (100 mL) and heated at 180 °C for 10 h. Then the autoclave was cooled down to room temperature naturally. The precipitate was treated by suction filtration and washed 3 times with water so as to remove organic impurities. Finally, we dried the sample at 80 °C for 10 h. In order to better explore the formation mechanism of TiO2 with flower-like morphology, the experiments procedures with different reaction times were also carried out under same conditions. In addition, we also performed the corresponding calcination treatment on the samples (550 °C/4 h).




2.2. Characterization


The phase composition and crystal structure of all samples obtained were characterized by using a Bruker D8 advanced X-ray powder diffractometer (Bruker Corporation, Billerica, MA, USA) with Cu-Ka radiation (λ = 1.5418 Å). The morphologies of TiO2 structures were observed by a field emission scanning electron microscope (SEM, S-4800, Hitachi Ltd., Tokyo, Japan) and transmission electron microscope (TEM, JEOL-2100, JEOL Ltd., Tokyo, Japan). Furthermore, the Brunauer-Emmett-Teller (BET) specific surface areas of the powders were measured by nitrogen adsorption in a nitrogen adsorption apparatus (TriStar II 3020 instrument, Micromeritics, Norcross, GA, USA). In particular, all products were degassed at 100 °C before the N2 adsorption measurements. We use adsorption data to determine BET surface area and use Barrett-Joyner-Halenda (BJH) method to achieve pore size distribution. Thermogravimetric (TG) analyses were conducted using a Shimadzu TGA-50 (Shimadzu, Tokyo, Japan) analyser with temperature programmed at a constant heating rate of 10.0 K min−1 in air with gas flow of 100 mL min−1. Photocurrent densities of samples were measured with electrochemical system (CHI660E, Shanghai Chenhua Instrumental Co., Ltd., Shanghai, China) in electrolyte including 0.1 M Na2SO4. The obtained sample was the working electrode, Pt worked as counter electrode, and Ag/AgCl worked as reference electrode. A 300 W Xe lamp (CEL-PF300-T8E, Beijing China Education Au-light Co., Ltd., Beijing, China) was utilized as a light source.




2.3. Measurement of Photocatalytic Activity


We performed the degradation of MB under UV-vis light irradiation at ambient temperature to explore the photocatalytic activities of the as-prepared samples. In this process, first, 0.1 g of the samples were added to a 150 mL glass beaker containing 100 mL MB with concentration of 20 mg/L aqueous solution. Then the beaker was stirred continuously in the dark for a certain period of time to achieve an equilibrium adsorption state. Next, we used a 300 W xenon lamp (PLS-SXE300UV, Beijing Perfectlight Co. Ltd., Beijing, China) as a light source to initiate a photocatalytic reaction. The UV lamp has an average light intensity of about 2000 mW/cm2 on the surface of the solution. We measured the absorbance at 664 nm by UV-2600 UV-Vis spectroscopy (Shimadzu Corporation, Kyoto, Japan) in the wavelength range of 200–800 nm.



In order to identify the generated active species during the reaction process, we carried out a set of radical trapping experiments. A certain amount (0.1 mmol) of ammonium oxalate (AO), 1, 4-benzoquinone (BQ) and 2-propanol (IPA) were used as the hole (h+) scavenger, superoxide radical (∙O2−) scavenger and hydroxyl radical (∙OH) scavenger, respectively. Subsequently, the active substance was detected by exploring the change of degradation rate of the solution.





3. Results and Discussion


3.1. Structures and Morphologies of the TiO2 Samples


In general, the crystallinity of the samples may be important for its photocatalytic performance [31]. Therefore, we conducted a study on the characterization of the prepared samples structures by XRD method and the results were shown in Figure 1. And the position of each peak corresponds to pure anatase TiO2 phase, which is consistent with the International Center of Diffraction Data Card (JCPDS No. 21-1272). It illustrated that the as-prepared products were in accordance with pure phase structures because no other impurity peaks appeared. It is worth noting that the XRD pattern of the sample with 0.5 h reaction time showed only one protrusion at 25.3°, which due to the presence of amorphous TiO2 particles. With the increase of hydrothermal synthesis time, we found that the diffraction peaks of TiO2 become more and more sharp. The diffraction peaks at the positions of 2θ = 48.05° and 55.06° became more obvious, which showed that the degree of crystallization was increasing.



In order to explore the morphological evolution of anatase TiO2 with flower-like nanostructures by our prepared methods. We conducted a series of exploratory experiments based on time changes and keeping other conditions constant. The SEM images of TiO2 nanostructures synthesized with different hydrothermal times were shown in Figure 2. As shown in Figure 2a, only some irregular nanoparticles are gathered together when the reaction time was 0.5 h. Subsequently, many nano-spheres with a rough surface appeared. When the reaction time reached 2 h, the rough sphere surface indicated that the thorn-like structures appear firstly (Figure 2b). With time prolonged, the thorn structures gradually grown into nanosheets and they still maintained the spherical morphology in Figure 2c and this unique flower-like structure was assembled from nanosheets. In addition, the sample with 10 h hydrothermal reaction time was illustrated in Figure 2d. We can clearly see that the 3D flower-like nanostructures are completely formed. The size of the flower-like TiO2 structure is about 600–800 nm. In particular, the nanosheets are relatively thicker and more compact than the sample with 6 h reaction time. The results correspond to our previous XRD characterization (Figure 1).



