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Nanoparticle Route for the Preparation in Aqueous Medium of Mesoporous TiO 2 with Controlled Porosity and Crystalline Framework

Mesoporous TiO 2 with tunable pore size and mono-, bi-, and tricrystalline frameworks was prepared from titania nanoparticles synthesized by a sol-gel method. The synthesis was performed by using an amphiphilic triblock copolymer, Pluronic F127, as a structure-directing agent and titanium isopropoxide as a precursor. The structure-directing agent was added in a presynthesized colloidal suspension composed of bicrystalline titania nanoparticles dispersed in an aqueous medium. By varying the ratio between the number of ethoxy units and the number of titanium atoms (EO/Ti), mesoporous TiO 2 materials with controlled pore size were synthesized. Materials were characterized by TG/DTA, XRD, SEM, TEM, and N 2 adsorption-desorption analysis. In the absence of copolymer, the porosity was low, indicating efficiently packed TiO 2 nanoparticles. As the EO/Ti ratio was increased, the average pore size and the specific surface area became larger, whereas the crystallite size of anatase and brookite became smaller. The addition of copolymer induced the enrichment of the brookite polymorph, prevented particle growth, and delayed the formation of rutile. Bimodal (mesoporous-macroporous) N-doped titania with a pure anatase framework was obtained by using diethanolamine (DEA) as the source of nitrogen.

Introduction

Mesoporous materials comprising nanoparticles distributed through mesopores of tunable pore size and high specific surface area have been the subject of considerable interest during the past decade. 1 Among the different transition-metal-based nanoparticles, titanium dioxide has received particular attention because of its excellent photoactivity, chemical stability, and nontoxicity. [2][3][4][5] The common polymorphic forms of TiO 2 are anatase (tetragonal), brookite (orthorhombic), and rutile (tetragonal). The polymorph content is reported to be strongly dependent on the thermal treatment temperature 6 during which particles coarsen, but also on the sol-gel conditions of the synthesis reaction (hydrolysis ratio, pH, type of catalyst). 7 Mesoporous TiO 2 materials with tailored pore size, high specific surface area, and well-defined crystalline frameworks have potential applications in different fields such as solar energy conversion, 8 photocatalysis, 9,10 catalytic production of gases, 11 and Li-ion batteries. 12 The pore size and specific surface area greatly impact the physical properties of a mesoporous material and can play a relevant role in its activity. 2 For instance, in catalytic applications, a tunable pore size can optimize the diffusion rate of reactants toward the adsorption sites, whereas a high surface area can maximize the interface between the reactant flow and the catalyst surface. Pore size can be tuned by addition of a structure-directing agent 13 of different hydrophobic chain length or by addition of a swelling agent (e.g., mesytilene). 14 These additives are removed at the end of synthesis either by calcination in air or by extraction with a solvent. 15 The specific surface area is affected mostly by the hydrolysis ratio. 16 In general, a high water/alkoxide ratio ensures a more complete hydrolysis of the alkoxide, favoring nucleation versus particle growth and leading to small particles and high specific surface areas. 17 The evaporation-induced self-assembly (EISA) process 18 has proven to be well adapted for the design of ordered mesoporous TiO 2 materials. In this approach, metal chlorides or metal alkoxides are used as inorganic precursors in ethanol 19 (or water-ethanol 20,21 ) medium, and block copolymers are employed as structure-directing agents. These precursors are introduced simultaneously in the reaction medium, yielding an inorganic network by co-condensation of the hydrophilic clusters (oxo-metal oligomers) around the voids of the liquid-crystalline phase formed by the copolymer during solvent removal. 21,22 A novel method, termed the "nanoparticle route", 23,24 has given highly reproducible results for the synthesis of stable mesostructured titania sols. In comparison with the classical EISA process, where condensation of the metal ions and selfassembly of the block copolymer templates occur simultaneously, in the nanoparticle route, copolymer is added in the presynthesized titania nanoparticulate sol, and only the selfassembly process between copolymer and nanoparticles is allowed to take place. This method has led to the successful preparation of mesoporous nanocrystalline anatase films with organized symmetry and high photocatalytic activity. 24 By using presynthesized TiO 2 nanoparticles from TiCl 4 precursor in ethanol medium, Kwon et al. 23 obtained ordered mesoporous materials with pseudocubic symmetry or 2D-hexagonal structure when employing C 16 EO 20 or C 16 EO 10 , respectively, as the structure-directing agent. However, nanoparticles in the sol were not crystalline, and the evolution of the pore size was not examined. Teoh 25 reported recently a decrease of the pore size (from 7.4 to 4.8 nm) and an increase of the specific surface area (from 113 to 285 m 2 g -1 ) with the block copolymer content, using TiCl 4 as the inorganic precursor. Replacing the commonly used TiCl 4 precursor with tetrabutyl titanate (TBT), Liu et al. 26 reported the synthesis of large-pore mesoporous titania in the presence of PEO 20 PPO 70 PEO 20 [PEO ) poly(ethylene oxide), PPO ) poly(propylene oxide)] used as a structure-directing agent in ethanolic medium. The expansion of the pore size from 10 to 14 nm with the alkoxide content was associated with butanol formed during the hydrolysis of TBT, which might be located at the hydrophilic-hydrophobic interface between PEO and PPO blocks 27 and might act as a swelling agent by modulating the interfacial curvature of the micellar system.

