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Visible-Light-Driven

Selective

Esterification of Benzaldehyde Derivatives using Strontium-Modified 1D Titanium Dioxide Nanotubes

Introduction

The developing of innovative green and sustainable organic transformation routes is of high interest for environmental and economic reasons. Among them, photocatalytic process is a promising alternative with respect to the conventional thermal-driven chemical reactions [START_REF] Parrino | Heterogeneous photocatalysis for selective formation of high-value-added molecules: Some chemical and engineering aspects[END_REF][START_REF] Chen | Heterogeneous photocatalysis for selective oxidation of alcohols and hydrocarbons[END_REF][START_REF] Li | Selective organic transformations over cadmium sulfide-based photocatalysts[END_REF].

The potential success of such solar to chemical energy conversion 'solar refinery' depends on the development of highly efficient photocatalysts which can (i) harvest the irradiation across solar spectrum; (ii) photogenerate electron and hole pairs with low recombination rate and (iii) showing suitable energy levels for the redox reactions [START_REF] Low | Heterojunction photocatalysts[END_REF][START_REF] Wang | Full-spectrum solar-light-activated photocatalysts for light-chemical energy conversion[END_REF][START_REF] Rather | A Cu +1 /Cu 0 -TiO2 mesoporous nanocomposite exhibits improved H2 production from H2O under direct solar irradiation[END_REF]. Hence, encouraged by photocatalytic coproduction of H2 and insitu H2O2 in presence of organic compounds (alcohols) as the sacrificial agent in an aqueous solution [START_REF] Wang | Synergistic Pd Single Atoms, Clusters, and Oxygen Vacancies on TiO2 for Photocatalytic Hydrogen Evolution Coupled with Selective Organic Oxidation[END_REF][START_REF] Li | Pd modified defective HNb3O8 with dual active sites for photocatalytic coproduction of hydrogen fuel and value-added chemicals[END_REF]. The presence of O2 plays a crutial role in the oxidation reaction and easily combines with protons to produce H2O2 [START_REF] Ou | Solvated electrons for photochemistry syntheses using conjugated carbon nitride polymers[END_REF][START_REF] Krivtsov | Water-soluble polymeric carbon nitride colloidal nanoparticles for highly selective quasi-homogeneous photocatalysis[END_REF][START_REF] Zhang | The critical role of furfural alcohol in photocatalytic H2O2 production on TiO2[END_REF][START_REF] Chen | Modulating oxygen vacancies on bismuth-molybdate hierarchical hollow microspheres for photocatalytic selective alcohol oxidation with hydrogen peroxide production[END_REF]. Nevertheless, the photocatalytic production of H2O2 is limited by the high redox potential of water. To overcome this limitation, many pioneering studies have been investigated recently by Benxia Li research group [START_REF] Wang | Synergistic Pd Single Atoms, Clusters, and Oxygen Vacancies on TiO2 for Photocatalytic Hydrogen Evolution Coupled with Selective Organic Oxidation[END_REF][START_REF] Li | Pd modified defective HNb3O8 with dual active sites for photocatalytic coproduction of hydrogen fuel and value-added chemicals[END_REF][START_REF] Chen | Modulating oxygen vacancies on bismuth-molybdate hierarchical hollow microspheres for photocatalytic selective alcohol oxidation with hydrogen peroxide production[END_REF][START_REF] Wang | Optimal construction of WO3.H2O/Pd/CdS ternary Z-scheme photocatalyst with remarkably enhanced performance for oxidative coupling of benzylamines[END_REF][START_REF] Zheng | Synthesis of Ni modified Au@CdS coreshell nanostructures for enhancing photocatalytic coproduction of hydrogen and benzaldehyde under visible light[END_REF][START_REF] Zheng | Synthesis of Fe3O4@CdS@CQDs ternary coreshell heterostructures as a magnetically recoverable photocatalyst for selective alcohol oxidation coupled with H2O2 production[END_REF][START_REF] Yang | Bimetal-modified g-C3N4 photocatalyst for promoting hydrogen production coupled with selective oxidation of biomass derivative[END_REF][START_REF] Yang | Constructing interfacial active sites in Ru/g-C3N4-x photocatalyst for boosting H2 evolution coupled with selective benzyl-alcohol oxidation[END_REF].

