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Studies of the adsorption and reactions of appropriate molecules are a valuable means to probe active surfaces. This overview deals with the use of nitrogen monoxide -a molecule that has less been utilized than some others as a surface probe -to investigate TiO2 and TiO2containing materials, with or without photo-excitation. It shows that diverse information can be derived from: (1) the infrared spectra of adsorbed NO; (2) the isotopic exchange of N 18 O;

(3) the formation of N2O and N2; (4) the use of NO (or N 18 O) in oxidation reactions in place of O2; and (5) the evaluation of the electron transfer to NO through density functional theory calculations, ultraviolet photoemission spectroscopy, and photoconductance measurements.

Valuable knowledge may thus be potentially acquired on: the accessibility and reactivity of surface OH groups, the lability of surface O atoms, the self-cleaning efficacy, the environment and dispersion of TiO2 in composite materials, the existence of bandgap electronic states, and the electron transfer capacity, depending on the investigation technique employed, the conditions and the type of TiO2 sample.

Introduction

NO (nitrogen monoxide; also, commonly named nitric oxide) is an atmospheric pollutant of major concern because of the sunlight-dependent equilibrium of its concentration with those of O3 and NO2, which are included in the ambient air quality standards estimated essential to protect the public health. NO is mainly emitted by anthropogenic sources, especially the combustion of fossil fuels. Consequently, many studies have been devoted to its removal through catalytic treatment of fixed or mobile (chiefly vehicles) emission sources. Later, selfcleaning, TiO2-coated materials were thought to be capable of contributing to the removal of air pollutants outdoors -which is in fact questionable because a significant effect is limited to very particular conditions [START_REF] Pichat | Self-Cleaning Materials Based on Solar Photocatalysis[END_REF]. Hence, NO has been advocated as an appropriate test molecule for evaluating the expected photocatalytic efficacy of these materials to eliminate open-air pollutants. Then, NO has been a usual target compound at demonstration sites. A standard (ISO 22197-1: 2007) has even been developed to measure, in a flow reactor, the effect of photocatalytic materials upon the sum of the NO + NO2 outlet concentrations in the air for a given inlet concentration of NO.

Beyond this research directly related to air pollution control, NO has also attracted the attention as a probe of the surfaces of catalysts and photocatalysts. This use of NO is the topic of the present overview, which is restricted to TiO2 and TiO2-containing materials (whether or not they are photo-excited). The main reason for that restriction is because TiO2 is, until now, the principal semiconductor onto which heterogeneous photocatalysis is based. Therefore, examples regarding it are by far more abundant. Nevertheless, if need be, most conclusions could be extended to other solids, in particular semiconductor oxides. The following questions are addressed here: (i) what is known regarding the behavior of NO contacted with TiO2 in darkness or under UV-irradiation? and (ii) what can be inferred about the properties of diverse TiO2 from the phenomena observed? The consequences with respect to the interest and complexities of the use of NO as a probe are discussed.