In this work, we report an easy and reproducible synthesis method for producing mesoporous titania with a mono-, bi-, or tricrystalline framework and tunable pore size. The first step is the preparation of nanoparticles using titanium isopropoxide [Ti(iOPr) 4 ] as a precursor and a large excess of water (hydrolysis ratio ) [H 2 O]/[Ti] ) 84) in a sol-gel synthesis. Under these conditions, hydrolysis is very fast, and nucleation and growth are completed within a few seconds, producing ultrafine primary particles whose size ranges from 2 to 8 nm. 28 These particles agglomerate very rapidly, producing large precipitates of macroscopic dimensions. 29 Peptization through the action of an inorganic acid (HNO 3 ) is used to break up the aggregates into small aggregates and primary particles. The final result is a clear suspension containing primary bicrystalline (anatase and brookite) titania particles or agglomerated structures dispersed in water and whose size ranges from 15 to 100 nm. 29 Copolymer is then added, and self-assembly occurs between copolymer and preformed crystalline nanoparticles. This method provides, in addition, a facile route to obtain very stable sols for several months, 30 which would be of interest for the large-scale production of titania coatings. The purpose of the present work was to investigate the impact of the copolymer amount on the structural and textural characteristics of the resulting mesoporous titania. Block copolymers are expected to adsorb onto TiO 2 particles, providing steric stabilization. 31 This could have a marked effect on the crystallite growth upon calcination, as well as on the degree of packing. 30 Therefore, knowledge of this influence is necessary in order to produce materials with controlled porosity and high specific surface areas. To the best of our knowledge, this is the first systematic investigation of the pore size and crystallinity as functions of the copolymer content in mesoporous titania prepared by the nanoparticle route.

Experimental Methods

2.1. Synthesis of Titania Sols. Titanium dioxide nanoparticles were synthesized by a modified sol-gel method adapted from the literature. 32 In a 250 mL flask, 30 mL (0.1 mol) of titanium isopropoxyde [Ti(iOPr) 4 , Acros Organics] was dissolved in 27 mL (0.35 mol) of isopropanol (Acros Organics). Then, 160 mL of hot distilled water was added rapidly at 85 °C under vigorous stirring at a hydrolysis ratio of h ) [H 2 O]/ [Ti] ) 84. After 15 min, 1.3 mL of nitric acid (HNO 3 68%, Fluka) ([HNO 3 ]/[Ti] ) 0.2) was added dropwise to peptize the hydroxide precipitate. The mixture was maintained under reflux at 85 °C for 16 h. The final product was a stable translucent suspension of titanium dioxide nanoparticles. Pluronic F127 (Sigma), PEO 106 PPO 70 PEO 106 , was then added to the nanoparticulate sol, and the mixture was maintained under stirring for 3 h at room temperature. The ratio between the number of ethoxy units and the number of titanium atoms (EO/Ti) was varied from 0.6 to 2.6. In some experiments, diethanolamine (DEA, Fisher Biotech) dissolved in isopropanol was introduced prior to the peptization step. 33 Xerogels were obtained after drying 10-mL samples by evaporation at 35-80 °C for 48 h in Teflon plates, after which time they were calcined in a furnace either at 400 °C for 6 h or at 500 °C for 4 h using a heating ramp of 2 °C min -1 . The powders were ground before characterization. Samples are identified according to this notation: F(EO/Ti)_(DEA/Ti)_calcination temperature. For example, F0.6_T400 indicates an EO/Ti ratio of 0.6, no DEA, and a calcination temperature of 400 °C, whereas F1.2_DEA 0.9_T400 indicates an EO/Ti ratio of 0.6, a DEA/Ti ratio of 1.2, and a calcination temperature of 400 °C.

2.2. Characterization Methods. Thermogravimetry (TG) and differential thermal analysis (DTA) were carried out on 20 mg of xerogel using a Setaram TG-DTA 92 microbalance and platinum crucibles. The experiments were performed under air using a heating ramp of 5 °C min -1 , from room temperature to 800 °C. In some experiments, the evolved gas composition was monitored by a quadrupole mass spectrometer (Leybold Inficon Transpector H200M). Powder X-ray diffraction (XRD) data were collected on a Bruker D4 Endeavor X-ray diffractometer in a Bragg-Brentano configuration with a Cu KR radiation source at 40 kV and 40 mA. Scans were run over the angular domain 20°< 2θ < 80°with a step size of 0.016°. Crystalline phases were identified by comparing the experimental diffraction patterns to Joint Committee on Powder Diffraction Standards (JCPDS) powder diffraction files for anatase, brookite, and rutile. The refinement of the diffractograms was performed using the FullProf software [START_REF] Rodriguez-Carvajal | FULLPROF: A Program for Rietveld Refinement and Pattern Matching Analysis[END_REF] and its graphical interface WinPlotr. [START_REF] Roisnel | A Windows Tool for Powder Diffraction Pattern Analysis[END_REF] Because of the numerous brookite reflections and the strong overlap of the diffraction lines, we failed to find an acceptable solution by directly applying the Rietveld method. Profile matching refinement was used instead to determine unit cell parameters, background, peak shape, and zero shift. The quality of the fit was determined visually by inspection of the difference plot and statistically by the goodness of fit (χ 2 ), defined by where w i is the weight assigned to each observation; y io and y ic are the observed and calculated intensities, respectively, at the ith step; N is the number of points used in the refinement; and P is the number of least-squares parameters refined. The refinement was considered satisfactory when χ 2 was less than 4. The average crystallite size D was calculated from the Scherrer formula, 36 D ) Kλ/(β cos θ), where K is the shape factor (a value of 0.9 was used in this study, considering that the particles are spherical), λ is the X-ray radiation wavelength (1.54056 Å for Cu KR), β is the full width at half-maximum (fwhm), and θ is the Bragg angle. In addition, Rietveld refinements 37 over a shorter 2θ range of 20-35°were performed to determine the content of each polymorph. In this mode of refinement, only the scale factor was allowed to vary. The relative errors associated with the crystallite sizes and polymorph contents were computed from FullProf files.