For example, the photocatalytic selective oxidation of alcohols into aldehydes is examined onto bismuth-molybdate (Bi2MoO6) hollow microspheres with controlled surface oxygen vacancies (OVs) [START_REF] Chen | Modulating oxygen vacancies on bismuth-molybdate hierarchical hollow microspheres for photocatalytic selective alcohol oxidation with hydrogen peroxide production[END_REF]. Results emphasize that oxygen rich vacancies Bi2MoO6 hollow microspheres showed the best photocatalytic activity in selective alcohol oxidation with high insitu H2O2 production efficiency. Recently, a detailed experimental studies and theoretical simulations have revealed the synergistic effect of Pd SAs, clusters, and oxygen vacancies in boosting H2 evolution from water splitting and selective oxidation of benzylamine [START_REF] Wang | Synergistic Pd Single Atoms, Clusters, and Oxygen Vacancies on TiO2 for Photocatalytic Hydrogen Evolution Coupled with Selective Organic Oxidation[END_REF] and benzyl alcohol [START_REF] Li | Pd modified defective HNb3O8 with dual active sites for photocatalytic coproduction of hydrogen fuel and value-added chemicals[END_REF]. Hence, the presence of Ov seems to be versatile strategy for the activation of oxygen in photocatalytic reaction. In another study, a novel Z-scheme photocatalyst of WO3.H2O /Pd/CdS catalyst exhibited remarkably enhanced performance toward the oxidative coupling of benzylamines to imines with simultaneously hydrogen production [START_REF] Wang | Optimal construction of WO3.H2O/Pd/CdS ternary Z-scheme photocatalyst with remarkably enhanced performance for oxidative coupling of benzylamines[END_REF]. This result is ascribed to the beneficial effect of Pd NPs located between WO3.H2O and CdS, which acts simultaneously as cocatalyst for benzylamines conversion and limits the recombination rate of photogenerated electron hole pairs. More recently, Benxia Li et al designed efficient photocatalysts Ni/(Au@CdS [START_REF] Zheng | Synthesis of Ni modified Au@CdS coreshell nanostructures for enhancing photocatalytic coproduction of hydrogen and benzaldehyde under visible light[END_REF] and Fe3O4@CdS@CQDs [START_REF] Zheng | Synthesis of Fe3O4@CdS@CQDs ternary coreshell heterostructures as a magnetically recoverable photocatalyst for selective alcohol oxidation coupled with H2O2 production[END_REF] for co-production of hydrogen and selective oxidation of benzyl alcohol to benzaldehyde. The rates of benzaldehyde onto Ni/(Au@CdS reached up to 4242 mmol.g -1 .h -1 , against 57.22 mmol.gCdS -1 .h -1 for Fe3O4@CdS@CQDs respectively. Recently, a novel series of modified graphitic carbon composites NiAl-gC3N4 [START_REF] Yang | Bimetal-modified g-C3N4 photocatalyst for promoting hydrogen production coupled with selective oxidation of biomass derivative[END_REF] and Ru/ gC3N4-x [START_REF] Yang | Constructing interfacial active sites in Ru/g-C3N4-x photocatalyst for boosting H2 evolution coupled with selective benzyl-alcohol oxidation[END_REF] were also investigated by Benxia Li et al for H2 production and selective photocatalytic oxidation of furfural-alcohol and benzyl alcohol respectively. Hence, NiAl-gC3N4 and Ru/gC3N4-x catalysts boosted the redox coupling reaction by creation of dual active sites (reduction and oxidation) and yields to excellent photocatalytic performance in coproduction of H2 and oxidation of alcohols to aldehydes. These results gave us more insights for the development of photoactive catalysts for the the conversion of aldehydes derivatives into esters; with respect to traditional methods which results in overoxidation and generally yields to carboxylic acid derivatives [START_REF] Otera | Esterification: Methods, Reactions and Applications[END_REF][START_REF] Larock | Comprehensive Organic Transformations: A Guide to Functional Group Preparations[END_REF]. In general, the synthesis of esters involves a nucleophilic substitution (NS) reaction of carboxylic acids or their corresponding derivatives with various alcohols under the action of promoters that are either acidic or basic [START_REF] Humphrey | Chemical Synthesis of Natural Product Peptides: Coupling Methods for the Incorporation of Noncoded Amino Acids into Peptides[END_REF]. Recently, the high demand in direct oxidative esterification of aldehydes is motivating researchers to find environmentally friendly routes [START_REF] Xu | Direct Oxidation of Aldehydes to Methyl Esters with Urea Hydrogen Peroxide and p-Toluenesulfonyl Chloride[END_REF]. The direct oxidative esterification of aldehydes mediates the hemiacetal intermediates formation by the reaction of aldehydes with alcohols followed by subsequent oxidation reaction using a variety of oxidizing agents including iodine [START_REF] Mori | Facile oxidative conversion of alcohols to esters using molecular iodine[END_REF], pyridinium hydrobromide perbromide [START_REF] Sayama | One-Pot Oxidative Esterification and Amidation of Aldehydes[END_REF], oxone [START_REF] Travis | Facile Oxidation of Aldehydes to Acids and Esters with Oxone[END_REF], peroxymonosulfuric acid [START_REF] Nishihara | Oxidation of aldehyde in alcoholic media with the Caro acid[END_REF], N-iodosuccinimide [START_REF] Minato | Effecient Kinetic Resolution of Racemic Amino Aldehydes by Oxidation with N-Iodosuccinimide[END_REF], manganese dioxide [START_REF] Corey | New methods for the oxidation of aldehydes to carboxylic acids and esters[END_REF], siloxanespalladium [START_REF] Lerebours | Chemoselective Nucleophilic Arylation and Single-Step Oxidative Esterification of Aldehydes Using Siloxanes and a Palladium-Phosphinous Acid as a Reaction Switch[END_REF], or peroxovanadium [START_REF] Gopinath | Peroxovanadium-Catalyzed Oxidative Esterification of Aldehydes[END_REF]. Nevertheless, all the described methods suffered from drawbacks such: low yields and severe reaction conditions generally leading to overoxidation, and low spectrum of aldehydes feedstoks. For the above reasons, the development of new catalytic oxidative esterification of aldehydes with the use of dioxygen or hydrogen peroxide becomes an attractive green approach. More recently, the direct esterification of aldehydes using aqueous hydrogen peroxide as a main oxidant in combination with a variety of metal-based catalysts or transition-metal complexes has been the object of numerous studies [START_REF] Gopinath | A Catalytic Oxidative Esterification of Aldehydes Using V2O5-H2O2[END_REF][START_REF] Espenson | Bromide Ions and Methyltrioxorhenium as Cocatalysts for Hydrogen Peroxide Oxidations and Brominations[END_REF][START_REF] Sawyer | /Hydroperoxide-Induced Activation of Dioxygen for the Oxygenation of Hydrocarbons: Oxygenated Fenton Chemistry[END_REF][START_REF] Kashyap | Iron oxalate capped iron-copper nanomaterial for oxidative transformation of aldehydes[END_REF][START_REF] Wu | Iron-Catalyzed One-Pot Oxidative Esterification of Aldehydes[END_REF][START_REF] Wu | Zinc-catalyzed oxidative esterification of aromatic aldehydes[END_REF][START_REF] Feng | Calcium and magnesium chlorides-catalyzed oxidative esterification of aromatic aldehydes[END_REF]. Hence, encouraged by photocatalytic H2 production with organic reagents as the sacrificial agent in an aqueous solution [START_REF] Tong | Nano-photocatalytic materials: Possibilities and challenges[END_REF][START_REF] Raghavan | Cocatalyst Role for Enhanced Hydrogen Generation[END_REF][START_REF] Zhou | Carbon Quantum Dot/TiO2 Nanohybrids: Efficient Photocatalysts for Hydrogen Generation via Intimate Contact and Efficient Charge Separation[END_REF], hydrogen peroxide is unvestigated as clean oxidant.

