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Surface Structure and Phase Composition of TiO2 P25 Particles After Thermal Treatments and HF Etching
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The anatase to rutile phase transformation via thermal and chemical (HF etching) routes of TiO2 P25 has been investigated. The treatment parameters and properties of the resulting anatase and rutile nanoparticles are analyzed and discussed. Since the nature of TiO2 surfaces plays a significant role in determining the physical and chemical properties of the TiO2 nanoparticles, it is important to investigate the surface properties, including the morphology, the main exposed faces, the defectiveness, to be correlated with their peculiar properties, and then reactivity. Herein, we report an infrared spectroscopy investigation, employing the adsorption of CO probe molecule at low temperature, including 12CO and 12CO-13CO isotopic mixtures, at the surface sites of TiO2 P25, previously heated from room temperature to 1,023 K under vacuum conditions. The same FTIR experiments were adopted on HF-etched TiO2. X-ray diffraction and transmission electron microscopy analyses were adopted to elucidate the role played by the thermal and the HF-etching treatments in modifying not only the distribution of exposed surfaces, but even the phase composition of the pristine TiO2 P25 samples, which are initially dominated by the most thermodynamically stable (101) facets of the anatase phase. The present study helps in the crystal and exposed facet engineering for the development of highly efficient photocatalysts.
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INTRODUCTION

Titanium dioxide (TiO2) is a multifunctional material that is a matter of interest in a wide range of applications, ranging from the photocatalysis to energy fields (Qadir et al., 2016; Jaksik et al., 2017; Cravanzola et al., 2018; Humayun et al., 2018; Tamgadge and Shukla, 2018; Hussain et al., 2019). TiO2 nanoparticles can be obtained by different preparation methods, including sol-gel methods, hydrothermal treatments, and flame spray pyrolysis. Along this line, TiO2 crystals prepared by flame hydrolysis of TiCl4 reveal a nearly perfect crystalline habit and can be substantially different from samples prepared by wet-chemistry pathways. For example, TiO2 P25 powders from Evonik, are prepared following the flame pyrolysis. As a result of this procedure, the obtained TiO2 nanocrystals show the most thermodynamically stable (101) surface (Diebold et al., 2003; Mino et al., 2011) and (100)/(010) surface planes, together with some more reactive (001) facets (Vittadini et al., 1998; Yang et al., 2008; Mino et al., 2012, 2013, 2016; Deiana et al., 2013a). Otherwise, crystallinity, sizes of TiO2 nanoparticles, obtained by other synthetic procedures, can differ remarkably (Djaoued et al., 2002; Uddin et al., 2007; Daoud and Xin, 2008; Liu et al., 2018) and the crystal habits can significantly differ with preparation techniques (Diebold et al., 2003). As the morphology has a significant impact on the physical chemical properties, it is clear that the choice of a specific TiO2 material and the approaches to modify the properties of a well-known TiO2 polytype are mandatory. The strategies include the particle-size and morphology control (Yang et al., 2008; Liu et al., 2011), the self-assembly (Cesano et al., 2008; Likodimos, 2018), the combination with other phases or structures (Cesano et al., 2012, 2015; Jain et al., 2014; Grissom et al., 2018), the TiO2 doping with metal/non-metal elements (Cravanzola et al., 2017; Humayun et al., 2018), as well as the embedding of quantum dots, heteroatoms, or heterostructures (Chen and Mao, 2007; Uddin et al., 2014; Jia et al., 2019) for tuning the optical and electronic properties.