Results and discussion

Probing the surface sites of TiO2 via IR studies of the NO adsorption modes

In many studies, IR spectroscopy has been employed to determine which adsorbed species were formed on exposure of TiO2 to NO [START_REF] Ramis | Fourier transform infrared study of the adsorption and coadsorption of nitric oxide, nitrogen dioxide and ammonia on TiO2 anatase[END_REF][START_REF] Dines | Infrared and Raman study of the adsorption of NH3, pyridine, NO and NO2 on anatase[END_REF][START_REF] Boccuzzi | Vibrational and electronic effects of NO chemisorption on TiO2 and Ru/TiO2[END_REF][START_REF] Hadjiivanov | Species formed after NO adsorption and NO+O2 coadsorption on TiO2: an FTIR spectroscopic study[END_REF][START_REF] Hadjiivanov | Identification of Neutral and Charged N x O y Surface Species by IR Spectroscopy[END_REF][START_REF] Rusu | Photochemistry of NO Chemisorbed on TiO2 (110) and TiO2 Powders[END_REF][START_REF] Nakamura | Mechanism for NO Photooxidation over the Oxygen-Deficient TiO2 Powder under Visible Light Irradiation[END_REF][START_REF] Kantcheva | Identification, Stability, and Reactivity of NOx Species Adsorbed on Titania-Supported Manganese Catalysts[END_REF][START_REF] Wu | In situ FTIR study of photocatalytic NO reaction on photocatalysts under UV irradiation[END_REF][START_REF] Mikhaylov | FTIR and TPD Study of the Room Temperature Interaction of a NO-Oxygen Mixture and of NO2 with Titanium Dioxide[END_REF]. For example, Figure 1 shows the growth of bands in the spectral region from 1200 cm -1 to 1700 cm -1 when the NO pressure increased. Nitrato species (Figure 2) were suggested to be at the origin of these bands, with the N atom of NO being bound to two surface O atoms carried by either two Ti atoms (bidentate nitrato) or one Ti atom (bridged nitrato) [START_REF] Dines | Infrared and Raman study of the adsorption of NH3, pyridine, NO and NO2 on anatase[END_REF]. This author suggests that these structural differences could perhaps be exploited to evaluate the density in geminal surface O atoms by use of NO as a probe. Clearly, the IR bands of the adsorbed nitrato species are distinct from those of the symmetrical nitrate anion, which inter alia gives rise to a strong N-O stretching band between 1350 and 1400 cm -1 .

Figure 3 indicates that a relatively high temperature had to be reached to remove under vacuum the bands attributed to the nitrato species adsorbed on TiO2 [START_REF] Dines | Infrared and Raman study of the adsorption of NH3, pyridine, NO and NO2 on anatase[END_REF]. This behavior suggested that the surface nitrato species (Figure 2) were too stable to be involved in moderate-temperature catalytic or photocatalytic events; indeed, the effect of UV-irradiation at room temperature on these species has apparently not been determined, but is not expected to be significant, given the thermal effect).

According to two reports, exposure of TiO2 to NO also led to the appearance of IR bands tentatively attributed to surface nitrito species which were then oxidized to nitrato species in the presence of O2 when TiO2 was photo-excited [START_REF] Nakamura | Mechanism for NO Photooxidation over the Oxygen-Deficient TiO2 Powder under Visible Light Irradiation[END_REF][START_REF] Wu | In situ FTIR study of photocatalytic NO reaction on photocatalysts under UV irradiation[END_REF].

Additionally, two weak bands at 1914 and 1900 cm -1 were attributed to NO adsorbed on two types of coordinately unsaturated Ti 4+ sites [START_REF] Ramis | Fourier transform infrared study of the adsorption and coadsorption of nitric oxide, nitrogen dioxide and ammonia on TiO2 anatase[END_REF]. Indeed, calculations have shown that NO can also be weakly adsorbed at room temperature on TiO2 in a slightly bent position [START_REF] Sorescu | Adsorption of NO on the TiO2 (110) Surface: An Experimental and Theoretical Study[END_REF]. Accordingly, the stretch vibration of gaseous NO being at ~1880 cm -1 , the bands with NO pressure-dependent, low intensities that were observed in the 1715-1920 cm -1 region when NO was adsorbed on pressed TiO2 P25 powder at either 110 K or room temperature, were attributed by the same group to molecular NO bound at different angles on surface sites with various environments [START_REF] Rusu | Photochemistry of NO Chemisorbed on TiO2 (110) and TiO2 Powders[END_REF]. Because of their weak stability, the adsorbed molecular NO species can be involved in (photo)catalytic reactions unlike the nitrato species. On the other hand, this author thinks that the low intensity of these IR bands might be in most cases not favorable to properly probe surface sites.