Heterogeneous iron (III) catalysts are found to be efficient for selective aldehydes oxidation into carboxylic acids in water under atmospheric pressure at 50°C [START_REF] Yu | An efficient Iron(III)-catalyzed aerobic oxidation of aldehydes in water for the green preparation of carboxylic acids[END_REF]. The selective photooxidation of aldehydes into carboxylic acids is boosted by addition of camphorquinone (CQ), used as a photo initiator, using of white LED irradiation (480-700 nm) [START_REF] Hamami | Metal-free, visible light-promoted aerobic aldehydes oxidation[END_REF]. Consequently, autoxidation of benzaldehyde to benzoic acid at room temperature has been recognized as a green method [START_REF] Theodoropoulou | Aldehydes as powerful initiators for photochemical transformations[END_REF]. In this respect, Iqbal et. al [START_REF] Iqbal | Aerobic oxidation of aldehydes by visible light photocatalysis[END_REF] developed a versatile method for the conversion of aldehydes to carboxylic acids by oxidation. They demonstrated that the use of Ru or Ir as photocatalyst was highly effective to generate reactive oxygen species in the conversion of adehydes into carboxylic acids under visible light irradiation. The addition of transition-metal ions, or free-radical initiators, as catalysts, increases the rate of oxidation. Moreover, using visible light driven gold nanoparticles (Au NPs) improves the formation of intermediate acyl radicals resulting in better benzaldehyde oxidation [START_REF] Conte | Enhanced acyl radical formation in the Au nanoparticle-catalysed aldehyde oxidation[END_REF][START_REF] Fristrup | Mechanistic investigation of the goldcatalyzed aerobic oxidation of aldehydes[END_REF]. Nevertheless, the effect of structural defects (oxygen vacancies, Ti 3+ ) on the selective esterification of benzaldehydes derivatives is not fully understood.

The main objective of this research is to highlight the interest of assisted photooxidation reaction.

We will demonstrate how the catalytic activity could be boosted by an adequate heterojunction between strontium with high surface area TiO2 semiconductor of optimized 1D morphology.

Firstly, the effect of the strontium loading onto 1D TiO2 nanotubes will be examined. Secondly, the characterization of the Sr/TiO2 NTs nanomaterials will be undertaken while kinetics modelization will be finally applied and deeply discussed for the esterification of benzaldehydes derivatives.

Materials and Methods

Photocatalysts synthesis

Synthesis of TiO2 Nanotubes

Titanate nanotubes (TiNT) were prepared using alcaline hydrothermal procedure as reported in the literature [START_REF] Turki | Solar photocatalytic inactivation of Fusarium Solani over TiO2 nanomaterials with controlled morphology-Formic acid effect[END_REF].

Synthesis of Sr-doped 1D TiO2 Nanotubes

Sr-containing materials were obtained using an incipient wetness impregnation of TiNT. Different Sr loading method (0.2, 0.4, 0.6, 0.8 and 1.0 wt %) were used. Herein, the desired amount of strontium precursor, Sr(NO3)2 (Sigma Aldrich, >99%) was first disolved in a volume of water equivalent to double the porous volume of the TiO2 nanotubes and contacted with desired quantity of TiNT material. The obtained sample was then dried overnight under vacuum at 40°C. The obtained nanomaterials are named x Sr-TiNT (with x the weight loading of strontium).

Finally, to stabilize strontium nanoparticles onto the surface of TiNT, Sr-TiNT samples were calcined at 400°C under air. Samples were then named as x wt%SrTiNT.

Catalyst Characterization

XRD measurements were carried out by utilizing Shimadzu XRD-7000 equipped with Cu Kα (λ =1.5418 Å) radiation source at 40 kV. The diffractograms were recorded in 2θ range of 10-80 degree.

Raman spectroscopy was carried-out on an iHR320 HORIBA apparatus equipped with a CCD detector, at 632 nm excitation wavelength. Strontium elementary analysis was performed using ICP-AES Spectroscopy (Shimadzu ICPE-9820) at at a wavelength of 324.754 nm. Prior to ICP-AES analysis, the samples (50 mg) were digested in concentrated HF-H2O2-HNO3 (1:0.5:8.5, v/v) using high performance microwave for 2h at 300 W.

BET-Surface area measurements were performed using QUANTACHROME Nova 1200e. Before analysis, the samples were degassed at 150°C for 2 h under secondary vacuum.

UV-vis diffuse reflectance measurements (UV-DRS) were recorded on a Shimadzu UV4100 spectrometer.

The surface morphology of xSr-TiNT were evaluated using a FEI, Inspect S5 equipped with EDX facility. SEM was operated at 20 kV and images of the specimens were recorded at different magnifications. Transmission Electron Microscopy (TEM) and High Resolution (HR-TEM) were performed on a JEOL 2010 (200 kV) microscope to disclose the morphology of the different samples.

Photoluminescence (PL) studies were performed using a Shimadzu spectrofluorometer (RF 5301 PC) with the excitation wavelength of 330 nm. X-ray photoelectron spectroscopy (XPS) was performed using a KRATOS Axis Ultra apparatus equipped with a hemi-spherical analyzer operating at a fixed pass energy of 40 eV and a 150 W Al Kα monochromatic source (1486.6 eV). Binding energies were determined with an accuracy of ±0.2 eV. Curve fitting was performed using mixed Gaussian and Lorentzian line shape after the treatment of background by Shirley type baseline (casaXPS software, version 2.0.71).