The anatase TiO2, by far the most recognized photoactive polytype, is dominated by the utmost thermodynamically stable (101) facets (>94%) in agreement with the Wulff construction, in preference to the much more reactive (001) ones. The control of the morphology and then of the extension of the other high-energy surfaces has been shown in the work of Yang et al. (2008) and Selloni (2008). According to the authors, the crystals growth, with a high percentage (about 47%) of (001) facets, has been obtained by employing HF as a shape controller. Along this, newly developed procedures based on HF/alcohol mixtures under hydrothermal conditions have been employed for stabilizing a larger quantity of reactive (metastable) surfaces, till to reach about 98.7% and 1.3% of (001) and (100) facets, respectively (Wen et al., 2011). Notably, curved TiO2 crystals, exposing continuous curvature on the crystal surface of both the anatase and rutile, have been more recently obtained by using F− together with citric acid or other hydroxyl acids, whose role as capping agents at specific facets under hydrothermal conditions, has been shown (Yang et al., 2014). The multiple role played by F− as a stabilizer for the (001) facet growth and as an etching reagent has been suggested by considering also the most recent papers (Zhang et al., 2011; Yang et al., 2014; Jiwei Ma et al., 2017; Liu et al., 2018; Mino et al., 2018; Peng et al., 2018; Zou et al., 2018). Taking into account all these works (Yang et al., 2008; Wen et al., 2011), it comes out that H2O and F− concentrations are competitive factors in affecting the morphology of anatase nanoparticles (Jiwei Ma et al., 2017). As a matter of fact, hydroxyl groups promote the isotropic growth of crystals, while F-terminated (001) surfaces favor the lateral growth of TiO2 crystals. Furthermore, it is also shown that the particle size can be significantly reduced at the very high F− concentrations, due to the formation of soluble titanium fluoride or TiOF2. Along these themes, we can take advantage of the simple HF etching effects on commercial TiO2 systems, such as P25 powder that contains nanocrystals of anatase and rutile in the 80:20 weight ratio. It has been shown that, depending on the hydrothermal conditions (i.e., pH, HF concentration and then type of etching conditions, time, temperature, and pressure) (Jiwei Ma et al., 2017), the stepping of (101) surface (Deiana et al., 2013b), or alternatively the selective etching of the anatase phase can be obtained (Mino et al., 2013).

Although the structure of the surface can be investigated by using microscopy techniques, including electron and scanning tunneling microscopies, details concerning the surface sites of TiO2 polytypes still remain elusive. In general, an accurate and deep understanding of the active sites, their Lewis acidity, coordination states, including local defects and more extended terminations at the surface, can be gained by adsorption of small molecular probes (Mino et al., 2014, 2019; Zaera, 2014; Cravanzola et al., 2017), like CO (Desjonqueres and Spanjaard, 1996; Hadjiivanov and Klissurski, 1996; Scarano et al., 2004; Groppo et al., 2006). In this contest, we report a Fourier-transform infrared (FTIR) spectroscopic study of the surface sites present on TiO2 P25 treated at different temperatures (RT, 473, 673, 773, 873, 973, and 1,023 K) or etched with HF solutions at different level of concentrations. In this investigation, the CO molecules are used as surface probes before and after HF etching reactions to give further contributions to the knowledge of the surface chemistry. X-ray diffraction (XRD) and transmission electron microscopy (TEM) analyses were adopted to elucidate the role played by the thermal and the HF-etching treatments.



EXPERIMENTAL


Materials

Commercial TiO2 (Evonik P25), having about 50 m2g−1 as surface area, was used without any further modification throughout the experiments.



Methods

X-ray diffraction patterns of TiO2 powders were obtained, after the thermal activation treatments in vacuum and FTIR experiments, by means of a Philips PW1830/PW1050 diffractometers, working in a Bragg-Brentano geometry and with a CoKα radiation (1.7890 Å). Quantitative analyses of anatase (A) and rutile (R) phases were carried out by means of the following equation (Spurr and Myers relationship) (Spurr and Myers, 1957): A(wt%) = 1/(1+1.265·(IR/IA)) × 100, where IA and IR correspond to the integrated intensities of anatase (101) and (110) rutile reflections located at 29.4° and at 32.0°, respectively. The same XRD reflections were also used to calculate the average crystallite sizes by using the Scherrer equation: L = κ λ/(β-βi) cosθ, where L is the crystal size domain, κ = 0.9, β is the observed FWHM and βi is the calculated instrumental broadening.

Transmission electron microscopy (TEM) images of TiO2 powders were obtained by means of a JEOL 3010-UHR instrument operating at 300 kV with a point-to point resolution of 0.12 nm and equipped with a 2k × 2k pixels Gatan US1000 CCD camera. Powders were placed dry on a lacey carbon coated copper grid without solvent.

