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ZrO2 nanoparticles have been investigated in the photodegradation of formic acid under UV irradiation. ZrO2 photocatalysts were prepared using a 'one-pot' sol-gel method followed by drying under supercritical conditions of solvent and calcination at temperatures varying between 400°C and 800°C. Samples were characterized by adsorption-desorption isotherms, XRD, Thermal analysis, Raman spectroscopy, HRTEM, DRS, PL and XPS. The aerogel preparation allows the creation of intermediate band gap states making it active under UV irradiation. The photoactivity of ZrO2 samples follow the order; ZrO2 400 >= ZrO2 800 > ZrO2 700 > ZrO2 500 > ZrO2 600 in agreement with their optical properties. The lower the value of mid band gap, the higher the photocatalytic activity. The value of mid band gap, depends on the nature of the ZrO2 phase (tetragonal or monoclinic), surface oxygen defects and the tendency to lattice distortion for samples treated at high temperature. This study therefore shows for the first time that adequate preparation of oxide materials (here ZrO2) allows finely tuning the creation of intermediary band gap sites through thermal post-treatments making ZrO2, a large band gap material, able to photocatalytically work under UV irradiation.

Introduction

Wastewater from industrial and agricultural activities contains refractory organic pollutants such as washing effluents from the chemical industry, aqueous solvents, pharmaceutical compounds, dyes, etc [1,2]. Their high concentration in water can have serious effects on human health and on the environment [3,[START_REF] Ganoulis | Risk Analysis of Water Pollution[END_REF]. Therefore, wastewater must be treated before being recycled or discharged into the natural environment. For this purpose, promising technologies based on the Advanced Oxidation Processes (AOPs) have been extensively investigated since providing a rapid and non-selective rapid oxidation of a wide range of organic pollutants [START_REF] Miklos | [END_REF].

Among the AOPs, heterogeneous photocatalysis has proven to be an efficient method that can play a benficial role in solving the problem of water pollution. In a photocatalysis process, the semiconductor acting as a photocatalyst is activated by photons whose energy is equal to or greater than the band gap. The semiconductor can then generate reactive species which have a high oxidizing power for degrading a wide variety of pollutants [6].

Various photocatalysts (TiO2, ZnO, g-C3N4, ZrO2 ...) with interesting catalytic properties have been investigated in the past years [7][8][9][10]. In this respect, new preparation methods of C3N4 photocatalysts can be noticed through for instance functionalization using grafted alkynyl groups [11] or combination with MXene (Ti3C2) [12] for various applications in dye or antibiotics photodegradation and photocatalytic N2 fixation. Similarly, Ti3C2 sheets can be successfully associated with N-doped TiO2 semiconductors [13]. Finally, fine control of the respective proportions of the various TiO2 polymorphs [14] and/or combination with carbon allotropes [15][16][17][18] provide alternative interesting routes for enhanced photocatalytic performance.

Among these photocatalysts, TiO2 and ZnO are the most studied whereas fewer studies delt with the photocatalytic properties of ZrO2. Zirconia is the only metal oxide presenting acidic, basic as well as oxidizing and reducing properties [19]. These properties can be adjusted by varying the preparation method, the zirconium precursor, and the pretreatment conditions [20].

The interest of ZrO2 as semiconductor for photocatalytic applications has increased because of its non-toxicity, chemical stability, low cost and environmental friendliness. Although various studies deal with the preparation of the ZrO2 photocatalyst, most of them have been dedicated to the photodegradation of dyes [21][22][23][24][25][26][27][28][29][30][31][32][33][34] while the degradation of other organic pollutants [35][36][37][38][39] or the hydrogen production [32,40,41] was less envisaged. However, up to date, no studies related to the photodegradation of formic acid over ZrO2 nanomaterials have been described in the literature. Zirconia is a wide band-gap oxide with an Eg value of about 5 eV. Therefore, controlling its defect profile in order to induce energy states in the band gap is the only possibility to make it a photocatalyst active under UV and visible light irradiations. The functional properties of wide band-gap oxides depend on intrinsic defects whose proportion and nature are strongly affected by the preparation method and the subsequent treatments of the material [42,43]. Intrinsic lattice defects usually introduce energy levels within the band-gap, thereby, potentially improving the overall photocatalytic efficiency. Sinhamahapatra et al. [32] have prepared a low band gap zirconia material (1.5 eV) for photocatalytic hydrogen production. Zheng et. al. [31] also showed that the photocatalytic activity of ZrO2 nanooxides in the degradation of rohdamine B was attributed to the density of oxygen vacancies (intrinsic defects) on the zirconia materials. Defects serve as electron traps which greatly affects the optical properties of ZrO2 and its catalytic activity. Defect vacancies are thought to significantly influence the phase stability and transformation of ZrO2 materials.