Based on the above experiments, we have calcined the samples of 10 h reaction time. As shown in Figure 3a, the sample after calcination has good crystallinity. Figure 3b showed the TG curve analysis of the sample with 10 h reaction time. According to Figure 3b, we can clearly observe that the sample has almost no weight loss at 550 °C. Therefore, we determined the calcination temperature to be 550 °C. It can be seen from the Figure 3c that the samples after calcination still keep the original morphology. However, the nanosheets on the spherical surface grown into tiny nanorods due to the aggregation at high temperatures. Moreover, we can clearly see the hollow structure of the TiO2 microspheres from the SEM image of the broken microspheres (Figure 3d). A representative TEM micrograph further indicated the resulting microspheres possess hollow structures (Figure 3e). Furthermore, in the high-resolution TEM image of TiO2 after calcination (Figure 3f), the lattice spacing (0.235 nm) and its corresponding FFT image (Figure 3f, inset) indicated that facet is the {001} reactive facet of anatase TiO2 [32,33]. It was reported that the exposure of the {001} plane is contributed to the improvement of photocatalytic performance.




3.2. Formation Mechanism of the Flower-Like TiO2


Based on the above exploration of the morphology of flower-like TiO2, we propose a simple growth mechanism diagram as follows: (I) Nucleation of nanoparticles aggregating; (II) Dissolution-recrystallization and ostwald ripening; (III) Formation of flower-like structure. We made a simple illustration in Scheme 1. Importantly, we noticed that time was an imperative controlling factor in the whole reaction. At early stages of the reaction, ethylene glycol acts as a ligand to form coordination complexes with titanium (IV) [34,35]. The weak O–H bond caused the O–H bond to cleave and react with another O–H bond to produce H2O. Hydrolysis of tetrabutyl titanate formed TiO2 particles with poor crystallinity. Many nanoparticles aggregated into irregular spheres because of the high surface energy. Afterward, under the control of F−, the sheet-like structure appeared and nanosheets undergo ostwald ripening and dissolution-recrystallization growth to induce the formation of nanosheets having exposed {001} facets [36]. Next, the TiO2 with flower-like structure was formed. Then, under the action of high temperature calcination, the low crystallinity particles inside the flower-sphere gradually dissolved and recrystallized on the surface of the sphere, and the ethylene glycol gas was blocked when it diffused from the inside to the edge of the sphere. Finally, high crystallinity TiO2 hollow spheres were obtained. The broken spheres were caused by the gas not escaping in time. Interestingly, high-temperature calcination caused the sheet structure to agglomerate into nanorods resulting in the increased density of the spherical surface.




3.3. BET Surface Areas and Pore Size Distributions


Figure 4 showed the specific surface area of our preparing different TiO2 products. The result illustrated that the specific surface area of unique flower-like TiO2 is 297.23 m2 g−1. Large specific surface area is advantageous for the improvements of photocatalytic activity. It could provide more reactive sites to adsorb reactant molecules, so as to make the photocatalytic process more efficient. In particular, the sample after calcination has hollow structures, but its specific surface area is extremely small, because annealing caused the sheet on the surface of the spherical structure to become denser. Next, we analyzed the structural properties of the flower-like TiO2 using nitrogen adsorption-desorption isotherms and related pore size distribution curves. As shown in Figure 5, the isotherm of the sample with 10 h reaction time is type IV, and its hysteresis loop occurred at a relative pressure range of 0.5–1.0, which illustrated the presence of mesopores (2–50 nm). Its hysteresis loops shape is type H3. The mesopores in these samples are formed by the aggregation of nanosheets. All these results are consistent with the SEM of the flower-like TiO2 morphology (Figure 2d).




3.4. Photocatalytic Activity of Different Samples


TiO2 as a semiconductor photocatalyst can be used for photocatalytic degradation of organic pollutants in aqueous solution [37]. Hu et al. [38] synthesized 3D flower-like TiO2 by a simple hydrothermal method and annealing treatment and explored their photocatalytic performance. The sample showed excellent photocatalytic activity toward the degradation of methyl orange (MO) solution up to 99% for 120 min of irradiation. Herein, to investigate the photocatalytic properties of our preparing samples, the experiment to evaluate the photocatalytic degradation of MB aqueous solution was carried out under UV-vis light. We also analyzed photocatalytic tests with other samples obtained under different conditions. For the control, the MB without photocatalyst was also investigated under similar conditions. For other conditions, it kept the same as before. Figure 6 showed the curves about the concentration of MB solution degradation changed under UV-vis light irradiation. The results showed that the absorption peak at 664 nm decrease rapidly with the extension of the irradiation time. After some time, the presence of absorption peak was hardly observed, indicating that the MB molecule was almost completely decomposed. The results revealed flower-like TiO2 with 10 h reaction time exhibit superior photocatalytic activity (degradation 98–99% in 30 min) than other samples. The sample with 0.5 h reaction time exhibited the worst photocatalytic performance due to the poor crystallinity of the sample.