TiO2 samples have been obtained in form of thin self-supporting pellets for IR transmission experiments. The IR spectra were recorded with IFS 28 FTIR spectrophotometer having a resolution of 2 cm−1. An IR cell which has been specially constructed for the low-temperature measurements (ca. 100 K), was equipped with a vacuum line allowing to ensure a vacuum ≤ 10−4 mbar and then to dose CO gas in a controlled way. Self-supported thin pellets were activated in the IR cell by outgassing (1 h) and then thermally treated under oxygen (1 h, PO2 = 50 mbar) at 473, 673, 773, 873, 973, or 1,023 K. Chemical etching was carried out by immersing the TiO2 powder in 1 and 6 vol% HF solutions for 1 h and in a 10 vol% HF solution for 12 h (hereafter HF-TiO2). After chemical etching, HF-TiO2 powders were separated by centrifugation, washed with deionized water and heated in air at 773 K for 1 h to eliminate all residual F species present after the HF treatment. The HF-TiO2 samples were measured at 60 K using an Oxford CCC 1204 cryostat properly modified to fit in the sample compartment of the FTIR spectrophotometer (Mino et al., 2012, 2013).




RESULTS AND DISCUSSION


XRD Analysis: Phase Composition and Crystal Sizes

X-ray diffraction patterns of TiO2 P25, obtained after thermal activation in vacuum at different temperatures from RT to 1,023 K are compared to the standard anatase (PDF card #21-1272) and rutile (PDF card #21-1276) (Figure 1).


[image: Figure 1]
FIGURE 1. XRD patterns of TiO2 P25 powders: (A) outgassed at RT, (B–G) thermally treated at 473, 673, 773, 873, 973, 1,023 K activation temperatures, respectively. Peak positions and relative intensities (vertical lines) of anatase (PDF card #21-1272) and rutile TiO2 (PDF card #21-1276) are shown for comparison.


XRD diffraction peaks at 2θ = 29.4°, 44.2°, 56.4°, 63.5°, 64.9°, and 74.3° match with (101), (004), (200), (105), (211), and (204) diffraction planes of anatase, while those located at 32.0°, 42.2°, 48.3°, 64.0°, 66.8°, and 76.0° are assigned to the (110), (101), (111), (211), (220), and (310) diffraction planes of rutile. Quantitative phase analysis and mean crystallite sizes of the thermally activated samples are reported in Table 1. More in detail, from the XRD pattern of the sample outgassed at RT made by 83 wt% of anatase and 17 wt% of rutile (A-pattern in Figure 1), mean crystallite sizes of about 28 and 47 nm for anatase and rutile nanoparticles, respectively, are obtained. Notice that phase compositions and crystallite size domains remain almost unaltered upon increasing the activation temperature up to 673 K (C-pattern in Figure 1). Conversely, the main peak of the rutile phase, located at 2θ = 32.0°, is progressively increasing in intensity, upon activation temperatures at 773, 873, 973, and 1,023 K, for 2 h (D–G patterns in Figure 1), which corresponds to a progressively increasing amount of rutile phase from 20 wt% up to 41 wt%, 93 wt%, and 100 wt%, respectively. The phase composition, together with the increasing crystallite sizes reported in Table 1, clearly indicates that, under the adopted conditions, the conversion from anatase to rutile is thermally activated, being entirely completed at the highest temperature (~1,023 K). Some more, the changes of the crystallographic phase due to the heat treatments take place together with sintering processes, as shown also from full-width-at-half-maximum (FWHM) of the XRD peaks. These results are not surprising and the anatase-to-rutile thermal conversion is well-documented in literature (Chen and Mao, 2007; Kitano et al., 2008; Nolan et al., 2009; Hanaor and Sorrell, 2011; Byrne et al., 2016).