The choice of the preparation method is therefore an important parameter that can influence the properties and performance of any catalyst. Different synthesis methods such as solvothermal [44], co-precipitation [45], hydrothermal [46], microwave-assisted synthesis [47], chemical vapour synthesis [48] and sol-gel [49] have been used to synthesize ZrO2 nanostructures. However, large surface areas obtained in materials synthesized by sol-gel methods allow the preparation of pure and mixed oxides with desirable properties. Sol-gel synthesis is an effective route to obtain materials with specific properties because the materials are mixed at the atomic level, at a lower processing temperature and in less time. Moreover, this method allows a great control of the size and morphology of nanomaterials [50]. Photocatalysts prepared by the solgel method studied in the literature are mostly xerogels [51]. Nevertheless, ZrO2 aerogel photocatalysts are rarely envisaged.

In the case of ZrO2 nanostructures synthesized by sol-gel method, the crystal structure strongly depends on the calcination temperature which has a great influence on optical, structural and catalytic properties of synthesized materials. Many studies have been carried out on the effect of calcination temperature on the properties of ZrO2, but in the majority of cases, they deal with its physico-chemical properties without determination of photocatalytic properties [52,53]. The present study will therefore report for the first stime the correlation between the calcination temperature and the physico-chemical as well as photocatalytic properties of ZrO2 nanoparticles in the degradation of formic acid.

The aim of the current work will then consist in the elaboration of ZrO2 nanoparticles active under UV-light irradiation, using a simple 'one-pot' sol-gel route followed by drying under supercritical conditions. The elaborated aerogel nanoparticles will then be evaluated in the photodegradation reaction of formic acid. A very detailed study of the correlation between calcination temperature and structural, optical, textural and morphological properties of zirconia nanoparticles will be presented identifying the best temperature to yield the highest photocatalytic activity. This work would enrich the literature data in order to guide future progress on this third-generation earth abundant photocatalyst.

Experimental

Materials

Zirconium propoxide (70 wt % in 1-propanol) was supplied from Sigma-Aldrich and was used as a zirconium precursor. Isopropyl alchool (99,5%, Acros) was used as a solvent.

Ethylacetoacetate (98%, Fluka) and nitric acid (65%, Scharlau) were included during the sol-gel route. Formic acid (FA) (80%) was purchased from Acros Organics and was used as a model pollutant. Ultrapure water (18 MΩ.cm -1 ) was used throughout the whole experiments.

Preparation of ZrO2 Nanomaterials

ZrO2 nanomaterials were elaborated using the 'one-pot' sol-gel method as follows. Typically, 18.2 mL of zirconium (IV) propoxide was dissolved in 6.1 mL of isopropyl alchool under stirring at 30°C. Then, ethylacetoacetate (Eacac) was added as complexing agent in a molar ratio n(Eacac)/n(Zr) = 2. The mixture was kept under stirring at 30°C for 1 h. Then, 5.8 mL of an aqueous solution of nitric acid (0.1 mol.L -1 ) was added dropwise to the above mixture for hydrolysis and condensation reaction. Stirring was continued until a translucent gel, free of agglomerates, was obtained. The resulting gel was aged for 24 h, dried in an autoclave under supercritical conditions of the solvent (T = 245°C, P = 52 bars), ground to a fine powder and then calcined in an oven under O2 flow at several temperatures (400°C to 800°C) for 3 h with a temperature rise of 2°C/min and a flow rate of 30 mL/min.

Characterization

X-ray diffraction (XRD) patterns were obtained on a PHILIPS PANALYTICAL diffractometer equipped with a copper anticathode with Cu Kα radiation (λ = 1.5405 Å) and working at a voltage of 40 kV and a current of 30 mA. The angular zone chosen for recording is between 5 and 70° and the scanning speed is 2°.min -1 . The diffractograms were processed with the X'Pert

High Score Plus program. The XRD estimation of the crystallite size was based on the Scherrer equation:

D = k λ/ β cos θ ( 1 
)
Where D is the mean grain size (nm), k is a constant (0.9), λ is the X-ray wavelength (0.154 nm), β is the corrected full width at half maximum height of the selected peak and θ is the diffraction angle.