Nitrogen adsorption-desorption isotherms were collected at 77 K using a Micromeritics ASAP 2010M instrument. Prior to analyses, 200-400-mg samples were outgased at 300 °C overnight (approximately 15 h) to remove the species adsorbed on the surface. Specific surface areas were determined by the BET method. 38 Pore size distribution was calculated from the N 2 isotherm at 77 K based on the NLDFT (nonlocal density functional theory) 39 model assuming a cylindrical pore structure. The software used was Autosorb 1 from Quantachrome Instruments. The quality of the agreement between experimental and calculated isotherms was evaluated by the profile factor R p , defined as

χ 2 ) ∑ w i (y io -y ic ) 2 /(N -P) R p ) 100 ∑ |y io -y ic |/ ∑ y io
where y io and y ic are the observed and calculated volumes, respectively, at the ith step.

Classical methods, based on the Kelvin equation, such as the BJH (Barrett-Joyner-Halenda) approach, are not applicable for micropores and narrow mesopores. NLDFT describes the sorption and phase behavior of fluids in narrow pores on a molecular level and provides a much more accurate approach for pore size analysis. This method has largely been applied to the characterization of micro-and mesoporous carbons, [40][41][42] silicas, and zeolites. 40,43,44 The relative errors associated with adsorption-desorption analysis were estimated to be the following: S BET , 5%; adsorbed volume (av), 5%; S cum (DFT), 5%; pore volume (pv) (DFT), 5%; pore size (ps) (DFT), 20%. Fieldemission gun scanning electron microscopy (FEG-SEM) observations were performed at 5 kV with a JEOL-JSM-6700F field-emission microscope. Transmission electron microscopy (TEM) observations were performed with a JEOL-JEM-1011 microscope operating at 100 kV at medium magnification. Rheology measurements on the sols were done with an Anton Paar Physica MCR rheometer fitted with a cone-and-plate device. The dimensions corresponding to the geometry were 50 mm for the diameter and 1°for the angle. The minimum distance between the plate and truncated cone was 0.05 mm. Rheograms were recorded at 20 °C, with shear rate being increased and decreased stepwise over the range of 1 to 1000 s -1 , with a total time period of 300 s for both the increasingand decreasing-shear-rate sweeps.

Results and Discussion

3.1. Thermal Analyses. The temperature at which the complete decomposition of organics occurs can be determined by TG/DTA. Figure 1 shows the thermograms recorded for xerogels prepared without and with F127 (EO/Ti ) 0.6), dried at 35 and 80 °C, respectively. A higher drying temperature was required for the samples prepared with F127 because of the tendency of the copolymer to retain water, giving a sticky paste. The TG curve of the F127-free sample reveals two peaks. The first one, corresponding to a mass loss of about 14%, has a maximum at 90 °C. It is endothermic and can be attributed to the removal of physically adsorbed water. The second mass loss, representing 9-10%, gives a very broad endothermic peak with a maximum toward 310 °C. Mass spectrometry analysis of the evolved gases during the thermal process revealed that this peak is associated with the detection of masses 30 and 46, corresponding to NO and NO 2 , respectively. Thus, this peak can be attributed to the decomposition of nitrate groups. Although the concentration profile of NO + NO 2 roughly matches the shape of the TG peak, a low amount of NO and NO 2 is already detected at temperatures as low as 140 °C. Hence, part of mass loss corresponding to the first TG peak (14%) actually comes from nitrate decomposition. Indeed, thermal analysis performed on a sample that had not been peptized (without addition of HNO 3 ) gave a total mass loss of about 10%. On the other hand, for the HNO 3 /Ti concentration ratio used in our experiments (∼0.2), the mass loss produced by nitrate decomposition would be 14.5%. The large temperature range observed for nitrate decomposition (140-380 °C) reveals the wide range of interactions of these groups with the TiO 2 surface. Only a small amount of carbon species (mass 12) was detected by the mass spectrometry analysis. This shows that (i) the alkoxides are fully hydrolyzed (very few -OR groups remain) and (ii) the isopropanol is almost completely removed during the synthesis. The DTG curve shows that, from 380 °C, the decomposition is achieved. However, a slow drift of the TG curve was still observed. No species other than water were detected in the evolved gases. Thus, a slow dehydroxylation occurs, ending at 530 °C. This is just the onset temperature for a small exothermic peak in the DTA curve that corresponds to the crystallization to rutile. Hence, as soon as the oxide becomes completely dehydrated, it crystallizes into rutile. The mass loss observed between 380 and 530 °C is 0.25-0.30%. This low dehydroxylation rate can be explained by a diffusion-limited process due to the fact that most of the remaining hydroxyl groups are probably trapped inside the crystallites. These defects delay the crystal growth and the transformation into rutile.