Photocatalytic Experiments

Photocatalytic tests were achieved using a visible lamp (HQI-E 400 W/n) with maximum emission wavelength at 520 nm and coated with UV filter. Typically, 30 cm 3 of a solution containing different benzaldehyde derivatives (1 mmol) was mixed with 1 mmol of hydrogen peroxide (30 % v/v). The photocatalyst concentration was fixed at 1.0 g.L -1 for the whole experiments. To reach the equilibrum, the suspensions were well stirred under dark for 30 min. At this stage, the the reactant concentration was then measured and used equilibrum concentration (Ce). The lamp is switched on (time zero), samples were analyzed at different intervals t (Ct) from the photoreactor by filtration using a 45 µm microfilter. Withdrawn samples were then analyzed with a HPLC Shimadzu Nexera i-series equipped with an Hypersil Gold column (5 µm, 150 x 4.6 mm) using acetonitrile/water (30/70 v/v) as the mobile phase and a UV-visible detector (λ = 210 nm) at a flow rate of 0.8 mL.min -1 . Both electron-withdrawing (-Cl and -NO2) and electron-donating (-OCH3 and -OH) substituents were involved in this study.

3.Results and Discussion

ICP Elemental Analysis

The elemental ICP analysis of strontium containing TiNT nanomaterials are regrouped in Table 1. The experimental strontium loading is similar in every case of the expected theoretical ones. Indeed, the average strontium impregnation loading is of 0.24 ± 0.02 for 0.2 wt%SrTiNT and 0.81 ± 0.02 for 0.8wt%Sr-TiNT nanomaterials. These results emphasized that the impregnation procedure used leads to an efficient deposition of strontium onto TiNT suggesting also a high degree of Sr dispersion.

X-Ray Diffraction (XRD)

Fig. 1 shows the XRD patterns of the strontium-doped TiNT nanotubes (Fig. 1A-B) for Sr loadings between 0.2% and 1.0wt%.

From Figure 1A, the X-ray diffractograms display peaks at 25.21 ○ , 37.70 ○ , 47.82 ○ , 53.67 ○ , 54.85 ○ , 62.58 ○ , 68.76 ○ and 75.37 ○ which could be indexed to the (101),(004), ( 200), ( 105), ( 211), ( 204), ( 116) and (107) crystal faces of anatase TiO2 (JCPDS No. 21-1272). Hence, the XRD analysis of xwt% Sr-TiNT shows that these materials consist simply of anatase phase without indication of the presence of rutile. Moreover, neither SrO nor SrTiO3 peaks are obtained regardless Sr loading.

We noticed also slight shift of corresponding diffraction (101) peak of anatase (Figure 1B) to lower values for Sr loading higher than 0.2 wt% showing the presence of distortion in the TiO2 lattice which can be consecutive of the formation of surface defects resulting for instance to the creation of Sr-O-Ti entities [START_REF] Meng | Electron and Hole Dynamics in Dye-Sensitized Solar Cells: Influencing Factors and Systematic Trends[END_REF][START_REF] Zhang | Increasing the Oxygen Vacancy Density on the TiO2 Surface by La-Doping for Dye-Sensitized Solar Cells[END_REF]. Another option would be related to the direct substituttion of Ti by Sr into the bulk lattice network but this hypothesis can be ruled out here due to the disparity of radius between Sr 2+ (1.18 Å) and Ti 4+ (0.68 Å) firstly and of charge difference secondly.

Moreover, the absence of any diffraction peaks related to strontium phases in the XRD patterns of Sr containing samples, the existence of strontium species (SrO or SrTiO3) is not excluded. The absence of Sr detection can be elucidated by the low strontium loading, which is inferior than XRD sensitivity (5 wt%) to detect such minor changes, or to the fact that Sr may be highly dispersed onto TiO2.

Previous studies found that doping TiO2 with large ionic radius like rare elements lanthanides (Eg. La, Ce) alters the crystallite size of the anatase phase [START_REF] Nie | Electrochemical fabrication of lanthanumdoped TiO2 nanotube array electrode and investigation of its photoelectrochemical capability[END_REF][START_REF] Hassan | TiO2 nanofibers doped with rare earth elements and their photocatalytic activity[END_REF][START_REF] Xue | Preparation of titania nanotubes doped with cerium and their photocatalytic activity for glyphosate[END_REF]. In view of this observation, our materials will be subjected to calculations to determine the anatase crystallite sizes from the broadening of the corresponding (101) peak using the Scherrer formula [START_REF] Zhang | Effects of calcination on the photocatalytic properties of nanosized TiO2 powders prepared by TiCl4 hydrolysis[END_REF]:

L = Kλ / βicos(2θ/2) (Eq.1)
with L the crystallite size; K the shape factor taken as 1; λ the wavelength of the Cu Kα radiation (0.15406 nm) and βi the line width at half-maximum height considering the correction (βi = {(βmeasured) 2 -(βinstrumental) 2 } 0.5 ). After taking into account all parameters, result about the crystallites size of our samples are summarized in Table 1.

Slightly lower crystallite sizes in the range of 11.0-11.2 nm are found for the Sr-doped samples versus 12.0 nm for the strontium-free TiO2 nanomaterials counterpart indicating that the presence of strontium plays a key role in stabilizing the anatase crystallite sizes. One should however keep in mind that the given values of crystallite size are roughly estimated since the Scherrer formula is generally applicable only for spherical particles differing in this way from our tubular samples. 2B). The blue shift can be attributed mainly to the creation of surface oxygen defects (e.g. vacancies) resulting from the implementation of Sr onto the surface of TiO2 nanotubes [START_REF] Komaraiah | Effect of particle size and dopant concentration on the Raman and the photoluminescence spectra of TiO2:Eu 3+ nanophosphor thin films[END_REF]. On the opposite, at higher Sr loading (Sr ≥ 0.6 wt%), a red shift of the E1g mode of the anatase phase was observed. In the literature, the red shift was accounted for the distortion of the bulk anatase crystalline lattice [START_REF] Komaraiah | Effect of particle size and dopant concentration on the Raman and the photoluminescence spectra of TiO2:Eu 3+ nanophosphor thin films[END_REF], by a non-uniform particle size distribution [START_REF] Parker | Calibration of the Raman spectrum to the oxygen stoichiometry of nanophase TiO2[END_REF][START_REF] Scepanovic | Effects of Confinement, Strain and Nonstoichiometry on Raman Spectra of Anatase TiO2 Nanopowders[END_REF] or by the co-existence of several phases [START_REF] Scepanovic | Temperature dependence of the lowest frequency E g Raman mode in laser-synthesized anatase TiO2 nanopowder[END_REF]. However, as explained before, bulk distortion of the anatase crystalline lattice resulting from direct substitution of Ti by Sr is not expected while the use of low Sr loadings rules out non-uniform particle size dustribution.