Table 1. Phase composition and crystal size analysis from XRD patterns shown in Figure 1.
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TEM and HRTEM Analysis: Structure and Morphology

Samples obtained at three selected temperatures of treatment (RT, 773 K and 1,023 K) were TEM imaged and the results are shown in Figure 2. Nanocrystals with a wide size distribution in the 10–40 nm range can be observed at the low resolution TEM image of the native TiO2 P25 powder (Figure 2A). As observed from the high-resolution TEM (HRTEM) images, the nanoparticles are highly crystalline, but the size distribution is more broader with respect to shape-engineered TiO2 nanoparticles, synthesized employing capping agents (Mino et al., 2018). An anatase nanoparticle is HRTEM imaged in Figure 2B. Such nanoparticle well-exhibits a periodicity in the real space with well-defined interference fringes 0.353 nm spaced corresponding to (101) and (011) planes of anatase, which show an array of bright spots in the reciprocal space (FFT image) as imaged from [111] zone axis (Figure 2C). Other higher indexed lattice fringes, such as (11–2) can be also identified from both HRTEM and FFT images. Such interference fringes can be observed parallelly oriented to the lateral sides of the anatase nanocrystal, indicating that they preferentially expose (101), and (110) surfaces.


[image: Figure 2]
FIGURE 2. TEM images and the related high-resolution TEM selected regions of: (A,B) TiO2 P25, and of the same P25 powder after thermal activation in vacuum at: (D,E) 773 K and (G,H) 1,023 K; (C,F,I) fast-Fourier-transform (FFT) images of the selected nanocrystals in (A,D,G), as obtained from [111] or [-111] zone axis directions.


Similar qualitative observations can be made for the TiO2 sample activated at 773 K (Figures 2D–F). No remarkable variations in dimensions are observed at low resolution (Figure 2D), but atomic stepped edges and apparently high index facets can be noticed at the higher resolution. An anatase nanocrystal is HRTEM imaged in Figure 2E. In this image, a nanocrystal of ca. 20 nm shows well-defined interference fringes corresponding to anatase (101) and (011) planes imaged from the [111] zone axis (Figure 2F).

A remarkable variation in sizes can be observed for the sample treated at 1,023 K (Figure 2G). A HRTEM image of a nanoparticle exposing regular and sharp edges with well-defined interference fringes is shown in Figure 2H. The observed fringes are compatible with rutile (011) and (101) lattice planes as imaged from [−111] zone axis (Figure 2I).

In conclusions, in all the imaged samples the observed lattice fringes are always observed parallelly oriented to the external sides of the nanocrystals, indicating that they preferentially expose (101) and (110) surfaces.



FTIR Spectra of Adsorbed CO on TiO2 Surface Activated at Different Temperature

FTIR spectra of CO adsorbed on TiO2 surfaces represent a valuable tool for the investigation of the nature of the surface active sites and then of the particle morphology. As a matter of fact, the stretching frequency of the adsorbed CO (νCO) is very sensitive to the type and structure of the exposed faces. This means that the interaction of CO with cations, having either different activity and different local arrangement of the nearest neighbors on the exposed facets, would originate peculiar spectroscopic features (Cesano et al., 2010; Scarano et al., 2019).

FTIR spectra of CO adsorbed at 100 K on the TiO2 surface of previously activated samples at increasing temperatures, from RT to 1,032 K have been investigated (Figures 3A–G).


[image: Figure 3]
FIGURE 3. FTIR spectra at 100 K of adsorbed CO (PCO = 50 mbar) at decreasing coverages on TiO2 (P25) surface, previously outgassed for 1 h, and successively treated at the same temperature for 1 h with static O2 (PO2 = 50 mbar) at (A) RT, (B) 473 K, (C) 673 K, (D) 773 K, (E) 873 K, (F) 973 K, and (G) 1,023 K, respectively.


The spectra are dominated at the maximum coverage (θ→~1) by an intense band with maximum at ν = 2,178 cm−1, which gradually increases in intensity upon increasing the activation temperature from RT up to 773 K (Figures 3A–D) and shifts upward to 2,189–2,190 cm−1 at decreasing CO coverage (θ → 0). The band, which is attributed to CO adsorbed on pentacoordinated Ti4+, can be explained with the formation of a Ti+4 –CO (σ) bond, while the shifting with the coverage is indicative of the building up of lateral interactions within the adlayer of CO oscillators (dipole and static in nature) (Scarano et al., 1992). Notice that the absorption frequency of CO on sample outgassed at RT is not significantly affected by the CO coverage (Δν<2 cm−1) (Figure 3A), whereas the spectral features, observed for samples obtained upon increasing the outgassing temperature (Figures 3B–E), show a visible coverage-induced shifting from ~2 to ~12 cm−1 (2,178 → 2,190 cm−1 from θ ≅ 1 to θ = 0).