The addition of F127 (Figure 1b) has a marked effect on the thermal decomposition process. After the mass loss of about 7% recorded below 150 °C, which can be attributed to the loss of physically adsorbed water, the main feature of the TG and DTA profiles is a strong and narrow exothermic peak at 270 °C. This peak corresponds to the combustion of the copolymer. This reaction is accelerated by the decomposition of nitrate groups, producing NO and NO 2 , which are strong oxidants. From 250 °C, there is a sharp change in the kinetics regime, probably because all nitrate groups have been decomposed, the oxidation rate becomes limited by the diffusion of oxygen. The combustion process ends at 420 °C. It is followed, as for the F127-free sample, by a weak mass loss (about 0.3%) observed up to 530 °C. In that case, the dehydroxylation kinetics is faster. This can be attributed to a smaller particle size. No evidence related to phase crystallization into rutile was detected from the DTA curve.

3.2. Effect of Addition of the Structure-Directing Agent.

Samples Prepared without Copolymer: Effect of the Calcination Temperature.

Calcination is a postsynthesis step that results in a more crystalline product. 45 Generally, calcination causes particles to form hard agglomerates that have an increased degree of packing, which facilitates the phase transformation. [45][46][47] Figure 2 presents XRD patterns of TiO 2 prepared without copolymer as a function of calcination temperature. The TGA measurement obtained from the sample with EO/Ti ) 0.6 dried at 80 °C showed that the organic template F127 was eliminated in the temperature range 250-420 °C. A temperature of 400 °C was chosen as the first calcination temperature because it is the best compromise between a small crystallite size, a high specific surface area, and the complete removal of the organic template. The sample dried at room temperature (RT) was added for comparison. At room temperature and at 400 °C, XRD peaks were identified at values of 2θ that present a good match with library pattern of anatase (A; JCPDS, PDF card no. 00-021-1272) and brookite (B; JCPDS, PDF card n°01-076-1934). All peaks are broad, which is indicative of the formation of small crystallites as the consequence of the high hydrolysis ratio (h ) 84) used in our sol-gel synthesis. When the calcination temperature was increased to 500 °C, in addition to anatase and brookite, a low-intensity peak arising from rutile (R; JCPDS, PDF card no. 00-034-0180) was observed. XRD peaks became sharper, indicating the formation of well-crystallized phases. This matches well with TG/DTA results in Figure 1, where the onset temperature at which the transformation to rutile starts is about 530 °C (a little higher than 500 °C because the heating rate used shifted the transformation to higher temperatures). When the samples were heated at 600 °C, intense sharp peaks of majority rutile with a low-intensity peak arising from the remaining anatase were obtained. Brookite peaks were no longer present at this temperature.

It has been shown that the transformation sequence among the three titania polymorphs is size-dependent. Rutile is the thermodynamically stable bulk phase; however, both calorimetry measurements and theoretical calculations (DFT) have shown that rutile has the highest surface enthalpy, followed by brookite, and then anatase. 48 The surface enthalpies of the three polymorphs are sufficiently different that the thermodynamic phase stability of nanoparticles is actually governed by their size. 49,50 Roughly, the most stable polymorph for surface areas larger than 40 m 2 g -1 is anatase. Then, in the range of 40-6 m 2 g -1 , brookite becomes the most stable phase, and finally, below 6 m 2 g -1 , rutile is the stable polymorph. 48 Table 1 shows the crystallite sizes and the phase contents in our samples. In the sample dried at room temperature, the crystallite sizes of anatase (A) and brookite (B) were about 6 and 5 nm, respectively, 30 and anatase was the predominant polymorph (73%). When the temperature was increased to 400 °C, crystallites increased in size to about 9 nm (A) and 7 nm (B) by coarsening. [45][46][47] On the other hand, the anatase and brookite contents seemed to remain unchanged considering the errors associated with the percentages of the various polymorphs.

The growth kinetics of anatase and brookite are similar at 400 °C. This is no longer the case at 500 °C, where the anatase crystal size increased by a factor of 3 whereas the brookite size increased by a factor of only 2. Moreover, both the anatase and brookite contents decreased to form rutile (8%). Although anatase and brookite should be the stable phases in this size domain, the sizes of all of the particles were not uniform, and particles whose surface areas are lower than 6 m 2 g -1 could transform into rutile. 6 When the temperature was increased to 600 °C, crystallites grew to the point that anatase and brookite were metastable (surface area < 6 m 2 g -1 ). Rutile became the predominant phase (85%), with little anatase (15%) and no brookite. The rutile crystallites coarsened very rapidly, up to 81 nm.

