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Abstract

:

Brookite TiO2 is the most difficult TiO2 polymorph to synthesize. The available methods in the literature to produce brookite nanostructures mostly use water-based techniques for the preparation of water-soluble Ti complexes first, followed by a hydrothermal growth of the brookite nanostructures. Besides its multi-step nature, achieving a single brookite phase and optimizing the aqueous growth environment are all issues to be hardly controlled. In this work, pure brookite TiO2 nanorods are synthesized using tetrabutyl titanate Ti(OBu)4 and Sodium Fluoride (NaF) as precursor materials in a simple non-aqueous one-pot solvothermal process. Alcoholysis of only Ti(OBu)4 in ethanol resulted in pure anatase nanoparticles, while the addition of NaF was essential to promote the growth of highly pure brookite nanorods. The phase purity is confirmed by X-Ray Diffraction, Raman Spectroscopy, and High-Resolution Transmission Electron Microscopy. The growth mechanism is explained according to the Ostwald’s step rule, where Na+ ions are anticipated to have a potential role in driving the growth process towards the brookite phase.
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1. Introduction


Titanium dioxide (TiO2) is a far-reaching multi-functional industrial material that has been in wide use for many significant applications such as photocatalysis, solar cells, cosmetics, pigments and protective coatings [1,2,3,4,5,6,7,8]. TiO2 exists naturally in three crystalline phases: rutile, anatase and brookite. Rutile is the most stable bulk phase for TiO2. At the nanoscale, the anatase phase is more stable, and abundant research outcomes have been reported on the growth of anatase TiO2 nanostructures with various morphologies [8]. Stable rutile and brookite nanostructures, within a range of nanometer sizes, can also be realized under certain growth conditions [8,9,10]. Compared to rutile and anatase, the brookite phase is the least reported and is generally the most difficult to synthesize [11]. There have been many reported techniques for the synthesis of brookite nanostructures in an aqueous environment [12,13,14,15,16,17,18,19,20,21,22,23], most of which require very long growth times and several steps during the growth process. Furthermore, some of the previously reported techniques result in multiphase nanostructures with mixed brookite/anatase or brookite/rutile TiO2 phases, where a high control over the phase ratios and resulting morphologies is yet to be achieved [13,16,17,18,19]. Water-soluble complexes are usually used as titanium precursors, and the effect of growth parameters such as pH, temperature and complex ligands have been well addressed in the literature [12,18,20]. For example, it has been observed by many authors that the brookite phase is promoted under highly basic conditions [12,13]. Growth of brookite under acidic conditions has also been consistently reported when the water soluble Ti complexes are replaced by TiCl4 [14,21,22,23]. The driving potential of the pH value and other parameters on the growth mechanism have thus been associated with different scenarios describing the possible mechanisms of brookite crystal growth [13,17,20,21,22]. Indeed, the use of a water-based growth environment has been a common denominator for most of the reported work on the growth of brookite nanostructures. Non-hydrolytic growth techniques, in which water is completely excluded from being both an oxygen donor and a reaction product, have proven to be very powerful for the synthesis of many oxide/mixed oxide nanostructures, providing simplified synthesis procedures and better control over the decomposition rates of reaction precursors [24,25]. However, reports on the growth of brookite TiO2 in a non-hydrolytic environment are, up to the extent of our knowledge, very scarce. Buonsanti et al. reported a sophisticated surfactant-assisted nonaqueous method for the growth of pure brookite nanocrystals using high-temperature aminolysis of titanium carboxylate complexes [15]. Here, we report a greatly simplified one-pot synthesis of high-quality brookite nanorods in a purely nonaqueous environment. Our method is based on the direct alcoholysis of Ti(OBu)4 in ethanol in the presence of sodium fluoride (NaF) salt.