All these observations indicate that the CO species adsorbing in the 2,178–2,192 cm−1 range are associated with an array of parallel CO oscillators adsorbed on flat surfaces or terraces. On the basis of data obtained on shape-controlled TiO2 nanoparticles (Deiana et al., 2013a; Mino et al., 2018) and on TiO2 single crystals (Xu et al., 2011), we can safely state that the responsible face is the anatase (101), which is the most stable.

Likewise, the weaker band at about 2,164 cm−1, which is developing upon higher activation temperature (773 K) (Figure 3D), progressively shifts upward upon decreasing the coverage, being this behavior also indicative of the building-up of lateral interactions among CO oscillators adsorbed on Ti4+ sites at anatase (100) surfaces (Mino et al., 2018). Moreover, a minor component at 2,154–2,157 cm−1 have been also assigned to CO adsorbed on residual hydroxyl groups and on the minority anatase (001) facets (Tsyganenko et al., 1985; Cravanzola et al., 2018; Mino et al., 2018). It is noteworthy that the observed high reversibility and the small difference with respect to νCO (gas) indicate that Ti+4 centers on these terraces or facets have a low Lewis acidic character. The increase of the frequency shift with the activation temperature is likely associated with the decrement of hydroxyls concentration and with the associated increase of the extension of fully dehydroxylated and more regular patches, where adsorbate-adsorbate interaction can fully develop.

The evolution of the spectra obtained for samples treated at even higher temperatures (873 K, 973 K, and 1,023 K) (Figures 3E–G) can be interpreted with the contribution of rutile phase, which is progressively increasing. The reported spectra are dominated at the maximum coverage (θ→~1) by more complex bands. As a matter of fact, the spectrum of the sample treated at 873 K (Figure 3E) shows at high CO coverage, beside the maximum at 2,178 cm−1, a partially resolved shoulder at 2,185 cm−1 that can be assigned to CO adsorbed on Ti4+ sites at (110)/(112) surfaces of anatase (Deiana et al., 2010; Mino et al., 2012). The anatase phase is still prevailing, despite the increasing amount of rutile phase, being the last one about 41 wt%. An interesting observation is that no new features, attributable to CO on rutile can be clearly evidenced at this stage. The shoulder at 2,184 cm−1 appears to be stable at the early stages, then shifts upward at lower coverage. Therefore, this signal seems relatively less affected by the reduced CO–CO interactions, when compared to the main peak (2,178 cm−1), as discussed in a previous study (Deiana et al., 2016).

Taken in consideration these findings, we can state that the role of rutile phase in affecting the CO spectra of samples outgassed at T ≤773 K is not evident and hence the contribution of CO adsorbed on rutile surface is very low, in agreement with the XRD data reported in Table 1.

Actually, moving to the spectra of the sample treated at 973 K (Figure 3F), a broad envelope made by a shoulder at 2,182 cm−1 and a wide band with maximum at 2,178 cm−1 (or 2,180 cm−1 at 1,023 K), which both gradually shift upward to about 2,192 cm−1 (θ → 0) can be observed. This envelope could be safely attributed to CO molecules interacting through the carbon-end with titanium sites present on the main (110) rutile facets (Jiang et al., 2018), which shows a peak centered at 2,181 cm−1 as previously observed on rutile micro-crystals (Mino et al., 2013).

