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Abstract. 
TiO2 mesoporous microspheres self-assembled from nanoparticles were synthesized by a surfactant-free solvothermal route. The TiO2 precursors were fabricated by tetrabutyl titanate, glacial acetic acid, and urea in the ethanol solution at 140°C for 20 h, and TiO2 mesoporous microspheres were obtained by a postcalcination at temperatures of 450°C for promoting TiO2 crystallization and the removal of residual organics. The phase structure, morphology, and pore nature were characterized by XRD, SEM, and nitrogen adsorption-desorption measurements. The as-prepared TiO2 microspheres are in anatase phase, with 2-3 μm in diameter, and narrow pore distribution range is 3-4 nm. The adjustments of the synthetic parameters lead to the formation of the mesoporous TiO2 microspheres with tuned pore size distributions and morphology.
 

1. Introduction
 The existence of a close relationship between specific morphologies and unique properties in nanomaterials has ignited much attention to the synthesis of novel nanostructures for a broad domain of applications in the past decade [1]. Due to its large surface area, networked pore distribution, and unique band structure, mesoporous TiO2 has attracted explosive attention for photocatalytic applications, such as water splitting, water and air purification, antibacterial materials and sterilization [2, 3]. A lot of chemical synthetic methods have been developed for fabricating the TiO2 nanomaterials, including sol-gel [4], hydrolysis [5], precipitation [6], and hydrothermal methods [7, 8]. Hydrothermal method has been widely used for preparing mesoporous TiO2 owing to the controllable morphology and porous structure as well as the high crystallization degree of the product [9]. It is found that phase selection (rutile, anatase, or brookite), particle shape and size, and crystal orientation with specific lattice plane are controllable depending on synthetic conditions [10–12]. Nevertheless, few reports focus on the effect of synthetic conditions on the pore size distribution. Most synthesis processes use template for the growth of anisotropic nanocrystals. Templates used include hard template (porous silica, alumina, or latex spheres, etc.) and soft template (triblock copolymer or surfactants) [13–15]. However, after synthesis, the template has to be removed from the sample to make the pores accessible. This can be achieved by thermal treatment (calcination) or solvents extraction [16]. In most cases, TiO2 mesoporous materials are calcined; the thermal treatment processes frequently lead to the partial or total collapse of the porous structure during the template removal process and thus result in the decrease of the surface area [17]. In addition, some template cannot be completely removed by either calcination or solvent extraction because it tightly bound to the materials. Therefore, developing approaches without template and surfactant to overcome these limitations are highly demanded. Moreover, during the process of use, TiO2 nanomaterials are subjected to the difficulties in handling and additional cost for recycling process; thus micro- and submicrometer scaled materials are often preferred in the large-scale production [18].
 Here, mesoporous TiO2 microspheres self-assembled from nanoparticles have been fabricated by a surfactant-free, convenient, and low-cost solvothermal method, which can conquer the issues above-mentioned. In addition, the diameters size, pore volume, BET surface areas, and the pore size distributions can also be tuned by adjusting synthesis parameters. This synthesis method can also be extended for the fabrication of other mesoporous metal oxide materials. 
2. Experimental Section
2.1. Synthesis of Mesoporous Nanocrystalline TiO2 Microspheres
All the reagents are analytical grate and were used without further purification (from Sinopharm Chemical Reagent Ltd.). In a typical procedure, 12 mmol urea was dissolved into 60 mL of absolute ethanol; then the solution was slowly added into the other solution (mixture of 20 mL ethanol, 2 mL tetrabutyl titanate (Ti(OC4H9)4), and 1 mL glacial acetic acid (CH3COOH)) under stirring. The solution was transferred into a 100 mL Teflon-lined autoclave after stirring for 30 min. The autoclave was put into an oven and maintained at 140°C for 20 h. The precipitate was rinsed by ethanol for several times, dried at 90°C for 12 h, and then calcined at 450°C for 2 h.  For comparison, different amounts of urea were added while keeping other reaction conditions constant. 
2.2. Characterization of Mesoporous Nanocrystalline TiO2 Microspheres
 XRD measurements were performed on a Bruker D8 X-ray diffractometer with Cu-Kα radiation (
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 Å) at a scan rate of 4° min−1 at 45 kV and 40 mA. 
The N2 adsorption-desorption isotherms of the TiO2 microspheres were obtained at −196°C using a Quantachrome Autosorb 1-C. Before measurements, samples were degassed under vacuum at 300°C for 4 hours. The Brunauer-Emmett-Teller (BET) approach was used to calculate specific surface area of the sample by using adsorption data over the relative pressure range of 0.05–0.30. The Barrett-Joyner-Halenda (BJH) approach was employed to determine pore size distribution and average mesopore diameter by using desorption data of the isotherms.