2. Materials and Methods


In a typical experiment, 12 g of Ti(OBu)4 (SigmaAldrich, 97%) and 1.48 g of NaF (SigmaAldrich, 99%) are mixed in 25 mL of anhydrous ethanol (SigmaAldrich, 99.8%) and vigorously stirred for 15 minutes at room temperature. The solution is then transferred to a 45 mL Teflon-lined stainless-steel autoclave and kept at 180 °C for 24 h. After the solvothermal reaction, the white precipitate is separated by high-speed centrifugation, washed with ethanol and distilled water several times and dried in an oven at 60 °C for ~6 h. No further calcination was performed on the samples. Another sample was also prepared without the addition of NaF to the growth solution. The grown samples were characterized using High Resolution Transmission Electron Microscopy (HRTEM) (JEOL JEM-2100F), Scanning Electron Microscopy (SEM) (JEOL-7600F), X-ray diffraction (XRD) (Xpert PAnalytical MPD), and Raman spectroscopy (B&W Tek i-Raman Plus, excitation wavelength: 532 nm).




3. Results and Discussion


Figure 1 shows the XRD patterns of the two samples: with and without the addition of NaF. Standard XRD reflection peaks of both brookite (JCPDS No. 29-1360) and anatase (JCPDS No. 21-1272) phases are also shown in the figure for comparison. The sample prepared with NaF could be fully indexed as pure brookite, while the non-NaF sample has a pure anatase phase. As can be observed in Figure 1, the anatase and brookite phases have many overlapping reflection positions. However, and as noted previously by Hu et al. [13], the anatase peak at a 2  θ =  62.7° diffraction peak does not overlap with any of the brookite phase reflections, which confirms the pure brookite phase for the NaF-containing sample. As will be discussed below, both the HRTEM and Raman measurements additionally confirm the XRD conclusions.



The TEM image for the grown brookite nanorods is shown in Figure 2a. Nanorods with diameters of ~10–20 nm and lengths of ~80–100 nm can be observed, along with smaller-size crystals. The small crystals have a brookite phase as well, as confirmed by the XRD and Raman results, and they possibly represent early nucleated crystals during the growth. Figure 2b shows a HRTEM image of single nanorods, and a portion of one nanorod (highlighted by a black rectangular frame) is further magnified in Figure 2c. The spacing between lattice fringes is measured to be 0.29 nm, corresponding to the (121) lattice spacing of the brookite structure. As both anatase and rutile (JCPDS No. 21-1276) structures do not have a similar lattice spacing, our data unambiguously confirms the brookite phase of the nanorod. The Fast Fourier Transform (FFT) pattern of the selected area is also plotted (in the inset of Figure 2c), confirming the single crystalline nature of the nanorod as well. Figure 2d shows an SEM micrograph of the grown nanorods. Growth without NaF resulted in pure anatase nanoparticles with no specific shape (Figure S1, ESI). It has to be pointed out that the two brookite XRD peaks at 38° (040) and 56° (151) closely coincide with the two highest NaF XRD peaks (JCPDS No. 36-1455) of (200) and (220) reflections respectively. Therefore, despite the careful washing of the growth product, the possibility of having NaF residuals cannot be excluded from the XRD results.



Figure 3 shows the Raman spectra for the grown nanostructures and confirms the assigned brookite and anatase phases to the NaF-containing and NaF-free samples respectively. For the NaF-containing sample, the brookite reflections at ~149 cm−1, 196 cm−1, 248 cm−1, 326 cm−1, 365 cm−1, 406 cm−1, 510 cm−1, and 639 cm−1 can be identified [13]. On the other side, the NaF-free sample has the anatase reflections at 141 cm−1, 194 cm−1, 393 cm−1, 515 cm−1, and 636 cm−1 [26].



The solvothermal alcoholysis is proposed to follow the following reaction chain [24,27]:


  Ti    (  OBu  )   4  + 4    C 2   H 5  − OH → Ti    (  O −  C 2   H 5   )   4  + 4   BuOH    



(1)






  Ti    (  O −  C 2   H 5   )   4  + Ti    (  OBu  )   4    → 2     TiO  2  + 4    C 2   H 5  − O − Bu    



(2)







In this scenario, the reaction will result in butanol (BuOH) and butyl ethyl ether (   C 2   H 5  − O − Bu  ) as byproducts, implying a completely water-free growth environment. Among all possible unary and binary reactions of the chemical ingredients in use, the only reaction that can possibly result in water as a by-product is the direct dehydration of ethanol under high temperature, which results in ethylene and water as follows:


   C 2   H 5  −  OH     →  c a t a l y s t     CH  2  =   CH  2  +  H 2  O  



(3)







This reaction is also not likely to take place, as it requires either a powder catalyst, e.g., Al2O3, or a concentrated acid catalyst, e.g., H2SO4, to be stimulated [28,29]. Therefore, the reaction environment can be confirmed to be purely non-hydrolytic.