While the weak band in the 2,160–2,150 cm−1 range is originated by the interaction of CO with residual OH groups located on corners, edges, and steps (Mino et al., 2013). Notice that the predominant feature is placed in the same spectral interval observed for anatase surfaces. Furthermore, the broad nature of the 2,182–2,180 cm−1 band (compare FWHM at θ = 1 insets in Figures 3F,G) is also indicative of the simultaneous presence of a few superimposed components, including (110) surface and some other minor features related to the less abundant exposed faces. The strong decrement of the overall intensity of the CO bands upon progressive activation at 973 K and at 1,023 K (Figures 3F,G) means that the formed rutile particles have very low surface area due to the known sintering effects (Mino et al., 2012). It is noteworthy that the band at 2,189 cm−1, which is the most stable upon outgassing the CO from anatase, is totally absent. This can be explained with the complete conversion of anatase into the rutile phase. Another relevant observation comes from the inspection of Figure 3G. In this figure, the most abundant CO species on rutile (presumably adsorbed on the most extended faces and terraces) are found at frequencies (2,180–2,192 cm−1) slightly higher than those of CO absorbed on the most abundant faces of anatase. This result is in agreement with the theoretical calculations of Scaranto and Giorgianni (2008). From this, it is inferred that the feature in the 2,180–2,192 cm−1 range is due to CO on (110) faces of rutile.



FTIR Spectra of 12CO-13CO Isotopic Mixture Adsorbed at the TiO2 Surface Activated at 773 K

It is known that the FTIR spectra of different isotopes, co-adsorbed at the surface of many materials, can offer a valuable tool to distinguish the different types of the interactions inside the adlayer, thus highlighting the ultimate nature of the surface sites (Hadjiivanov et al., 2014). As a matter of fact, it is known that the dynamic interactions are due to dipole–dipole coupling between the adsorbed CO molecules, while the static interactions depend on the ability of the adsorbed molecules in transferring negative charges to the adjacent adsorption sites (Hammaker et al., 1965). From this, it comes out that the observed shifts induced by both dynamic (Δνdyn) and static (Δνst) interactions on oxide surfaces can give information on the surface sites. Briefly, when the dipolar molecules vibrate with the same frequency, dynamic interactions are observed. Therefore, the observed dynamic shift basically can be evaluated from the difference between ν (12CO), when pure CO is adsorbed at high coverage and ν (12CO) inside isotopic mixtures containing a small percentage of 12CO (Hadjiivanov et al., 2014).

Coming to the interaction of CO molecules with P25 surfaces, 12CO/13CO isotopic mixture method was used to study dynamic and static interactions of the carbonyl bands that are shifting with the coverage. To this purpose, the contribution of the dynamic and static effects to the total shift (Δνtot = 11 cm−1) observed on the P25 sample, previously outgassed at 773 K, can be calculated by comparing the spectra of 12CO (about 99%) and 12CO/13CO (5:95) isotopic mixture (Figures 4A–C).


[image: Figure 4]
FIGURE 4. FTIR spectra at 100 K of (A) adsorbed 12CO-13CO isotopic mixture (PCO = 2.5 mbar and P13CO = 50 mbar) at decreasing coverages on TiO2 (P25) surface, previously outgassed at 773 K for 2 h and successively treated at the same temperature with static O2 (PO2 = 50 mbar) for the same time, (B) comparison of adsorbed 12CO-13CO isotopic mixture (black line) with pure 12CO (gray line) at maximum coverage on TiO2 surface; (C) Relative IR absorbance vs. frequency value during desorption of CO from 13CO-12CO mixture (PCO = 2.5 mbar and P13CO = 50 mbar) (solid black line), and from 12CO (PCO = 50 mbar) (gray solid line).


At full coverage, the band due to 12CO molecules in the monolayer of the isotopic mixture is observed at 2,174 cm−1 instead of 2,178 cm−1 (Figure 4B). From this, the dynamic shift (Δνdyn) can be calculated to be +4 cm−1, while a static shift (Δνstatic) of −15 cm−1 is obtained (Figures 4B,C). The obtained shifts are similar to those found for CO adsorbed on other oxides (MgO, NiO, ZnO, δ-Al2O3, α-Fe2O3, etc.) (Hollins and Pritchard, 1980; Spoto et al., 1990; Zecchina et al., 1996).



XRD Analysis: Phase Composition and Crystal Sizes of TiO2 P25 Treated With HF Etching Solutions

XRD patterns of P25 powders chemically treated with 1 or 6 vol% HF for 1 h, or 10 vol% HF for 12 h are shown in Figure 5.
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FIGURE 5. XRD patterns of TiO2 P25 etched with 1, 6, and 10 vol% HF solutions (gray, blue and red patterns, respectively) and compared with the XRD pattern of the native P25 powder (black pattern).