SEM images were obtained on a JEOL JEM 6360 scanning electron microscope with accelerating voltage of 20 kV.
3. Results and Discussion
3.1. Textural Properties
 Figure 1 shows the XRD patterns of the TiO2 samples prepared with different amounts of urea. The strong and sharp peaks observed in Figure 1 confirm the catalysts are all well crystallized. For all samples, the diffraction peaks appear at 25.17°, 38.23°, 48.09°, 55.05°, 62.83°, 69.7° and 75.3°, all the peaks   can be indexed to TiO2 phase (Anatase, JCPDS 21-1272), which corresponds to (101), (004), (200), (105), (204), (116), and (215) planes, respectively. No diffraction peaks of rutile TiO2 phase can be detected. The XRD results indicate the as-prepared TiO2 is  of  high purity. Normally, the rutile phase is more stable than the anatase phase.  Here, the as-prepared TiO2 mesoporous microspheres are in anatase phase which could be ascribed not too high calcined temperature.  The crystallite sizes of the synthesized TiO2 samples estimated from the Debye-Scherrer equation [19], using the XRD line broadening of (101) diffraction peak, are reported in Table 1. It can be seen from Table 1 that crystallite  sizes  slightly decreased from 12.2 nm to 8.7 nm, with increasing the amount of urea, indicating the decrease of crystallization of the TiO2 nanocrystals.
Table 1: Textural and structural parameters of mesoporous TiO2 samples prepared with different amounts of urea.
	

	Urea (mmol)	Phase	Crystallite sizea  (nm)	BET surface areab  (m2/g)	Pore volumec  (cm3/g)	Average pore diameterd  (nm)
	

	8	Anatase	12.2	1.09	0.002	3.5
	12	Anatase	10.4	57.35	0.085	5.6
	16	Anatase	9.2	42.45	0.045	3.8
	20	Anatase	8.7	3.76	0.015	4.3
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Crystallite size was calculated from the Scherrer equation based on the diffraction peak (101). bThe specific surface area was calculated by BET method. cThe total pore volume is taken from the adsorption branch of the nitrogen isotherm curve. dThe average pore diameter is estimated using the adsorption branch of the isotherm and BJH model.

[image: 294020.fig.001]Figure 1: XRD patterns of mesoporous TiO2 microspheres prepared with different amounts of urea: (a) 8 mmol; (b) 12 mmol; (c) 16 mmol; (d) 20 mmol.


3.2. Morphology
The morphology and size of the TiO2 samples were examined by SEM. Figures 2(a)–2(h) show that TiO2 microspheres with different sizes can be achieved accordingly by adjusting the amount of urea. When the amount of urea is 8 mmol, the size and surface structure of the microspheres can be observed in Figures 2(a) and 2(b). The TiO2 microspheres are found to be 1–6 μm in diameter, the surfaces of the microspheres are very smooth, and the mean size of the diameter is about 4 μm. It is clearly seen that the microspheres disperse well, but the sizes are not even. With the increasing amount of urea to 12 mmol (see Figures 2(c) and 2(d)), the mean diameter size of the TiO2 microspheres decreases to about 2-3 μm, and the sizes are relatively uniform. The morphologies and sizes of the TiO2 microspheres change little with increasing the urea amount to 16 mmol, as can be seen from Figures 2(e) and 2(f). However, if further increasing the urea amount to 20 mmol, it is observed from Figures 2(g) and 2(h) that “chain-like” and “peanut-like” TiO2 microspheres are obtained, replacing the dispersed microspheres; the diameter sizes of the microspheres decrease, ranging from 1 to 3 μm again. The result means that the amount of the urea can greatly affect the size of the products, and the size of the microspheres decreased with increasing the amount of urea. Interestingly, the microspheres structure can still maintain the morphology even after ultrasonication for 30 min, indicating the structure is stable.
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Figure 2: SEM images of mesoporous TiO2 microspheres prepared with different amounts of urea: (a) 8 mmol; (b) 12 mmol; (c) 16 mmol; (d) 20 mmol.