The available literature is dominated by brookite grown in water-based environments, and it is already very divergent when it comes to explaining the growth mechanism [13,17,20,21,22,30]. Indeed, a growth mechanism is even more difficult to establish in our case, especially with the possible presence of different organic compounds during the growth. However, some insights can be concluded, especially regarding the importance of sodium ions in the brookite phase formation. First, Ti(OBu)4 is a well-known commercial organic Ti precursor that has been widely used for the growth of the anatase phase using both water and alcohol solvents or a mixture of both [31,32,33]. On another side, hydrogen fluoride acid (HF) has been reported to play a vital role to promote the growth of anatase nanosheets with exposed {001} facets using Ti(OBu)4 as a precursor, and using other Ti precursors as well, in purely non-hydrolytic growth environments [34]. Both theoretical and experimental evidence confirmed the strong role of F- ions to lower the high surface energy of {001} facets and thus promoted such nanosheet morphology [34,35,36]. Here, with the use of NaF, the role of Na+ ions is clearly dominated that of F− ions for two reasons. First, despite the strong role reported for F− ions to promote the anatase phase with exposed {001} facets, no anatase phase was formed. Second, Na+ ions have been found by many authors, using water-based environments, to have a crucial role in promoting the growth of the brookite phase. Among all other growth parameters, the presence of Na+ ions was reported to be the primary parameter for realizing the brookite phase [13,17]. For example, despite the fact that the formation of the brookite phase takes place only at pH values of 12 or higher, the brookite phase does not form at all when NaOH is replaced by other bases such as LiOH and KOH [13]. The existence of Na+ ions is thus, as shown by our results and the above-mentioned reports, a fundamental factor to promote the brookite phase. The subsequent processes can then be explained as follows. Upon the solvothermal alcoholysis process (Equations (1) and (2)), Ti   O 6 -    octahedra will form, which have a condensation process that can go through intermediate metastable steps following the Ostwald’s step rule [37,38]. As widely adopted by many authors [13,17,30], Ti   O 6 -    octahedra will condensate first into 2D anionic sheets of layered titanate before a structural transformation takes place. Positive ions in the solution can intercalate between the negatively charged titanate layers, and the electrostatic interaction will cause the metastable layered structure to temporarily stabilize. The main challenge after that is to drive the subsequent crystallization process into the required stable crystalline form (rutile, anatase or brookite). Of course, different ions will stabilize the layered titanate structure differently and can therefore result in different structural transformations. In this regard, Na+ ions are obviously unique in driving the crystallization process into the brookite phase pathway rather than anatase or rutile, a fact that is shown by our results and that has been found to hold, as mentioned above, in water-based environments as well.




4. Conclusions


In summary, pure brookite nanorods were successfully grown in a water-free growth environment. The brookite phase of the nanorods was confirmed by XRD, Raman and HRTEM measurements. The growth mechanism is explained according to the Ostwald’s step rule, where Na+ ions stabilizes the initially formed 2D titanate sheets in a way that prefers subsequent crystallization into the brookite phase.
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Figure 1. XRD patterns for the brookite (blue) and anatase (red) samples. The positions of the standard reflections for brookite (JCPDS No. 29-1360) and anatase (JCPDS No. 21-1272) are respectively shown as blue and red vertical bars at the bottom. 
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Figure 2. (a) TEM image of brookite nanorods; (b) HRTEM of brookite nanorods. The area inside the black frame is magnified in (c) and the FFT pattern is shown in the inset. The reflections in the FFT pattern could be indexed with a zone axis along the [0–12] direction. (d) SEM image of the grown brookite nanorods. 
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Figure 3. Raman spectra for the grown brookite (blue) and anatase (red) samples. The anatase Raman reflections are further clarified by vertical dashed red lines. 
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