A priori, NO could behave as an electron donor because of the increased stability that would result from the loss of its unpaired π*, antibonding electron. However, in principle, the Lewis acid sites on TiO2 are, by definition, not prone to accept a single electron but an electron pair from bases possessing a N electron doublet as in the case of pyridine and ammonia. Indeed, on the basis of IR spectra, NO was reported not to compete with NH3 for the Lewis acid sites of a TiO2 P25 powder [START_REF] Dines | Infrared and Raman study of the adsorption of NH3, pyridine, NO and NO2 on anatase[END_REF]. This means that most often NO will not be of interest to probe the Lewis acidity of TiO2. Also, IR spectroscopy was used long ago to demonstrate the perturbation by NO of some of the surface OH groups of TiO2. For example, the spectra in Figure 4 indicate that the stretch vibration of free OH groups disappeared in the presence of NO at room temperature, while a new, broad band corresponding to the stretch vibration of OH groups bound to NO appeared [START_REF] Dines | Infrared and Raman study of the adsorption of NH3, pyridine, NO and NO2 on anatase[END_REF]. More recently, the use of scanning tunneling microscopy (STM) enabled one to visualize simultaneously the OH groups and the NO-related adsorbate on rutile (110) [START_REF] Li | Trapping Nitric Oxide by Surface Hydroxyls on Rutile TiO2 (110)[END_REF]. Figure 5 shows the decrease in the density of initial OH groups when the exposure to NO was increased at room temperature. It was inferred that a surface OH group was involved in the adsorption of each NO molecule under the conditions used. Accordingly, if NO is a reactant in an investigated process, both IR spectroscopy and STM of adsorbed NO can be valuable techniques to probe the role of various surface OH groups.

Probing the O lability of TiO2 via NO isotopic exchange

Figure 6 shows two of the phenomena occurring when TiO2 P25 powder, initially equilibrated with N 18 O in darkness, was irradiated by UV light in the absence of O2 [START_REF] Courbon | Room-temperature interaction of N18O with ultravioletilluminated titanium dioxide[END_REF]. The upper curves indicate that the N 18 O pressure decreased, which means that N 18 O was photoadsorbed, at least partially (see Section 2.4 about NO reduction). The lower curves indicate that N 16 O appeared in the gas phase, which means that photon-induced isotopic exchange involving 16 O atoms of the solid took place. Because of simultaneous photoadsorption, the N 16 O pressure passed through a maximum. Not surprisingly, the higher coverage by the oxygen species of the preoxidized TiO2 relative to the prereduced TiO2 resulted in an initial faster rate of isotopic exchange. A similar effect of the original surface reduction state had indeed been observed for the thermal isotopic exchange of N 18 O over Ni 16 O [15]. Moreover, N 18 O isotopically exchanged much faster than 18 O2 with the UV-irradiated preoxidized TiO2 sample [START_REF] Courbon | Room-temperature interaction of N18O with ultravioletilluminated titanium dioxide[END_REF] as was the case of the thermal exchange of N 18 O over Ni 16 O compared to that of 18 O2 [START_REF] Otto | Studies of surface reactions of NO by isotope labeling VII. Oxygen exchange between nickel oxide and N18O, 18O2 and N218O[END_REF]. These easier exchanges indicate that NO can be a better source of O atoms than O2 as is further considered in Section 2.3.

Use of NO to probe the self-cleaning efficacy of photocatalytic materials

Figure 7 illustrates that the oxygen atoms of N 18 O can also be incorporated in the oxidation product of an organic compound over UV-irradiated Ti 16 O2 [START_REF] Courbon | Room-temperature interaction of N18O with ultravioletilluminated titanium dioxide[END_REF]. For instance, in the case of an alcohol, such as butan-2-ol, the main oxidation product in the gas phase, that is, butanone was partially labeled with 18 O. No appearance of N 16 O was observed, which indicated that the oxidation of butan-2-ol prevailed over the isotopic exchange of N 18 O.