The thermogravimetric analysis (TGA) was evaluated using the Mettler Toledo under N2 atmosphere (15 ml/mn) with a heating rate of 10 °C min -1 .

The Raman spectra were recorded at ambient temperature on a LabRam-HR Raman spectrometer (Horiba-Jobin Yvon) equipped with a CCD detector. The exciting laser at 633 nm (He-Ne laser) was focused using a x50 long working distance objective. The average power of the incident beam on the sample was 1 mW. The time of acquisition was adjusted according to the intensity of the Raman scattering. Spectral resolution was set to 4 cm -1 .

The measurements of the specific surface areas as well as the porosity were estimated using the Brunauer-Emmett-Teller (BET) method on an automated device MICROMERITICS type ASAP 2020. Before analysis, the samples were degassed under vacuum at 200 °C for 3 h.

Transmission Electron Microscopy (TEM) was performed on a JEOL 2010 (200 kV) microscope to reveal the morphology of the different samples. The TEM analysis specimens were first dispersed in ethanol before dropwise addition and drying onto a holey carbon film supported on a Cu grid (300 mesh).

UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS) measurements were performed using an AvaSpec-2048 Fiber Optic Spectrometer (AVANTES), with a symmetrical Czerny-Turner design. Spectra were recorded from 250 to 800 nm using a 2048-pixel CCD detector array.

Optical band gap of nanomaterials is calculated by using Tauc formula (αhυ) n =A(hυ-Eg). The variation of (αhν) 2 versus hν is linear at the absorption edge which confirms that ZrO2 is a semiconductor with direct band gap.

The photoluminescence (PL) was conducted using a Perkin-Elmer spectrophotometer (LS 55)

with a Xenon lamp (200-700 nm). The PL measurements were conducted under vacuum in a cryostat using an Ar + laser as excitation source (300 nm).

X-ray photoelectron spectroscopy (XPS) was conducted using a KRATOS Axis Ultra spectrometer equipped with a hemi-spherical analyzer working at a fixed pass energy of 40 eV with a 150 W Al Kα monochromatic source (1486.6 eV). The samples were pressed on an indium foil attached to the sample holder and placed into the XPS instrument. The binding energies were determined with an accuracy of ±0.2 eV. Curve fitting was performed utilizing mixed Gaussian and Lorentzian line shape after the treatment of background by Shirley type baseline.

Photocatalytic Test

Formic acid (FA) is used as a model molecule due to its direct mineralization into CO2 and H2O

without the formation of intermediates. Photocatalytic tests were performed under UV light using a PL-L 18W lamp from Philips. The lamp is centered at 370 nm and does not emit UV below 345 nm. In a Pyrex reactor (100 cm 3 ), 30 mg (1 g.L -1 ) of the photocatalyst was added to 30 mL of FA solution (1086 mmol.L -1 ) and stirred under dark conditions for 30 min to reach the adsorption equilibrium of FA on the ZrO2 surface prior to irradiation. Photocatalytic degradation was performed at natural pH (ca. 3.5) and at room temperature. During the photocatalytic process, the samples were extracted at regular intervals and filtered through 0.45

μm Millipore filters to remove residual catalyst prior to analysis. The UV light intensity of the lamp was measured by VLX-3W radiometer equipped with a CX-365 detector (355-375 nm)

and the distance from the photoreactor to the lamp was continuously regulated to maintain the radiant flux constant at 5.8 mW/cm 2 for all photocatalytic tests. After the photoreactions, the samples were analyzed by HPLC analysis using a VARIAN Prostar HPLC apparatus equipped with a single wavelength UV-Vis detector and a 300 mm x 7.8 mm carbohydrate analysis column (COREGEL-87H3). The mobile phase was an H2SO4 solution (5.10 -3 mol.L -1 )) and the flow rate was adjusted to 0.7 mL.min -1 . HPLC analysis was used to determine the concentrations of FA remaining after adsorption and during the photocatalytic degradation process.