Influence of EO/Ti

Molar Ratio. a. Crystalline Microstructure. Figure 3 shows XRD patterns of samples prepared with different EO/Ti molar ratios varying from 0 to 2.6 for given calcination temperatures of 400 and 500 °C. For all values of EO/Ti, samples calcined at 400 °C for 6 h presented similar structural features: anatase and brookite coexisting and peaks becoming broader with increasing EO/Ti ratio, which is consistent with a decrease of the crystallite size. More pronounced structural changes were observed from the XRD patterns of samples calcined at 500 °C for 4 h (Figure 3 F127-free TiO 2 (F0_T500) showed intense sharp peaks of anatase, brookite, and rutile, as previously indicated in Figure 2. After addition of copolymer, as the EO/Ti molar ratio was increased, the three polymorphs were found to coexist, but the rutile reflections decreased significantly in intensity. Indeed, at EO/Ti ) 2.6, the rutile percent content (0.5%) became negligible with respect to the contents of anatase and brookite. Table 2 lists the particle sizes calculated by the Scherrer formula. It can be noticed that increasing the copolymer content resulted in smaller crystallites. Both the anatase and brookite particle size decreased, from 9 to 7 nm for anatase and from 7.5 to 6.5 nm for brookite at 400 °C when EO/Ti was increased from 0 to 2.6. The anatase content decreased from 73% to 53%, whereas the brookite content increased from 27% to 47%. This transformation of anatase into brookite is surprising because, in this size range (surface area . 40 m 2 g -1 ), the reverse conversion is expected, due to the lower surface energy of anatase, as reported by Banfield et al.. 50 The extent of this conversion was found to increase with the amount of copolymer. The thermo- grams (Figure 1b) show that the combustion of the copolymer was very fast. As the copolymer is adsorbed at the surface of oxide particles, the local pressure produced by this fast combustion can, perhaps, induce a crystal transformation toward the more dense structure of brookite. Another possibility, which is the effect of steam produced by the combustion, is less probable because it has been shown that the hydrothermal aging of TiO 2 sols does not result in significant changes in brookite content. 7 At 500 °C, the anatase and brookite particle sizes decreased from 27 to 9 nm (A) and from 16 to 7 nm (B), whereas the rutile particle size decreased from 33 to 6 nm. This can be understood from the fact that copolymer itself will adsorb on the surface of the TiO 2 nanoparticles, inducing a steric stabilization. 51 Indeed, as copolymer was added to the preformed nanoparticulate sol, hydrolysis of titanium isopropoxyde [Ti(iOPr) 4 ] is achieved before the self-assembly process between copolymer and nanoparticles occurs. When the copolymer is removed during the calcination step, it leaves voids between the particles, reducing the coordination number and delaying the sintering. 52 b. Textural Properties. The evolution of adsorption-desorption isotherms with copolymer content is shown in Figure 4a. All isotherms could be identified as type IV, characteristic of mesoporous materials, with a type H1 hysteresis loop according to the IUPAC classification. 53 Pore volumes, corresponding to the volume adsorbed at P/P 0 ) 0.995, and specific surface areas, calculated in the relative pressure range 0.1-0.25, are reported in Table 3. Pore size distributions (PSDs) computed by NLDFT are shown in Figure 4b. In most cases of H1 hysteresis, the desorption branch is correlated with the equilibrium phase transition; therefore, PSDs were calculated from the desorption branches of the isotherms. Cumulative surface areas and pore volumes resulting from DFT calculations are also reported in Table 3 for comparison purposes.

Without F127, the PSD was narrow, giving only one peak centered at about 5 nm. Comparison of this size with the crystallite size of anatase (9 nm; see Table 1) indicates that this kind of porosity corresponds to holes in rather close-packed spherical crystallites. For the lower EO/Ti ratio (0.6), the addition of copolymer produced only a small increase of surface area and porous volume, but the PSD was already significantly affected. It became broader, and the maximum shifted slightly, by about 0.4 nm, toward larger pores. Increasing the EO/Ti ratio to 0.9 produced a very strong effect. The surface area almost doubled, and the pore volume tripled. Most of the pores smaller than 6 nm were removed. The PSD, centered at about 8 nm, was rather narrow. As the crystallite size for this copolymer amount was about 7 nm (Table 2), this porosity was no longer due to the holes in packed crystallites but rather to a selfassembly of colloidal TiO 2 particles around the micelles formed by the PEO-PPO-PEO copolymer. Increasing the EO/Ti ratio to 1.2 still increased the surface area and the pore volume, but to a smaller extent than for 0.9. It also produced a broader PSD, which had a maximum shifted to about 10 nm with a shoulder at 12 nm. Moreover, the isotherm showed that some N 2 adsorption had occurred for relative pressure larger than 0.9, which indicates the presence of macropores.

A TEM image (Figure 5) of the sample with EO/Ti ) 1.2 heated at 150 °C shows that the addition of copolymer produced materials not with organized porosity but rather with a wormlike structure, as revealed by the fact that the clear background can still be seen through the thicker zones. SEM images provide a better idea of the porosity generated by the copolymer templating (Figure 6a,b). The aggregation of the spherical crystallites, whose diameters ranged between 6 and 10 nm, created a network of interconnected pores.

A detrimental effect on surface area and porous volume was observed upon further increasing the EO/Ti ratio to 2.6, but this did not significantly alter the PSD. Actually, the amount of copolymer was larger than the quantity required for obtaining a full covering of TiO 2 crystallites. The increasing concentration of F127 in the colloidal sol might lead to a reduced intermicellar separation, 22 which might, in turn, lead to some shrinkage of the pore structure during calcination.