The capacity of adsorbed NO to be a source of O atoms and thus to behave as an oxidizing species was also illustrated by the removal of a catechol (or benzene-1,2-diol) layer or even a graphitic carbon layer on rutile (110) single crystals irradiated at 248 nm (5 eV) or 351 nm (3.5 eV) [START_REF] Jacobson | Decomposition of catechol and carbonaceous residues on TiO2(110): A model system for cleaning of extreme ultraviolet lithography optics[END_REF]. Indeed, NO was even much more efficient than O2; a higher residence time of NO on the surface was mentioned to explain, at least partially, the greater efficacy of NO. These data clearly advocate the use of NO to clean semiconductor surfaces, whenever it could be appropriate. They also suggest that NO, in addition to or in place of O2, could be employed for screening the self-cleaning efficacy of materials based on the photosensitivity of semiconductors regarding the removal of a deposited layer of a representative compound. That use would provide quick-to-obtain, complementary data.

Use of photon-promoted NO reduction to probe the environment of TiO2 in materials

The splitting of N 18 O at some stage over UV-irradiated Ti 16 O2 was revealed not only by isotopic exchange and labeling of oxidation products, but also by the formation of N2O as was shown using both mass spectrometry-analysis of the gas phase at 295 K (Figure 8) [START_REF] Courbon | Room-temperature interaction of N18O with ultravioletilluminated titanium dioxide[END_REF] and IR spectrometry-analysis of the adsorbed phase at 110 K -to minimize possible thermal processes (Figure 9) [START_REF] Rusu | Photochemistry of NO Chemisorbed on TiO2 (110) and TiO2 Powders[END_REF]. In these experiments, carried out in the absence of O2, no generation of NO2 was detected. The gas-phase formation of N2O was initially higher over the preoxidized TiO2 compared to the prereduced TiO2 (Figure 8); starting from N 18 O, the percentage of N2 16 O was also initially higher and then leveled off. (Figure 8) [START_REF] Courbon | Room-temperature interaction of N18O with ultravioletilluminated titanium dioxide[END_REF].

N2 can also be expected to be produced from the splitting of NO and indeed its formation was reported. The kinetic data of Figure 10 indicate that N2 appeared immediately (on the min scale) upon irradiation, but rapidly attained a limit in contrast with N2O (Figure 8) [START_REF] Courbon | Room-temperature interaction of N18O with ultravioletilluminated titanium dioxide[END_REF]. Accordingly, beyond an initial period, the ratio N2/(N2 + N2O) in the gas phase declined over time. The higher amount of N2O relative to N2 was expected, since the encounter of a N atom with a NO molecule is more likely to occur than the encounter of two N atoms. The distinct initial period would be caused by N2O adsorption whose rate progressively decreased.

The UV-induced reduction of NO to N2 and N2O can provide information on the accessibility and the environment of Ti-oxides in materials such as porous silicates. Figure 11 shows that the amount of N2 passed through a maximum as a function of the Ti content in a given silicate, as did the photoluminescence [START_REF] Hu | Characterization of the Local Structures of Ti-MCM-41 and Their Photocatalytic Reactivity for the Decomposition of NO into N2 and O2[END_REF]. It was inferred that this maximum corresponded to an optimum in isolated tetrahedrally coordinated Ti-oxides at the surface of the walls of the silicate channels. By contrast, the concentration in Lewis acid sites as evaluated through ammonia adsorption continued to increase with increasing Ti levels because ammonia was supposed to react with the Ti-oxide sites whether they were isolated or not. A similar good relationship between N2 amount and photoluminescence was also found for two other types of silicates at equal Ti content (Figure 12). Figures 11,[START_REF] Sorescu | Adsorption of NO on the TiO2 (110) Surface: An Experimental and Theoretical Study[END_REF] indicate that the amounts of N2 or N2O varied in opposite ways as a function of the Ti content or the type of silicate. It may mean that an N2 molecule resulted mainly from two NO molecules successively dissociated on the same isolated tetrahedrally coordinated Ti-oxide site, whereas a N2O molecule mainly involved one dissociated NO molecule and one NO molecule adsorbed undissociatively on an adjacent Tioxide site. The formation of N2 was proposed to occur through a surface N-NO intermediate in the case of an Rh (111) single crystal exposed to a NO+CO mixture, but only above 500 K [START_REF] Zaera | Evidence for an N2O intermediate in the catalytic reduction of NO to N2 on rhodium surfaces[END_REF]; therefore, this mechanism seems unlikely to exist on TiO2 at room temperature. This author suggests that studying the formation of NO reduction products may usefully supplement information derived from photoluminescence measurements regarding the accessibility, dispersion and environment of Ti-oxides in materials.