Results and Discussion

Characterization results

Textural Properties

N2 adsorption-desorption measurements of the different photocatalysts were performed in order to investigate the effect of calcination temperature on the textural properties of our ZrO2 nanomaterials. N2 adsorption-desorption isotherms and the corresponding BJH pore size distributions are reported in Figures 1A and 1B respectively.

Figure 1

According to the IUPAC classification [54], all isotherms exhibit a typical type IV(a) profile characteristic of mesoporous materials with a uniform and structured surface. All isotherms also present H2(a) hysteresis loops typical of interconnected mesoporous channels. Increasing the temperature of calcination leads to a progressive shift to higher P/P0 values of the onset of the hysteresis loops which become progressively less marked. Resulting specific surface areas as well as pore volumes and diameter values are reported in Table 1.

Table 1

The zirconia material presents a high specific surface area after calcination at 400°C (174 m²/g).

This high specific surface area is mainly related to the supercritical drying process of the gel.

In classical drying process, the solvent evaporation in an oven is not controlled. It creates a liquid-vapor interface inside the pores of the gel which can create surface tensions leading to a shrinkage of the pores of the resulting xerogel decreasing the specific surface area. In the present work, supercritical conditions allow to better control evaporation avoiding shrinkage phenomena and leading to an aerogel solid characterized by a higher porosity and lower density.

Interestingly, ZrO2 aerogels obtained in the present study exhibit significantly higher surface areas than ZrO2 xerogels reported in the literature [55,36,56]. Increasing the temperature of calcination leads to a drastic but progressive loss in specific surface area from 127 m 2 /g for ZrO2 500 to only 21 m 2 /g for ZrO2 800. This is accompanied by a similar drastic decrease of the pore volume values with almost a complete loss of the mesoporosity after calcination at 800°C. One should however note that porosity starts decreasing really above a temperature of calcination of 500°C. Similarly, pore diameters increase progressively from ZrO2 400 to ZrO2 700 while an acceleration is observed after calcination at 800°C suggesting a significant collapse of the textural properties at this temperature of treatment.

X-Ray Diffraction (XRD)

Structural analysis of ZrO2 synthesized nanomaterials in function of the temperature of calcination was performed using X-ray diffraction (Figure 2). planes of the ZrO2 monoclinic phase can also be noticed. The percentage of the two phases can be obtained using the following relationship [57]:

The monoclinic content Xm is:

X m = Im (-111)+Im (111) Im (-111)+Im (111)+It (101) (2) 
Where, Im (-111), Im (111) and It (101) are the integrated intensities of the corresponding planes of m (monoclinic) and t (tetragonal) phases.

The percentages of the monoclinic phase are presented in Table 2.

Table 2

The monoclinic content reaches a value of 22% after calcination at 400°C. Increasing the temperature of calcination above 400°C leads to a rapid increase of the crystallinity of the two phases while the monoclinic phase tends to form in larger amount at the expense of the tetragonal one. For instance, after calcination at 600°C, new monoclinic contribution can be noticed at 2θ = 31° (-111). Increasing further the temperature of calcination to 700°C leads to a strong increase of the intensity of the diffraction peaks due to the monoclinic phase showing that this latter phase now predominates at this temperature of calcination. Determination of the monoclinic content confirms this point since its proportion now reaches 72%. Finally, calcination at 800°C results in a complete transformation into the monoclinic phase as shown in Table 2.

Crystallite sizes were also determined by applying the Scherrer equation to the (101) peak of the tetragonal phase and to the (111) peak of the monoclinic one. Results are reported in Table 2 and show that up to a temperature of calcination of 600°C, the increase in crystallite size remains moderate for the tetragonal phase while it grows more than twofold between 600°C and 700°C confirming that the tetragonal-to-monoclinic transformation strongly accelerates in this temperature range. In the case of the monoclinic phase, the increase in crystallite size from 600°C to 800°C is more progressive.

Raman Spectroscopy

Raman spectra of the ZrO2 nanomaterials calcined at different temperatures are reported in Figure 3A. Note that below a temperature of calcination of 600°C, fluorescence phenomenon hampered the analysis of the samples by Raman spectroscopy. Complementary thermogravimetric analysis (Figure S1) showed that up to 600°C, significant weight loss (∼35%) can be observed resulting from the elimination of carbon residues inherent of the use of alkoxide precursors in the sol-gel method applied here and very often responsible for fluorescence perturbations in Raman spectra [58]. Therefore, only Raman spectra were acquired for temperatures of calcination between 600°C and 800°C for which previous XRD results have

shown that the tetragonal-monoclinic transformation mainly occurs.