When the calcination temperature was increased to 500 °C, without copolymer, the surface area was reduced by one-half, and the pore volume shrank by 40% (see Table 3). With copolymer, the pore structure was stabilized, and for example, the pore volume decreased by less than 10% for EO/Ti ) 0.9. The comparison between experimental and calculated data in Table 3 indicates that surface areas and pore volumes are underestimated by the DFT method. About the surface area discrepancy, a possible explanation is that these oxides contain a small amount of micropores that is not considered by DFT because no experimental data were recorded in the low-pressure range. On the other hand, DFT computations do not take into account the macroporosity present in our samples, which could explain the underestimation of the pore volume.

A scheme for the self-assembly of TiO 2 colloidal particles is shown in Figure 7. According to this scheme, titania colloids initially form aggregates whose size, determined by photon correlation spectroscopy and TEM in another study, 30 is in the range 80-90 nm. After peptization with HNO 3 , aggregates are broken up into small particles, forming a stable sol (Figure 7a). At low concentrations of F127 (Figure 7b), nanoparticles are sterically stabilized by the copolymer-colloid interactions. It is generally assumed 54,55 that these block copolymers adsorb from aqueous solutions onto hydrophobic surfaces such as polystyrene latex blocks through their PPO blocks, whereas the solvated PEO blocks extend out into the solution as tails and loops. In the case of titania, the presence of hydroxyl groups on the surface of the nanoparticles makes these colloids hydrophilic; therefore, the adsorption mechanism between PEO blocks and TiO 2 nanoparticles should be hydrogen bonding. In our system, such an adsorption was accompanied by a change in the sol viscosity that decreased through a minimum at EO/ Ti ) 0.15 (η ≈ 2 mPa s) and remained still lower than that of TiO 2 (η ≈ 6 mPa s) for EO/Ti < 0.9, reflecting the stabilizing effect of copolymer on titania colloids (Figure 8). This minimum of the sol viscosity is explained by assuming that F127 adsorbs on the surface of TiO 2 particles, producing a stabilization effect on the colloidal sol. This effect has also been observed with poly(ethylene glycol) (PEG 2000) and was interpreted, in our previous work, 30 as a progressive reorganization of the aggregates toward a more compact packing. The viscosity measured beyond EO/Ti ) 0.9 strongly increased from 9 mPa s (EO/Ti ) 1.2) to 100 mPa s (EO/Ti ) 2.6). Addition of copolymer beyond EO/Ti ) 0.9 provided a saturation of TiO 2 colloids, and this probably led to the formation of micelles. In that case, the self-assembly of the cross-linked crystallized nanoparticles around the micelles, in an organic-inorganic network (Figure 7b), could explain the expansion of the pore size up to 8-12 nm. Studies are underway to determine the adsorbed copolymer amount beyond which micelles form and the layer thickness on TiO 2 colloids, and this will be the subject of another article. However, an EO/Ti ratio of 1.2 seems to be close to the optimum for a stable porous structure. Addition of a large amount of copolymer with respect to TiO 2 colloid is detrimental for a high porosity because the intermicellar space can be reduced, which leads to shrinkage of the pore size upon calcination.

Effect of the Addition of Diethanolamine (DEA).

Several attempts have been made in recent years to shift the TiO 2 absorption onset from the ultraviolet to the visible region. A great interest has been devoted to the synthesis of N-doped titania because this "new family" of materials has shown the ability to absorb in the visible range and can therefore be used as a visible-light catalyst. 56 The first work on the synthesis of N-doped titania was reported in 2001 by Asahi et al., 57 who prepared TiO 2-x N x films by sputtering TiO 2 targets for several hours in a N 2 /Ar gas mixture. Thereafter, there have been several reports of the synthesis of N-doped titania by introducing N into TiO 2 by means of dc magnetron sputtering in N 2 -containing plasma; 58 by metal-organic chemical vapor deposition (MOCVD) using Ti(i-PrO) 4 and N 2 O at 420 °C; 59 by hydrolysis of Ti(SO 4 ) 2 with NH 3 in dry air at 400 °C; 60 by hydrolysis of TiCl 4 with a N-containing base [aqueous NH 3 , (NH 4 ) 2 CO 3 , or NH 4 HCO], followed by calcination at 400 °C; 61 or by a solvothermal process using TiCl 3 -hexamethylenetetramine (HMT)-alcohol solution. 62 In a different way, Gole et al. 63 recently reported a new method to produce TiO 2-x N x samples by using direct nitridation of TiO 2 with alkylammonium salts. This method consists of first preparing a nanoparticle colloidal solution by controlled hydrolysis of Ti[OCH(CH 3 ) 2 ] 4 in aquous/isopropanol media (pH 2, HNO 3 ). The colloidal solution is then mixed with an excess of triethylamine to form nitrited TiO 2-x N x nanocolloids. The samples were yellow crystallites, and they absorbed well into the visible and near-infrared regions. XRD and high-resolution TEM revealed that the crystal structure of the nitrited samples was the anatase form. These results demonstrated that, by forming and adjusting an initial TiO 2 nanoparticle size distribution and mode of nanoparticle treatment, it is possible to extend and tune the absorption of a doped TiO 2-x N x nanoparticle sample into the visible region. 63 In the present study, we used diethanolamine (DEA) as a source of nitrogen at a DEA/Ti molar ratio of 0.9 and two different EO/Ti ratios (EO/Ti ) 1.2 and 2.0). The samples recovered after calcination at 400 °C for 6 h were colored dark yellow. In contrast to the samples prepared without DEA, presented previously, in which the anatase and brookite polymorph coexisted, the XRD patterns of the samples prepared with DEA indicated only the presence of the anatase polymorph (Figure 9a). Comparison with Figure 3a (sample heated at 400 °C) reveals that diffraction peaks were sharper (because there was no longer any brookite), and the Scherrer formula gave a crystallite size of about 10 nm for DEA/Ti ) 0.9 compared to 7 nm without DEA. Thus, introducing N into titania colloids suppresses the formation of the brookite polymorph but with the side effect of increasing the crystallite size. The promotion of anatase with respect to a mixture of anatase and brookite and the increase of the crystallite size have already been reported as an effect produced by N-doping. [56][57][58][59][60][61][62][63] However, when the EO/Ti ratio was increased to 2, the crystallite size decreased to 8 nm, in agreement with the results obtained previously in the system without DEA. It is evident that a systematic study must be done by varying the EO/Ti ratio and the DEA concentration before drawing general results. The present result, however, suggests that employing copolymer in association with DEA can be used as an alternative to inhibit brookite formation and to prevent crystallite growth in N-doped titania.