From Figure 7 we get the pseudo-first-rate order kinetic curves, ln(C0/C) = kt, for the photocatalytic degradation kinetic reaction [39]. According to the formula of pseudo-first-rate, k and t denote the pseudo-first-rate kinetic constant and irradiation time. The corresponding apparent degradation rate constant for sample are (b) 0.0085 min−1, (c) 0.0168 min−1, (d) is 0.0291 min−1 and (f) 0.0717 min−1 by calculating, and the flower-like TiO2 with 10 h reaction time (e) is 0.1133 min−1, which is significantly higher than other as-prepared samples. It further confirmed that the TiO2 with flower-like nanostructures exhibit more excellent photocatalytic efficiency than other samples. This is attributed to the flower-like TiO2 having higher specific surface area than other samples (Figure 4). Additionally, the unique nanostructure could provide more active catalytic sites [40,41]. Flower-like TiO2 also showed good crystallinity (Figure 1d), and its photocatalytic property was related to the crystallinity of anatase. We also found that the sample after calcination showed significant photocatalytic activity, but it was slightly lower than the sample with 10 h reaction time. It further demonstrated that photocatalytic performance is not only related to the specific surface area of the samples, but also to the crystallinity of the samples.



In order to investigate the photocatalytic stability of flower-like TiO2, we evaluated the photodegradation of MB in several successive recycling experiments using the same photocatalyst under the same conditions. Figure 8 showed that the sample still maintain excellent photocatalytic performance after repeated cycles of degradation, indicating that the flower-like TiO2 nanostructures are stable throughout the photodegradation process.



To further explore the role of active species in the reaction process, a set of radical trapping experiments were carried out. From Figure 9, we can clearly observe the distinct decrease in photodegradation rate in the presence of IPA. The photocatalytic degradation rates of flower-like TiO2 are almost identical whether BQ or AO was present or not. Therefore, we can confirm that ·OH contributes the most to photocatalytic activity of flower-like TiO2.



From Figure 10, we can observe the photocurrent response of TiO2 prepared under different reaction conditions. All samples except the calcined sample showed an enhanced photocurrent densities as the hydrothermal reaction time increased. As we all know, the larger the specific surface area, the more favorable the propagation and scattering of incident light, thereby improving the absorption and utilization of light. The thinner nanosheets facilitated the separation of photogenerated electrons and holes, so flower-like TiO2 exhibited excellent electrochemical property. In particular, the photocurrent density of the calcined sample was only lower than that of the sample with 10 h reaction time, higher than the other samples. The high crystallinity is advantageous for the transport of charge. These results were in accordance with their photocatalytic activities, respectively.





4. Conclusions


In conclusion, we have successfully explored a simple, efficient approach to synthesize flower-like TiO2 nanostructure. We examined the effects of different reaction times on the morphology and photocatalysis of the samples. Subsequently, a reasonable mechanism for the morphological growth of the sample was proposed by means of time-dependent experiments. In addition, flower-like TiO2 nanostructures showed higher photocatalytic activity and photocurrent response than other samples. It can be attributed to such factors as: (I) Special structure of flower-like morphology, (II) high crystallinity and (III) large specific surface area. Based on the above characteristics, the flower-like TiO2 has great potential applications in the field of dye-sensitized solar cells and photocatalysis.
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Figure 1. XRD patterns of the samples with different reaction time: (a) 0.5 h; (b) 2 h; (c) 6 h; (d) 10 h. 
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Figure 2. SEM images showing the morphological evolution of the obtained samples prepared from different solvothermal reaction time: (a) 0.5 h; (b) 2 h; (c) 6 h and (d) 10 h. 
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Figure 3. Surface morphology of the TiO2 after calcination: (a) XRD patterns of the samples after calcination; (b) TG of the sample after calcination; (c,d) SEM images of the sample after calcination; (e,f) TEM images of the sample after calcination. 
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Scheme 1. Schematic illustration of the morphological evolution. 
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Figure 4. The surface area of the different TiO2 products: 0.5 h; 2 h; 6 h; 10 h; 10 h after calcination. 
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Figure 5. N2 adsorption-desorption isotherm curves of the TiO2 sample with 10 h reaction time and the inset showing its pore size distribution. 
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Figure 6. Photocatalytic degradation of MB by different photocatalysts under UV-vis light irradiation: (a) without catalyst; (b) 0.5 h; (c) 2 h; (d) 6 h; (e) 10 h after calcination; (f) 10 h. 
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Figure 7. Linear fit between ln(C0/C) and time of photocatalysis degradation of MB solution by using different catalysts: (a) without catalyst; (b) 0.5 h; (c) 2 h; (d) 6 h; (e) 10 h after calcination; (f) 10 h. 
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Figure 8. Cycling degradation MB of flower-like TiO2 with 10 h reaction time under the UV-vis light irradiation. 
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Figure 9. Photodegradation rate of MB by flower-like TiO2 catalyst with different scavengers under UV-vis light irradiation. 
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Figure 10. Transient photocurrent response of the samples with different reaction conditions. 
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