Use of NO to probe the existence of TiO2 bandgap electronic states

NO photoadsorption, oxygen isotope exchange and N2O formation were also observed for sub-bandgap irradiation of TiO2. The first two phenomena were reported for TiO2 P25 deposited on quartz and irradiated at 420 nm [START_REF] Titov | Spectral Features of Photostimulated Oxygen Isotope Exchange and NO Adsorption on "Self-Sensitized" TiO2-x /TiO2 in UV-Vis Region[END_REF]. The formation of N2O occurred when a TiO2 (110) single crystal was submitted to photons of 2.3 eV energy (or 539 nm); but the yield per photon was small relative to 2.96 eV irradiation (or 419 nm) (Figure 13) [START_REF] Rusu | Photochemistry of NO Chemisorbed on TiO2 (110) and TiO2 Powders[END_REF]. This sub-bandgap sensitivity was attributed to the existence of electronic states in the bandgap resulting from reduction during the sample preparation [START_REF] Rusu | Photochemistry of NO Chemisorbed on TiO2 (110) and TiO2 Powders[END_REF] and/or the formation of 2D coreshell TiO2-x/TiO2 structures on parts of the surface [START_REF] Titov | Spectral Features of Photostimulated Oxygen Isotope Exchange and NO Adsorption on "Self-Sensitized" TiO2-x /TiO2 in UV-Vis Region[END_REF]. In any case, it suggests that NO (or, preferentially, N 18 O) could be used as a probe of these defects.

Use of NO to probe the charge transfer capacity of TiO2 whether or not photo-excited

The isotopic exchange N 18 O-Ti 16 O2 and the reduction of NO imply the splitting of the N-O bond at some stage. The question arises about how this splitting can occur. A hypothesis could be that NO behaves as an electron acceptor. If so, the additional negative charge would be located in the antibonding orbital π*; hence, the strength of the N-O bond would be diminished. Indeed, the bond length in the NO -anion was evaluated to be significantly higher than that in the uncharged NO molecule: 0.126 nm against 0.115 nm. This increase in bond length was even greater than that indicated for O2°-relative to O2 (0.128 nm against 0.121 nm). Correspondingly, the stretch vibration of the N-O bond was reported to shift from ~1880 cm -1 for gaseous NO to ~1170 cm -1 for the NO -anion. Therefore, the weak band at ~1170 cm - 1 [START_REF] Hadjiivanov | Species formed after NO adsorption and NO+O2 coadsorption on TiO2: an FTIR spectroscopic study[END_REF] or ~1160 cm -1 [START_REF] Kantcheva | Identification, Stability, and Reactivity of NOx Species Adsorbed on Titania-Supported Manganese Catalysts[END_REF], observed after exposure of TiO2 P25 to NO at room temperature, was assigned to adsorbed NO -, confirming the electron transfer to NO upon adsorption. Unfortunately, in this author's view, the weak intensity of this band may make it not really suitable to characterize diverse TiO2 samples. It was also reported that the TiO2 P25 transparency in the IR spectral region, which was decreased by thermal reduction in H2, was restored by exposure to NO at room temperature [START_REF] Boccuzzi | Vibrational and electronic effects of NO chemisorption on TiO2 and Ru/TiO2[END_REF]. This phenomenon was attributed to electron transfer from the solid to NO (or to O resulting from NO splitting).