For relative pressures larger than 0.7, the adsorption isotherm (Figure 9b) is quite different from the isotherm recorded in undoped titania. In the PSD, the main pore family centered at 10 nm, attributed to the self-assembly of the nanoparticles around the micelles, is missing. The main peak, at 5 nm, corresponds to pores generated by the packing of primary spherical particles. Moreover, the amount of N 2 adsorbed above P/P 0 ) 0.9 is twice as large, which indicates a larger proportion of macroporosity. The pore structure, which can be seen in the TEM image (Figure 10), shows that some self-organization of the colloidal particles still occurs under these conditions (domains surrounded by white circles). When the EO/Ti ratio was increased from 1.2 to 2.0, the pore volume and the surface area increased (Table 4). Although the pore size distribution remained centered at 5 nm, a new family of small pores centered at about 3 nm was also noticed.

Conclusions

Stable bicrystalline titania nanoparticles dispersed in an aqueous medium were synthesized by a sol-gel method using Ti(iOPr) 4 as the precursor. Addition of triblock copolymer, as a structure-directing agent, to the presynthesized bicrystalline titania nanoparticles, led to the formation of highly porous mesoporous TiO 2 . By varying the ratio between the number of ethoxy units and the number of titanium atoms (EO/Ti), mesoporous titania with tunable pore sizes (from 5 to 10 nm) and high specific surface areas (from 120 to 240 m 2 g -1 ) was successfully prepared. The addition of copolymer delayed the formation of the rutile polymorph and prevented particle growth upon calcination. When diethanolamine (DEA) was used as a source of nitrogen, bimodal (mesoporous-macroporous) titania with a pure anatase framework was obtained. All titania sols obtained by this method, except those containing DEA, were stable for several months, and they can therefore be used for the large-scale production of coatings.

Figure 1 .

 1 Figure 1. TGA and DTA curves of (a) TiO 2 and (b) F0.6_TiO 2 xerogels dried under air.

  b).

Figure 2 .

 2 Figure 2. XRD patterns of titania nanoparticles heated at increasing temperatures: room temperature (RT), 400, 500, and 600 °C. Anatase (A; PDF 00-021-1272), brookite (B; PDF 01-076-1934), and rutile (R; PDF 00-034-0180).

Figure 4 .

 4 Figure 4. Evolution of (a) adsorption-desorption isotherms and (b) pore size distribution as the function of EO/Ti molar ratio for samples calcined at 400 °C.

Figure 3 .

 3 Figure 3. XRD patterns of titania particles synthesized with various EO/Ti ratios. Samples were calcined for (a) 6 h at 400 °C and (b) 4 h at 500 °C.

a

  F ) [EO]/[Ti], T ) calcination temperature. b BET specific surface area determined in the relative pressure range 0.1-0.25. c Adsorbed volume at P/P 0 ) 0.995. d Cumulative surface area resulting from DFT calculations. e Pore volume resulting from DFT calculations. f Pore size resulting from DFT calculations.

Figure 5 .

 5 Figure 5. TEM image of mesoporous titania synthesized with EO/Ti ) 1.2 and heated at 150 °C.

Figure 6 .

 6 Figure 6. Morphology by FEG-SEM of mesoporous titania synthesized with EO/Ti ) (a) 0.6 and (b) 2.6. Samples were calcined for 6 h at 400 °C.

Figure 7 .

 7 Figure 7. Schematic illustration of the self-assembly process that takes place in colloidal TiO 2 sols. (a) In the absence of copolymer, the first agglomerates are broken up upon HNO 3 addition to form primary particles. (b) At low copolymer concentrations, nanoparticles are surrounded by a copolymer layer and are cross-linked in a network, whereas at high copolymer concentrations, self-assembly occurs around the micelles.

Figure 8 .