The obtained phase compositions and crystal sizes are summarized in Table 2. From the XRD patterns it is clear that slight changes can be observed for the TiO2 powder etched by diluted HF solution (1 vol%) for 1 h as compared with the native P25. Such differences become much more evident for the more concentrated HF solutions (6 vol% HF for 1 h and 10 vol % for 12 h). In the latter case, the remarkable anatase-to-rutile phase transition is shown, together with the progressive increasing of the crystal sizes (Table 2).


Table 2. Phase composition and crystal size analysis from XRD patterns for the HF-etched TiO2 samples shown in Figure 5.

[image: Table 2]



TEM and HRTEM Analysis: Structure and Morphology of the TiO2 P25 Chemically Treated With HF Solutions

Due to the more remarkable changes of the structure and crystal sizes, samples chemically treated with the more severe etching conditions (6 vol% HF for 1 h and 10 vol% HF for 12 h solutions) have been TEM imaged (Figure 6).


[image: Figure 6]
FIGURE 6. TEM images and the related high-resolution TEM selected images of TiO2 P25 etched with 6 vol% (A,B) and 10 vol% HF (D,E); fast-Fourier-transform (FFT) images (C,F) of the nanocrystals selected in (A,D), as obtained from [1-11] and [−111] zone axis directions, respectively.


Nanocrystals with sizes in the 10–40 nm range can be observed in the low-resolution TEM images (Figures 6A,D). HRTEM selected regions showed that nanoparticles are extremely crystalline in both samples. A nanocrystal of about 20 nm is HRTEM imaged in Figure 6B, where well-defined anatase (101) and (011) interference fringes are observed as obtained from the [1-11] zone axis, whose FFT image is shown in Figure 6C. The nanocrystal HRTEM imaged in Figure 6E exposes also well-defined interference fridges. Such fringes can be assigned to rutile (011) and (101) lattice planes as imaged from [−111] zone axis (Figure 6F). In conclusion, also for the HF-etched samples the observed lattice fringes are parallelly oriented to the external terminations of the nanocrystals, indicating that they preferentially expose (101) and (110) surfaces, as well as high-index (112) surfaces probably arising from the fluorine-mediated treatment (Yang et al., 2014). Newly developed {112} facets on both, anatase and rutile crystals, were also observed by Taguchi et al. (2003) by treatment with aqueous HF solutions. Furthermore, the different HF reactivity in dissolving anatase more easily than rutile was observed by Ohno et al. (2001b). Remarkably, the same authors also observed that, together with the isolation of pure rutile nanoparticles from TiO2 P25, the rutile phase is not an overlayer on the surface of anatase particles, but it exists as separate phase from anatase particles (Ohno et al., 2001a).



FTIR Spectra of Adsorbed CO on TiO2 Surfaces Etched by HF

FTIR spectra of CO adsorbed at 60 K on the surface of pristine and previously HF etched TiO2 P25 samples (1, 6, and 10 vol% HF) activated at 773 K are reported in Figures 7A–D, respectively. The spectra have been acquired at 60 K, using a cryostat (see Methods section), to better investigate the CO interaction with weak Ti4+ Lewis acid sites.
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FIGURE 7. FT-IR spectra, acquired at 60 K, of CO adsorbed at progressively decreasing coverages on TiO2 P25 outgassed at 773 K for 4 h and previously etched in hydrofluoric acid: (A) pristine TiO2 P25 (no HF treatment), (B) 1 vol% HF for 1 h, (C) 6 vol% HF for 1 h, (D) 10 vol% HF for 12 h.


From the comparison of the more diluted HF-etched TiO2 sample (1 vol% HF for 1 h, Figure 7B) with the native TiO2 P25 (Figure 7A), both thermally activated at the same temperature, it is clear that the morphology has been scarcely modified, in agreement with the negligible changes in phase composition and mean crystallite size measured by XRD (see Table 2). With respect to the FTIR spectra of CO adsorbed at 100 K (Figure 3), we can note a better defined peak at 2,149 cm−1, ascribed to the rutile phase (Mino et al., 2013), and an intense, broad and easily reversible band at 2,140 cm−1 due to a multilayer of physically adsorbed CO.