As was aforementioned in this text, surface isolated OH groups were, unsurprisingly, perturbed on exposure of TiO2 to NO without UV-irradiation (Figures 4,5) [START_REF] Dines | Infrared and Raman study of the adsorption of NH3, pyridine, NO and NO2 on anatase[END_REF][START_REF] Rusu | Photochemistry of NO Chemisorbed on TiO2 (110) and TiO2 Powders[END_REF]. From Density Functional Theory calculations, it was inferred that the excess charge originally localized on an OH group is partially transferred to a neighboring adsorbed NO molecule and mainly localized on its N atom as is illustrated in the scheme of Figure 14 [START_REF] Li | Trapping Nitric Oxide by Surface Hydroxyls on Rutile TiO2 (110)[END_REF]. The net negative charge, thus transferred, was calculated to be on the order of 0.33 e -per adsorbed NO molecule. Experimentally, using ultraviolet photoemission spectroscopy, it was shown that the concentration of Ti 3+ cations formed on purpose by reduction of TiO2 (110) decreased on exposure to NO (Figure 15) [START_REF] Li | Trapping Nitric Oxide by Surface Hydroxyls on Rutile TiO2 (110)[END_REF], which confirmed that NO can behave as an electron acceptor.

Furthermore, the electron transfer from UV-irradiated TiO2 to NO was supported by photoconductance measurements [START_REF] Pichat | Photocatalytic oxidation of various compounds over TiO2 and other semiconductor oxides; Mechanistic considerations[END_REF]. Figure 16 shows that the photoconductance, σ, of a lightly pressed pellet of TiO2 P25 powder decreased instantaneously (on a min scale) when the pellet was exposed to NO, under continuous UV-irradiation, and the higher the NO initial pressure, the more substantial decrease in σ was observed. An inverse proportionality with a slope of approximately -1 was even found between σ and the NO pressure at equilibrium, so that it was tempting to suggest that the NO -anion was the species that controlled the NO-TiO2 photoelectronic interaction. However, because the decrease in NO pressure to reach equilibrium was due not only to photoadsorption, but also to decomposition into N2 and N2O (which had no effect on σ), it is not strictly rigorous to conclude that one electron was captured by each adsorbed NO molecule. Nevertheless, the σ measurements undoubtedly showed that NO easily collected the electrons promoted in the conduction band by UVirradiation of TiO2 and thereby became negatively charged. In other words, NO behaved as an excellent electron scavenger. This property of NO may seem unexpected given the electron affinity of 0.026 eV for the gaseous molecule, lower, for instance, than that for gaseous O2 (0.45 eV). That may mean that the electron affinity values for the gas phase do not apply when the molecules are adsorbed, e.g., the adsorption of undissociated NO via the N atom would render easier the transfer of the negative charge of surface OH groups [START_REF] Li | Trapping Nitric Oxide by Surface Hydroxyls on Rutile TiO2 (110)[END_REF] as aforementioned.

Anyhow, the phenomena observed when TiO2 was exposed to NO, with or without labeled atoms, point up the interest on the use of NO to probe the charge transfer capacity of TiO2.