Only the last possibility, the co-existence of another phase like SrTiO3, can be considered here.

Figure 2

UV-vis Diffuse Reflection Spectra

UV-vis DRS spectra were also investigated for the diverse Sr-containing catalysts (Figure 3) while the values of band gap energy are summarized in Table 1. Results indicated that the DRS spectra (Figure 3) are ruled by the strong absorption of TiO2 materials in the UV region (360 nm) due to O 2-(2p) → Ti 4+ (3d) charge transfer processes. In addition, a red shift of the onset for absorption can be noticed for the 0.4wt%Sr-TiNT sample. Indeed, while the onset value is 340 nm for 0.2 wt%Sr-TiNT, this value shifts downward to about 300 nm for 0.4wt%Sr-TiNT. At higher Sr loadings, this effect is no longer observed. To further confirm the effect of strontium on the spectroscopic properties of the titanate nanotubes, band gap energy was determined for the samples doped or not with strontium (Table 1) using the Kubelka-Munk method [START_REF] Ohtani | Photocatalysis A to Z What we know and what we do not know in a scientific sense[END_REF] considering an indirect band gap transition as expected for anatase.

The undoped calcined TiNT solid possesses a band gap energy of about 3.20 eV in agreement with the value expected for anatase (~3.17 eV) in good agreement with XRD and Raman results. With increasing strontium loading, Eg increases to reach 3.42 ± 0.02 eV for 0.2wt%Sr-TiNT showing that strontium slightly modified the optical properties of TiNT. Surprisingly, a large Eg band gap value of 3.71 eV is observed only for 0.4Sr-TiNT while values go back to about 3.4 eV at higher loadings (Sr ≥ 0.6 wt%). This result shows that around a Sr loading of 0.4 wt%, an optimum in the proportion of surface structural defects (like for instance the creation of Ti 3+ species) is reached before decreasing again at higher Sr loadings.

Textural Properties

As shown in Figure 4, N2 adsorption-desorption measurements were undertaken to investigate the effect of the strontium doping on the textural properties of xwt% Sr-TiNT nanomaterials. All isotherms are of a type IV profile with H3 hysteresis loops which are characteristic of non-rigid particles aggregates which results in the formation of slot-like pore [START_REF] Zhang | Oxide defect engineering enables to couple solar energy into oxygen activation[END_REF].

The surface areas of TiNT and xwt% Sr-TiNT materials (Table 1) decreases slightly from 128 m 2 g -1 NT to 95 m 2 g -1 after doping with 0.4 wt% Sr. This results could be explained by some porosity blockage but in a very limited extent by the presence of Sr. The pore diameter obtained from BJH method indeed only decreases very slightly with increasing Sr loading. This suggests that Sr deposition did not influence significantly textural properties in agreement with previous results

showing a high degree of Sr dispersion. One should however also consider that the pore size contribution determined here is also influenced by intergranular porosity issues related to the tendency of TiNT materials to generate aggregated bunches owing to Van der Waals interaction.

Morphological Properties

The morphological properties of 0.8wt%Sr-TiNT representative of the samples at high Sr loading for which structural effects are expected was examined by TEM (Figure 5).

From Figure 5A, the 0.8wt%Sr-TiNT catalyst shows nanotubular morphology (with a length lower than 100 nm) with multiwalled tubes having a width in the range of 1.5 nm (Figure 5B).

Moreover, the nanotubes are uniform in pore size with an internal diameter of ~5 nm.

Z-mapping of the SEM pictures of 0.8wt%Sr-TiNT is presented in Figure 6 with the corresponding O, Sr and Ti elements. The observation of these SEM images reveals an homogeneous distribution of the Sr, O and Ti elements in our nanomaterials in agreement with previous results.

From EDX outcomes, the atomic molar ratio Sr/Ti are respectively 0.0067 and 0.020 for respectively 0.2wt%Sr and 0.8wt%Sr-TiNT showing a slight deficiency in Sr at higher loading probably consecutive of a deeper Sr embedding inside our materials in the latter case.

Photoluminescence Measurements

In order to highlight the effect of strontium, photoluminescence (PL) emission spectroscopy was performed to examine the existence of surface defects. For this purpose, PL measurements were investigated using an excitation laser source at 330 nm. All the spectra were plotted in the 360-700 nm range (Figure 7) considering two samples at 0.2wt%Sr and 0.8 wt% Sr.

On the PL curves, several emission processes were observed. The main emission peaks are organized in four groups: (i) UV emission contribution at 397 nm results from phonon-assisted indirect transition from the edge (Χ) to the center (Γ) of the Brillouin zone [START_REF] Meksi | Effect of cerium content and post-thermal treatment on doped anisotropic TiO2 nanomaterials and kinetic study of the photodegradation of formic acid[END_REF][START_REF] Serpone | Size Effects on the Photophysical Properties of Colloidal Anatase TiO2 Particles: Size Quantization versus Direct Transitions in This Indirect Semiconductor?[END_REF], (ii) to Ti 3+ species charge transfer processes at 471 nm [START_REF] Liu | Photoluminescence of Anatase and Rutile TiO2 Particles[END_REF], (iii) photogenerated electron-hole pairs recombination at 457 nm [START_REF] Lei | Preparation and photoluminescence of highly ordered TiO2 nanowire arrays[END_REF][START_REF] Preclikova | Nanocrystalline titanium dioxide films: Influence of ambient conditions on surface-and volume-related photoluminescence[END_REF], and finally (iv) oxygen defects like vacancies or -O-H at 535 nm [START_REF] Preclikova | Nanocrystalline titanium dioxide films: Influence of ambient conditions on surface-and volume-related photoluminescence[END_REF]. It is surprising to see that the photoluminescence profiles show identical contributions having similar relative proportions whatever the Sr content. Indeed, the relative ratio of peak area relative to oxygen defects (535 nm) to phonon-assisted indirect transition (397 nm) is 0.19 for 0.2wt%Sr-TiNT against 0.23 for 0.8wt%Sr-TiNT. This evolution remains, however, marginal.