Increasing the HF concentration to 6 vol% results in a decrease of the intensity of the band at 2,165 cm−1, ascribed to CO interacting with the (100) surface, and a parallel growth of the rutile signal at 2,149 cm−1 (Figure 7C). This finding is consistent with the increase of the rutile fraction from 20% to 33% (Table 2).

More drastic etching conditions (10 vol% HF for 12 h) lead to the almost complete dissolution of the anatase component, as confirmed by XRD analysis (Figure 7D) and (Table 2). The corresponding FTIR spectra are dominated by the signals ascribed to the rutile component centered at 2,149 cm−1, already described above, and at 2,182 cm−1. The latter band, observed also in the spectra of TiO2 P25 treated at high temperatures (Figures 3F,G), is due to CO adsorbed on the (110) rutile surface. In the complex absorption in the 2,195–2,180 cm−1 range a residual contribution of the (101) and (110) anatase facets could also still be present. Conversely, the band at 2,165 cm−1, associated to the (100) facets, completely disappears.




CONCLUSIONS

The surface modification of TiO2 nanoparticles to design more effective photocatalysts is one of the major topics in photocatalysis. A multi-technique characterization approach, based on FTIR, TEM, and XRD analyses for the investigation of thermally/HF-chemically modified TiO2 P25 powders has been shown in this contribution. Remarkably, FTIR studies of adsorbed CO are an effective method to investigate the surface sites structure, thus highlighting significant differences in the morphology and structure of different TiO2 samples, coming from different thermal activations and etching processes by HF. In this context, FTIR spectra taken at decreasing CO coverage, at 100 K on TiO2 P25 give rise to bands at 2,178 and 2,165–4 cm−1 due to carbonyls on Ti4+ sites of (101) and (100) facets. In addition, a band around 2,155 cm−1 can be explained with species adsorbed on surface hydroxyl groups and/or on the (001) anatase surface. Together with FTIR investigation, XRD, and TEM analyses were used to elucidate the role played by the thermal treatment (from RT to 1,023 K) and chemical etching by HF solutions (1 vol% for 1 h, 6 vol% for 1 h, 10 vol% for 12 h) in altering the phase composition and modifying the distribution of exposed surfaces of the pristine TiO2 P25. FTIR spectra acquired at 60 K of samples obtained through more drastic etching conditions, are dominated by two components centered at 2,149 cm−1 and at 2,182 cm−1 due to CO adsorbed on the rutile phase, thus confirming the almost complete phase transition from anatase to rutile. The present study helps in the crystal and exposed facet engineering in the development of highly efficient photocatalysts.
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Anatase (wt%) Rutile (wt%) Anatase (nm) Rutile (nm)

TiO, P25 83 17 28 47
P25 HF 1%-1h 80 20 31 48
P25 HF 6%-1h 67 33 33 49
P25 HF 10%-12h 3 97 36 53

aCalculated by Spurr and Myers relation (see experimental section).
bCalculated by Scherrer's equation (see experimental section).





OPS/images/fmats-07-00192-g007.gif
o2

220 720 2180 2060 2140 270 220 200 210 210 2140 2720
Wavernumters (an) Wavenumpers (am')

c o

7w 2t 20 21 21 220 220 710 2160 2140 2120
(o’ ‘Wavenumbers (om’)





OPS/images/fmats-07-00192-t001.jpg
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treatments®

Anatase Rutile Anatase Rutile

(wt%) %) (om) (om)
RT 83 17 28 a7
473K 83 17 28 a7
673K 83 17 28 47
773K 80 20 33 56
873K 59 41 35 80
973K * a3 48 62
1,023K 100 287

@Activation treatments: under vacuum (<10~* mbar) for 1h then oxidation with Oz (15
mbar) for 1 h.

bCalculated by Spurr and Myers relation (see Methods).

Calculated by Scherrer's equation (see Methods).
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