Conclusions

This overview has shown through examples that the use of NO as a probe molecule for TiO2 and TiO2-containing materials, whether or not they are photo-excited. Although the IR absorption bands arising from adsorbed NO are somewhat difficult to attribute to specific species and have sometimes a too weak intensity for being used as proper markers, they can, for instance, give an evaluation of the density in surface geminal O atoms [START_REF] Dines | Infrared and Raman study of the adsorption of NH3, pyridine, NO and NO2 on anatase[END_REF]. The photonpromoted reduction of NO to N2 can provide information on the accessibility, dispersion and environment of Ti-oxides in materials [START_REF] Hu | Characterization of the Local Structures of Ti-MCM-41 and Their Photocatalytic Reactivity for the Decomposition of NO into N2 and O2[END_REF]. The photo-induced isotopic exchange of N 18 O compared with 18 O2 may bring supplementary information on the O lability of diverse TiO2 [START_REF] Courbon | Room-temperature interaction of N18O with ultravioletilluminated titanium dioxide[END_REF], though the simultaneous formations of N2O and N2 make its modeling more complex. Similarly, the photo-induced incorporation of 18 O from N 18 O into a test oxidizable molecule can add to the conclusions drawn from the isotopic exchange of N 18 O per se [START_REF] Courbon | Room-temperature interaction of N18O with ultravioletilluminated titanium dioxide[END_REF]. NO, as a source of O, can be useful to evaluate, more rapidly than with O2, the self-cleaning efficacy of TiO2-containing materials toward a given deposit [START_REF] Jacobson | Decomposition of catechol and carbonaceous residues on TiO2(110): A model system for cleaning of extreme ultraviolet lithography optics[END_REF]. The electron transfer capacity of TiO2, under exposure to NO and bandgap or sub-bandgap [START_REF] Rusu | Photochemistry of NO Chemisorbed on TiO2 (110) and TiO2 Powders[END_REF][START_REF] Titov | Spectral Features of Photostimulated Oxygen Isotope Exchange and NO Adsorption on "Self-Sensitized" TiO2-x /TiO2 in UV-Vis Region[END_REF] irradiation, can be evaluated by calculations [START_REF] Li | Trapping Nitric Oxide by Surface Hydroxyls on Rutile TiO2 (110)[END_REF], photoemission spectroscopy [START_REF] Li | Trapping Nitric Oxide by Surface Hydroxyls on Rutile TiO2 (110)[END_REF] and photoconductance measurements [START_REF] Pichat | Photocatalytic oxidation of various compounds over TiO2 and other semiconductor oxides; Mechanistic considerations[END_REF], and also from the isotopic exchange [START_REF] Courbon | Room-temperature interaction of N18O with ultravioletilluminated titanium dioxide[END_REF][START_REF] Titov | Spectral Features of Photostimulated Oxygen Isotope Exchange and NO Adsorption on "Self-Sensitized" TiO2-x /TiO2 in UV-Vis Region[END_REF] and reduction of NO [START_REF] Rusu | Photochemistry of NO Chemisorbed on TiO2 (110) and TiO2 Powders[END_REF][START_REF] Courbon | Room-temperature interaction of N18O with ultravioletilluminated titanium dioxide[END_REF], assuming that these phenomena depend on NO splitting, which is easier when NO is negatively charged.

Additionally, if NO is a reactant in an investigated process, the IR spectra of adsorbed NO can be valuable to probe the surface OH groups or cations (through the formation of nitrosyls) along with either other molecules capable of forming hydrogen bonds or CO.

In sum, the interest of NO as a probe essentially arises from its unpaired π*electron which gives NO the electronic structure of a radical species prone to behave as an electron acceptor. This basic characteristic permits to gain both direct and indirect information on diverse properties of solids, as reviewed here in the case of TiO2 and very likely extendable to other semiconductor oxides.

Overall, the surface probing potentialities of NO must not be overlooked. Each probing molecule provides data related to its own properties; accordingly, the use of several probes is recommended to draw conclusions that are better founded.

Dedication

This is dedicated to the memory of Professor Ezio Pelizzetti who was an outstanding pioneer in research on environmental photocatalysis. Owing to his knowledge and ability in analytical chemistry, he efficiently contributed to unraveling the mechanisms and pathways, and to critically determining the potential. His influence was great. During our common EC projects and encounters at Conferences over about 20 years, I found him always very cordial and jovial. I will regret him as both a scientist and a friend. Fig. 6. Room-temperature variation in the isotopic composition of gas-phase NO as a function of UV-irradiation time over a preoxidized (i.e., heated in O2 at 723 K before evacuation; solid lines) or a prereduced (i.e., heated in H2 at 723 K before evacuation; dashed lines) sample of TiO2 P25 powder. Adapted with permission from reference 14. Fig. 7. Room-temperature decreases in gas-phase N 18 O (A) and butan-2-o1 (B) and increases in gas-phase butanone labelled with l6 O (C) or lS O (D) as a function of UV-irradiation time over a preoxidized (see Fig. 6) sample of TiO2 P25 powder. Reprinted with permission from reference 14. Fig. 8. Room-temperature formation of N2O and percentage of N2 16 O relative to N2 18 O as a function of UV-irradiation time over a preoxidized (see Fig. 6; curves A and A') or a prereduced (see Fig. 6; curves B and B') sample of TiO2 P25 powder exposed to N 18 O. Reprinted with permission from reference 14. 