 8 Figure 8. Effect of addition of F127 on the viscosity of titania sols at [TiO 2 ] ) 1.2 M. Viscosity was measured at a shear rate of 100 s -1 . Rheometer temperature ) 20 °C. The dotted line is shown for visual aid.

Figure 9 .

 9 Figure 9. (a) XRD patterns and (b) evolution of adsorption-desorption isotherms and pore size distribution (inset) of titania particles synthesized with DEA/Ti ) 0.9 and EO/Ti molar ratios of 1.2 and 2.0. Samples were calcined at 400 °C for 6 h.

Figure 10 .

 10 Figure 10. TEM image of mesoporous titania synthesized with DEA/ Ti ) 0.9 and EO/Ti ) 1.2 and calcined at 400 °C for 6 h.

TABLE 1 : Effect of Calcination Temperature on the Characteristics of Titania Nanoparticles as Determined from XRD Patterns and N 2 Adsorption-Desorption Analysis

 1 

		anatase	brookite	rutile			
	sample a	cs b (nm)	ct c (%)	cs b (nm)	ct c (%)	cs b (nm)	ct c (%)	S BET d (m 2 g -1 )	p s e (nm)
	F0_RT	6.2 ( 0.5	70.3 ( 7.8	5.1 ( 0.4	29.7 ( 3.2	-	-	240.3 ( 12.0	4.5 ( 0.9
	F0_T400	9.1 ( 0.7	72.6 ( 7.4	7.4 ( 0.6	27.4 ( 2.8	-	-	118.7 ( 5.9	5.1 ( 1.0
	F0_T500	27.1 ( 2.2	67.8 ( 6.5	16.0 ( 1.3	23.8 ( 2.6	33.1 ( 2.6	8.4 ( 0.7	59.7 ( 3.0	5.5 ( 1.1
	F0_T600	42.2 ( 3.4	15.2 ( 1.9	-	-	80.9 ( 6.5	84.8 ( 8.7	5.3 ( 0.3	25.5 ( 2.5

a F ) [EO]/[Ti], T ) calcination temperature. b Crystallite size. c Polymorph content. d Specific surface area determined by BET method in the relative pressure range 0.1-0.25. e Pore size computed by NLDFT.

TABLE 2 : Structural Parameters of Mesoporous TiO 2 Synthesized with Different Amounts of Copolymer and Calcined at 400 and 500 °C, as Determined from XRD Data

 2 

		anatase		brookite		rutile	
	sample a	cs b (nm)	ct c (%)	cs b (nm)	ct c (%)	cs b (nm)	ct c (%)
	F0_T400	9.1 ( 0.7	72.6 ( 7.4	7.4 ( 0.6	27.4 ( 2.9		
	F0.6_T400	7.6 ( 0.6	66.7 ( 6.9	7.1 ( 0.6	33.3 ( 3.5		
	F0.9_T400	7.2 ( 0.6	62.0 ( 6.4	6.7 ( 0.5	38.0 ( 3.9	-	
	F1.2_T400	7.0 ( 0.6	57.7 ( 5.9	6.7 ( 0.5	42.3 ( 4.4		
	F2.6_T400	6.9 ( 0.6	53.2 ( 5.5	6.5 ( 0.5	46.8 ( 4.9		
	F0_T500	27.1 ( 2.2	67.8 ( 6.9	16.0 ( 1.3	23.8 ( 2.6	33.1 ( 2.6	8.4 ( 0.8
	F0.9_T500	16.8 ( 1.4	60.2 ( 6.2	10.3 ( 0.8	36.7 ( 3.9	17.8 ( 1.4	3.1 ( 0.4
	F1.2_T500	14.2 ( 1.1	54.8 ( 5.7	9.2 ( 0.7	42.1 ( 4.3	14.3 ( 1.1	3.1 ( 0.4
	F2.6_T500	8.5 ( 0.7	50.1 ( 5.2	7.3 ( 0.6	49.4 ( 4.9	5.8 ( 0.5	0.5 ( 0.1

a F ) [EO]/[Ti], T ) calcination temperature. b Crystallite size. c Polymorph content.

TABLE 3 : Textural Characteristics of Samples Prepared with Different EO/Ti Molar Ratios and Calcined at 400 and 500 °C

 3 

	DFT

TABLE 4 : Structural and Textural Characteristics of Samples Prepared with DEA and Copolymer F127

 4 ( 11.7 0.45 ( 0.02 218.9 ( 10.9 0.38 ( 0.02 3.2 ( 0.6 and 5.2 ( 1.0 0.34

	XRD

a (nm) ac b (%) S BET c (m 2 g -1 ) av d (cm 3 g -1 ) S cum e (m 2 g -1 ) pv f (cm 3 g -1 ) p s g (nm)

fit error (%) F1.2_DEA 0.9_T400 10.3 ( 0.8 100 202.5 ( 10.1 0.35 ( 0.02 174.5 ( 8.7 0.30 ( 0.02 3.2 ( 0.6 and 5.1 ( 1.

a Anatase crystallite size determined from XRD patterns. b Anatase content determined from XRD patterns. c Specific surface area determined by BET in the relative pressure range 0.1-0.25. d Adsorbed volume at P/P 0 ) 0.995. e Cumulative surface area resulting from DFT calculations. f Pore volume resulting from DFT calculations. g Pore size resulting from DFT calculations.
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