However, we noted that 0.8Sr-TiNT sample shows a slightly higher intensity for electrons transfer from Ti 3+ to TiO6 2-octahedra at 457 nm. XPS analysis will gives us more insights about the possible creation of Ti 3+ species known to be highly active in photocatalysis.

Figure 7

3.8 X-ray Photoelectron Spectroscopy Sr-containing TiNT samples were also investigated by X-ray photoelectron spectroscopy (XPS)

and compared to Sr-free counterpart sample as reference (Figure 8). Figure 8B shows the Ti 2p3/2 signal deconvolution maintly into two contributions : (i) Ti 4+ at 458.8

eV and (ii) Ti 3+ at 456.7 eV [START_REF] Colón | Cu-doped TiO2 systems with improved photocatalytic activity[END_REF][START_REF] Yu | Photocatalytic activity of nanometer TiO2 thin films prepared by the sol-gel method[END_REF][START_REF] Zhang | Enhanced photocatalytic hydrogen evolution activity of carbon and nitrogen self-doped TiO2 hollow sphere with the creation of oxygen vacancy and Ti 3+[END_REF]. Hence, the proportions of Ti 4+ and Ti 3+ species are evaluated and reported in Table 2.

The addition of 0.2 wt% strontium yields to a decrease of the proportion of Ti 4+ species by 10%.

In fact, the proportion of Ti 4+ is 100% for Sr-free TiNT against 90% for 0.2wt%Sr-TiNT. The proportion of Ti 3+ continues increasing with the strontium loading reaching up to 25 % for 0.6wt%Sr-TiNT before decreasing at higher Sr content. This leads the Ti 3+ /Ti 4+ ratio first to increase from 0.11 for 0.2wt%Sr-TiNT to 0.16 for 0.6wt%Sr-TiNT to as low as 0.08 for 1wt%Sr-TiNT (Table 2). This is also lead to a significant decrease of the binding energy values with increasing Sr loading. At high Sr loading, Ti 4+ binding energy contribution is shifted by 0.6 eV from 458.8 for TiNT to 458.2 eV for 1.0wt%Sr-TiNT. The respective evolutions of the Ti 3+ amount and of the binding energies are in agreement with a two-step competing processes: the addition of strontium at low loadings induces first mainly the formation of higher amounts of Ti 3+ species due to the creation of surface oxygen vacancies. However, these Ti 3+ species are consumed by increasing Sr loading due to the formation of Ti-O-Sr species. These competing effects leads to an optimum formation of Ti 3+ species at intermediate Sr loadings (around 0.6 wt% Sr). These results agreed with PL measurements, electrons transfer from Ti 3+ to TiO6 2-octahedra increases to some extend when going from 0.2wt%Sr-TiNT to 0.8wt%Sr-TiNT.

O 1s XPS core-level spectra for xSr-TiNT and TiNT are summarized in Figure 8C and contributions of O species in Table 2. From figure 8C, only one single contribution of lattice oxygen O 2-at 530.0 eV is obtained with Sr free sanple, while additional contribution at and 530.6

eV corresponding to adsorbed oxygen such as defect-oxide O2 -or hydroxyl-like OH -groups is found for the Sr-containing samples (commonly called Ov species afterwards) [START_REF] Nagaveni | Synthesis and structure of nanocrystalline TiO2 with lower band gap showing high photocatalytic activity[END_REF]. In this regard, the O 2-signal of TiNT is found at 529.5 eV as expected for bulk anatase [START_REF] Zhao | Ti 3+ doped V2O5/TiO2 catalyst for efficient selective catalytic reduction of NOx with NH3[END_REF]. Introduction of strontium yields to a rapid increase of the proportion of Ov species reaching an optimum of 43 % at a 0.4 wt%Sr loading. However, increasing further the Sr loading once again decreases the proportion of Ov species to 21% in the case of 1.0wt%Sr-TiNT. These results confirm that at a threshold Sr loading around 0.4-0.6 wt%, the highest proportion of surface oxygen vacancies associated with Ti 3+ species is reached while continuous consumption of these surface oxygen vacancies to form Sr-O-Ti entities leads to a decrease in Ov species at higher Sr loadings. This leads to similar Ov proportion when comparing the 0.2wt%Sr-TiNT and 0.8wt%Sr-TiNT samples (30 vs 32 %) in good agreement with PL results.

Finally, Sr 3d core level region (Figure 8D), for wchich the intensity increases versus Strontium loading up to 0.8Sr-TiNT. However, the intensity increases slightly between 0.8 SrTiNT and The XPS analysis showed a net variation of the Ti, O, and Sr species environment versus Sr loading onto TiNT. We reached an optimum for oxygen vacancies and Ti 3+ species around 0.4-0.6 wt% before being gradually consumed by plausible formation of SrTiO3 entities. Finally, at the highest Sr loading (1.0 wt%), the formation of strontium oxide entities is not excluded.

Table 2

Figure 8 3.9 Photo-Assisted Esterification of Benzaldehydes

Esterification of Benzaldehyde over xSr-TiNT Samples

The catalytic properties of xSrTiNT samples were examined in selective oxidation of benzaldehyde. The tests were performed first under dark (equilibrum) and visible light irradiation using a Xe lamp. An example of the evolution of selectivity in function of conversion is provided for 0.8wt%Sr-TiNT in Figure 9.

The conversion of benzaldehyde is expressed by Eq.2

𝑿𝑿 = 𝒏𝒏𝒏𝒏-𝒏𝒏𝒏𝒏 𝒏𝒏𝒏𝒏 ( 0≤X≤1) (Eq.2)
with n0 the intial number of moles of benzaldehyde and nt the number of moles at time t.

The selectivity in product K is defined by Eq.3

Sk = 𝒏𝒏𝒏𝒏 𝒏𝒏𝒏𝒏-𝒏𝒏𝒏𝒏 (Eq.3)
with nk the number of moles of product k at time t.