Captions to Figures

Fig. 1 .

 1 Fig.1. Spectra of a pressed disk of powder anatase (96 m 2 g -1 ) exposed to NO (295 K, 30 min) at pressures of (a) 0, (b) 130, (c) 270, (d) 660, (e) 1300, (f) 2600 and (g) 4600 Pa. Reprinted with permission from reference 3.

Fig. 2 .

 2 Fig. 2. Suggested structures of nitrato species formed from NO dark adsorption on anatase. Adapted with permission from reference 3.

Fig. 3 .

 3 Fig. 3. Spectra of a pressed disk of powder anatase (96 m 2 g -1 ) first exposed to NO at 295 K, then evacuated (30 min) at (a) 295, (b) 373, (c) 473, (d) 573 and (e) 673 K. Reprinted with permission from reference 3.

Fig. 4 .

 4 Fig.4. Spectra in the region of OH stretch vibrations of a pressed disk of powder anatase (96 m 2 g -1 ) before (upper spectrum) and after (lower spectrum) exposure to 4600 Pa of NO (295 K, 30 min). Reprinted with permission from reference 3.

Fig. 5 .

 5 Fig. 5. Variations in the density of surface OH (normalized to the initial state) of rutile (110) and NO-related adsorbates versus NO exposure at room temperature, as determined via scanning tunneling microscopy. The lines are plotted only to guide the eye. Adapted with permission from reference 13.

Fig. 9 .

 9 Fig. 9. NO consumption and N2O production as a function of the UV-irradiation time of a pressed disk of TiO2 P25 powder exposed to NO at 110 K, as determined from the IR bands of adsorbed NO(a) or N2O(a). Adapted with permission from reference 7.

Fig. 10 .

 10 Fig.10. Room-temperature N2 formation and N2/(N2 + N2O) percentage variation as a function of the UV-irradiation time over a preoxidized (see Fig.6) sample of TiO2 P25 powder exposed to NO. Reprinted with permission from reference 14.

Fig. 11 .

 11 Fig. 11. N2 and N2O formed from NO at 295 K against the Ti content of a UV-irradiated mesoporous molecular sieve (Ti-MCM41). Curves a or b indicate, respectively, the amount of ammonia adsorbed on Lewis acid sites or the maximum photoluminescence in the absence of NO. Reprinted with permission from reference 17.

Fig. 12 .

 12 Fig.12. N2 and N2O formed from NO at 295 K over UV-irradiated mesoporous (Ti-MCM41 and Ti-HMS) or microporous (TS-1) molecular sieves containing 0.6 wt % of Ti. The maximum photoluminescence in the absence of NO is also indicated. Reprinted with permission from reference 17.

Fig. 13 .

 13 Fig. 13. The dependence of the N2O desorption on photon energy for a rutile (110) single crystal exposed to NO at 118 K. Reprinted with permission from reference 7.

Fig. 14 .

 14 Fig.14. Diagram of the charge difference obtained by subtracting, owing to density functional theory calculation, the charges of gas-phase NO + hydroxylated surface from those of the adsorption system; diagram plotted in a plane perpendicular to the surface and across the Ti5c row of rutile (110). Adapted with permission from reference 13.

Fig. 15 .

 15 Fig. 15. Integrated peak intensity of the Ti 3+ -related gap state in the photoemission spectra of hydroxylated rutile (110) as a function of the exposure to NO. Adapted with permission from reference 13.

Fig. 16 .

 16 Fig. 16. Effect of NO (final pressure: ~0.56 Pa; room temperature) on the photoconductance σ (in Ohm -1 ) of lightly pressed TiO2 P25 powder against the UV-irradiation time (radiant flux received by the sample: ~20 W m -2 , mainly at 365 nm). Reprinted with permission from reference 20.
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