3.3. Specific Surface  Area  and Pore Character of the TiO2 Microspheres
  The microstructural characteristics of the TiO2 microspheres were further investigated with the N2 adsorption/desorption analysis. The adsorption isotherms of the TiO2 microspheres are shown in Figures 3(a)–3(d), respectively. All samples exhibit type IV adsorption isotherms with  different types of hysteresis loop  (lines in Figures 3(a) and 3(d with type H3, while lines in Figures 3(b) and 3(c) with type H2), typical for mesoporous materials [20]. Usually, isotherms with type H3 hysteresis loop means the occurrence of irregular long and narrow pores, while with type H2 hysteresis loop mean the occurrence of regular “bottle-like” pores which exhibit a smaller size of opening but a larger size of inside chamber. With small amount of urea (8 mmol), the hysteresis loop ranges 
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, the adsorption increases significantly, indicating the existence of macropores with diameter of 10–100 nm [21]. This speculation can also be proved from the corresponding wide pore size distribution as depicted in Figure 4(a). When the amount of urea increased to 12 mmol, the hysteresis loop also ranges 
	
		
			
				𝑃
				/
				𝑃
			

			

				0
			

			
				=
				0
				.
				4
				−
				0
				.
				8
				5
			

		
	
; at 
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, the adsorption increases little, implying almost all mesoporous structure of the sample. The pore size distributes 3–20 nm, as depicted in Figure 4(b). If further increasing the amount of urea; for example, 16 mmol urea were used, and the hysteresis loop range of the sample also becomes narrow, only 
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, which demonstrates the pore size distribution is relatively concentrated, as can be seen from Figure 4(c), ranging only 3-4 nm. However, with more amount of urea (20 mmol), although the hysteresis loop still exhibits a small triangular shape and a steep desorption branch like the sample prepared with 16 mmol, the pore size distribution becomes wide again. As indicated in Figure 4(d), there are two kinds of pore sizes, one is about 3–10 nm, and another is much larger than 30 nm (30–200 nm). It can be concluded that the amount of urea has a great influence on the pore size distribution of TiO2 microspheres. This result can be explained from the point view of the nucleation and growth process of the TiO2 microspheres. In our synthesis, urea can provide basic environment for the alcoholysis of Ti(OC4H9)4 to Ti(OH)4 and corresponding condensation. The overall growth mechanism of the TiO2 precursors could be divided into two stages: the initial formation of nuclei and the subsequent growth of nuclei. When the amount of urea is too small, the alcoholysis rate is considerably slower, which can incur the greater difference of the growth times for the particle; so the diameter size uniformity of the product is poor. In contrast, if the amount of urea is too large, the alcoholysis rate is fast enough so that all nuclei are formed at the initial stage, and nearly null particles are available for the subsequent nuclei growth. Accordingly, the nuclei aggregate to become spheres driven by minimization of surface energies according to the Gibbs-Thomson law; therefore the bigger microspheres grow up at the expense of disappearance of smaller ones, and the diameter size distribution is also poor. In addition, the amount of urea influences the condensation rate of Ti(OH)4, and the narrow pore size distribution can be obtained at suitable condensation rate. Our research results indicate nanocrystalline TiO2 mesoporous microspheres with controlled pore size distribution which can be synthesized by controlling the amount of urea.
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(d)
Figure 3: N2 adsorption/desorption curves of mesoporous TiO2 microspheres prepared with different amounts of urea: (a) 8 mmol; (b) 12 mmol; (c) 16 mmol; (d) 20 mmol.
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(d)
Figure 4: Pore size distributions of mesoporous TiO2 microspheres prepared with different amounts of urea: (a) 8 mmol; (b) 12 mmol; (c) 16 mmol; (d) 20 mmol.


 It is also interesting to note that BET specific surface areas, pore volumes, and average pore diameters also changed with the amount of urea used in preparation, as shown in Table 1. The BET specific surface areas and pore volumes first increase and then decrease with the increasing amount of urea. The TiO2 samples prepared with 12 mmol urea exhibit the maximum BET surface area of 57.35 m2/g, which is a little larger than that of commercial P25 [22].
4. Conclusions
 In summary, mesoporous TiO2 microspheres self-assembled from nanoparticles are synthesized by a surfactant-free  Solvothermal method  combined with postcalcination route. The as-prepared TiO2 microspheres show anatase phase, high degree of crystallinity, and large BET surface areas. By adjusting the amount of urea used in synthesis, the pore size distribution and the diameters of the mesoporous TiO2 microspheres can be tuned. The new approach could be extended to the fabrication of other metal mesoporous materials.
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