The yield of product k is defined by Eq.4:

YK =

𝒏𝒏𝒏𝒏 𝒏𝒏𝒏𝒏 *100 (Eq.4) in the dark. This conversion under dark conditions results from a well-known auto-oxidation mechanism producing in fine benzoic acid [START_REF] Sankar | The benzaldehyde oxidation paradox explained by the interception of peroxy radical by benzyl alcohol[END_REF]. This point is clearly shown in Figure 9A with a selectivity in benzoic acid reaching 100%. Moreover, the catalytic kinetic evolution observed with the 0.8wt%Sr-TiNT sample shows a pseudo-first order law with a rate constant value of 0.0026 min -1 in the dark against 0.019 min -1 under visible light. Hence, the pseudo-rate constant significantly increases by a factor of ~ 7 in presence of visible light. The 0.8wt%Sr-TiNT system appears also more selective for benzoic acid (0.72) with respect to benzylbenzoate ester (0.11) while a non-negligible amount of benzyl alcohol is also formed. Therefore, irradiation under visible light photogenerates both oxidative OH . radicals and electrons which are responsible respectively for benzaldehyde oxidation and reduction .

Pseudo-rate constant values for the benzaldehyde conversion under visible light, selectivity results along the reduction and oxidation pathways as well as the yield in ester are reported in Table 3 for TiNT and the series of xSr-TiNT samples with x in wt% ( 0.2, 0.4, 0.6, 0.8, and 1.0).

Table 3

Figure 10 Our results clearly demonstrated that the addition of strontium significantly enhances the catalytic response of the xSr-TiNT systems. The addition of 0.2 wt% Sr to the TiO2 nanotubes boosted the rate constant by 190% with respect to the TiO2 nanotubes alone. Furthermore, the addition of 0.4 wt% Sr does not modify significantly the catalytic response which remains similar to the 0.2wt%Sr-TiNT case. Further addition of strontium provides a progressive decline of the pseudorate constant response but still with an activity higher than for the Sr free sample. The trend of benzaldehyde conversion (X) remains marginal but shows excellent values (> 91%).

Interestingly, selectivities into the different products vary with the Sr loading (Figure 10). For instance, the selectivity to benzylbenzoate (ester) increases markedly with the strontium addition.

Indeed, the selectivity in ester is 10.6% for the Sr-free TiNT sample but reaches its highest value of 79.3% for 0.4wt%SrTiNT (Figure 10). This results could be associated to an optimum formation of Ov as shown by PL and XPS measurements. Nevertheless, the ester selectivity decreases to 11.1 % for 0.8wt%Sr, showing complete loss of beneficial effect of Sr. Indeed, the highest proportion of Ov (43 %) was achieved for 0.4wt%Sr-TiNT (Table 2). Another interesting point is related to the drastic increase of the selectivity into benzyl alcohol at the highest Sr loading of 1.0 wt%. Such an increase can in fact be related to the formation of strontium oxide as mentioned previously and known to favor the reduction of benzaldehyde to benzyl alcohol [START_REF] Bhanushali | Catalytic Hydrogenation of Benzaldehyde for Selective Synthesis of Benzyl Alcohol: A Review[END_REF].

To gain insight into the benzylbenzoate selectivity enhancement observed when using strontium, the benzaldehyde reaction under visible light was found to occurr through two competitive pathways: oxidation and reduction. In the presence of photogerated electron-hole pairs, benzaldehyde (1) undergoes oxidation to benzoic acid (2) and reduction to benzyl alcohol (4) and to toluene [START_REF] Wang | Full-spectrum solar-light-activated photocatalysts for light-chemical energy conversion[END_REF]. Benzylbenzoate (3) is obtained from the esterification between benzoic acid (2) and benzylalcohol (4) (Sheme 1).

Scheme 1.

Reaction route leading to benzaldehyde esterification.

Photogenerated electrons are found to be responsible for the formation of benzyl alcohol by reduction of benzaldehyde and toluene influencing in such a way markedly the yield in the different products. The presence of Ov species as evidenced by XPS and PL measurements will act as trap for the photogenerated electrons limiting further reduction to toluene. This could also favorably enhance the selectivity along with the oxidation pathway since photogenerated holes will remain more available for this route. Newly formed Ti 3+ associated to surface oxygen vacancies will facilitate the charge carrier separation during the photocatalytic process. In this respect, XPS results emphasize well this fact since both optimum in activity and the highest yield in ester were both reached at a Sr loading of 0.4 wt% corresponding to an optimum formation of

Ov species [START_REF] Zhao | Ti 3+ doped V2O5/TiO2 catalyst for efficient selective catalytic reduction of NOx with NH3[END_REF] on the TiO2 nanotube surface. Hence, the existence of Ov is the main cause for achieving a beneficial effect for the photocatalytic response. This suggests that the role of strontium is mainly related to an indirect effect inducing the formation in high proportion of surface oxygen vacancies able to capture the generated photoelectrons [START_REF] Scepanovic | Temperature dependence of the lowest frequency E g Raman mode in laser-synthesized anatase TiO2 nanopowder[END_REF][START_REF] Serpone | Size Effects on the Photophysical Properties of Colloidal Anatase TiO2 Particles: Size Quantization versus Direct Transitions in This Indirect Semiconductor?[END_REF][START_REF] Meksi | Design of TiO2 nanorods and nanotubes doped with lanthanum and comparative kinetic study in the photodegradation of formic acid[END_REF]. This indirect effect must however not rule out another additional beneficial effect related to SrTiO3 entities formation onto the TiO2 yielding to improved charges separation at the semiconductor surface [START_REF] Alrashedi | Enhancement of the photocatalytic response of Cu-doped TiO2 nanotubes induced by the addition of strontium[END_REF]. 

Esterification of Benzaldehyde

+ O O (2) (3) (4) (5) 
The effect of electron-withdrawing (-Cl, and -NO2) and electron-donating (-OCH3 and -OH) groups was herein studied onto the most active 0.4wt%Sr-TiNT sample to highlight the influence of these substituents on the reaction activity. The selective oxidation of BzOH derivatives follow the same first-order kinetic model than for benzaldehyde. The results are summarized in Table 4 and Figure 11.

Table 4

Figure 11 Our results emphasize that the pseudo-first order rate constant k1 values increase with the nature of the substituent in the following order: -NO2< -Cl < -H < -OCH3 < -OH. This behavior follows the variation of the Hammett constant (σ) (Figure 11). In fact, the highest activity is obtained at the most negative value of σ corresponding to the -OH substituent while the lowest activity is found at the most positive σ value corresponding to the -NO2 group. This indicates that the reaction is sensitive to the electronic effect of the substituent: while electron-donating groups accelerate the rate of the reaction, by contrast, electron-withdrawing groups slows it down. The yield in ester is also influenced by the electron donating or withdrawing character of the substituent with the highest yields found at negative values of σ.

Conclusions

the photoconversion of benzaldehyde to benzylbenzoate was herein investigated using Srcontaining TiO2 nanotubes. XPS, PL and Raman characterizations show that the addition of strontium favors the simultaneous competitive formation of Sr-O-Ti species and of surface defects (oxygen vacancies associated to Ti 3+ species). In this respect, surface oxygen vacancies were found to be progressively consumed to form Sr-O-Ti entities. This leads in fine to an optimum in surface defects at intermediate Sr loadings (0.4 wt% Sr) while further additon of strontium induces the rapid formation of Sr-O-Ti species at the expense of surface defects. Moreover, the photocatalytic assisted esterification of benzaldehyde occurs through competitive oxidation/reduction routes and is directly influenced by the strontium addition and its role in varying the respective proportion of surface species formed at the surface of the TiO2 nanotubes. Correlation with catalytic evaluation shows that both activity and selectivity in ester increase with the proportion of surface defects, the optimum being reached at a Sr loading of 0.4 wt% corresponding to the highest propension to form surface defects. Finally, the investigation of various electron-donating or electron withdrawing substituents on benzaldehyde derivatives emphasizes a direct corrleation with the variation of the Hammett constant underlining the beneficial effect of electron-donating groups on both activity and selectivity in esters. 
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	3.3 Raman Spectroscopy
	Raman spectra of pure TiNT nanotubes and xwt% Sr-TiNT nanomaterials are shown in Figure
	2A. Signals at 143, 394, 514 and 638 cm -1 are ascribed to the active vibration E1g, B1g, A1g and Eg
	modes of the anatase phase which is found in good agreement with XRD observations. Moreover,
	Raman spectra of low Sr-doped materials (0.2 and 0.4 wt%Sr) demonstrate a slight blue shift and
	broadening of the main E1g signal (144 cm -1 ) (Figure

Table 1 .

 1 ICP analysis, textural and structural properties of x wt% Sr -TiNT catalysts, x = {0, 0.2, 0.4, 0.6, 0.8 and 1 wt%}.

		Sr	SBET	Pore	Eg	L particle	EDAX
		(wt%)	(m 2 .g -1 )	diameter	(eV)	size	
	Catalysts			(nm)		(Coherent	Sr/Ti
						domain)	atomic ratio
						(nm)	
	TiNT	-	128	22.2	3.20	12.0	-
	0.2wt %Sr-TiNT	0.24	107	22.8	3.42	11.0	0.0067
	0.4wt%Sr-TiNT	0.37	95	22.1	3.71	11.2	-
	0.6wt%Sr-TiNT	0.63	117	21.8	3.46	11.2	-
	0.8wt%Sr-TiNT	0.81	106	21.7	3.41	11.1	0.020
	1.0wt%Sr-TiNT	1.10	108	21.5	3.41	11.1	-

Table 2 .

 2 XPS decomposition results of the Ti 2p3/2 and O1s core-level spectra for the xSr-TiNT samples (with x in wt% = 0.2, 0.4, 0.6, 0.8, 1.0) and comparison to the Sr-free TiNT reference. Binding energy values in eV and proportions in % (in parentheses) of each Ti and O species are indicated.

	Catalysts	Ti 2p3/2	O 1s	
	Ti 4+	Ti 3+	O 2-	Ov	Ti 3+ /Ti 4+
	TiNT 458.8 (100)	529.50 (100)		-
	0.2wt%Sr-TiNT 458.75 (90) 456.89 (10)	529.70 (70)	530.40 (30)	0.11
	0.4 wt%Sr-TiNT 458.52 (89) 456.68 (11)	529.53 (57)	530.10 (43)	0.12
	0.6 wt%Sr-TiNT 458.50 (75) 456.70 (25)	529.80 (75)	530.70 (25)	0.16
	0.8 wt%Sr-TiNT 458.27 (86) 456.38 (14) 529.48 (68.0) 530.16 (32.0)	0.15
	1.0 wt%Sr-TiNT 458.25 (93) 456.40 (7) 529.50 (78.3) 530.20 (21.7)	0.078

Table 3 .

 3 Catalytic properties (rate constants, conversion, selectivities and yield in ester) for the transformation of benzaldehyde under visible light photoirradiation for the series of xwt%Sr-TiNT nanomaterials (x= in wt% = 0.2, 0.4, 0.6, 0.8 and 1). Comparison is provided to the strontium-free TiNT sample.

k1: pseudo-first order rate constant; X: conversion; BzOH: Benzyl alcohol; BzCH3 : Toluene; BzCOOH: Benzoic acid; ester: Benzylbenzoate and Y: yield in ester.

Table 4 .

 4 Rate constants, Hammett constant values and yield in ester observed during the conversion of various benzaldehyde derivatives onto 0.4wt%SrTiNT sample.

	Benzaldehyde	Structure	k1	Hammett	Yield
	derivatives		(min -1 )	constant	Ester
				(σ)	(%)
	BzCHO		0.037	0	72
	Hydroxy 2-BzCHO		0.0545	-0.37	85
	2,4-dimethoxy-BzCHO		0.0430	-0.268	80
	p-chloro-BzCHO		0.0339	+0.227	65
	2-nitro-BzCHO		0.0136	+0.778	40
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