Figure 3

ZrO2 spectra for all samples show distinct bands located at 102 (Ag), 179 (Bg+Ag), 222 (Bg), 309, 333 (Bg), 348, 381 (Ag+Bg), 475 (Ag), 502, 538, 558, 615, and 635 (Ag) cm -1 corresponding to the ZrO2 monoclinic phase [59]. The ZrO2 spectrum of the sample calcined at 600°C shows additional bands at 146 (B1g) and 266 (Eg) cm -1 attributed to the ZrO2 tetragonal phase [59] confirming the coexistence of both tetragonal and monoclinic phases at this temperature of calcination. Additional peaks reported for this phase around 318 (B1g), 460 (Eg), 610 (A1g) and 650 (Eg) cm -1 were not detected since overlapping with the contributions from the monoclinic phase. Increasing the temperature of calcination to 700°C leads to a strong decrease of the bands due to the tetragonal phase while after calcining at 800°C, only vibrational bands due to the monoclinic phase are observed. This agrees with the XRD results showing a complete transformation into the monoclinic phase at this temperature of calcination. Interestingly, as shown in Figure 3B, increasing the temperature of calcination leads to a blue shift of the main Ag mode from 103.5 cm -1 at 600°C to 102.4 cm -1 at 700°C and 101.1 cm -1 at 800°C. This blue shift was assigned previously to either an increase of the crystallite size (in this case of the monoclinic phase) or to the formation of surface oxygen vacancies as observed on ZrO2 [60],

TiO2 [61], and ZnO [START_REF] Fukushima | Joint IEEE International Symposium on the Applications of Ferroelectric (ISAF), International Symposium on Integrated Functionalities (ISIF), and Piezoelectric Force Microscopy Workshop (PFM)[END_REF]. In our case, considering only previous XRD results, it is not possible to distinguish between the different causes responsible for such a shift. Additional photoluminescence spectroscopy results were then acquired in this respect.

TEM and HR-TEM Analyses

In order to obtain more information about the morphology of the photocatalysts, ZrO2 nanostructures calcined at 400°C and 800°C were further characterized by TEM and HR-TEM measurements and the images are presented in figure 4.

Figure 4

As it can be seen, the samples are morphologically highly homogeneous and most of the particles are roughly of spherical shape. The average particle size is 5.0 ± 2.0 nm for the sample calcined at 400°C and 35 ± 2 nm for ZrO2 calcined at 800°C. The increase in the calcination temperature from 400 to 800°C results in an increase in ZrO2 particle size as observed previously using XRD. However, this size increase does not induce a change of the particle morphology remaining spherical even at 800°C. Surprisingly, at a temperature of calcination of 400°C, already well-crystallized monoclinic particles were observed even if representing only about 20% in proportion in ZrO2 400. One reason for this might be related to a higher crystallinity of monoclinic particles than tetragonal ones resulting in their easier dectection by HR-TEM. Atomic columns can be easily observed allowing the determination of a family of {020} and {111} crystallite exposed planes (Figure 4) corresponding to the monoclinic phase.

Similarly, at a temperature of calcination of 800°C, larger crystallite domains are visible corresponding once again to the monoclinic phase. from valence to conduction bands [START_REF] French | [END_REF]. Samples also present some additional contribution between 300 and 400 nm. It should be noted at least that ZrO2 700 presents a supplementary shoulder around 280 nm not observed on other samples. Band gap energy values were then obtained through determination of the corresponding Tauc plots by extrapolating the linear portion of (αhυ) 2 versus hυ curves as shown in Figure 5.

Figure 5

Band gap values are reported in Table 2.

Table 2

Results clearly show that in plus of the main band gap energy value centered at 4.97 eV, additional mid-band gap energy values are observed as soon as a temperature of calcination of 400°C. The appearance of mid-band gap states can be attributed to the formation of substoichiometric ZrO2-x species at the surface as already observed by Sinhamahapatra et al. [32].

Therefore, mid-band gap energy states could result from the creation of surface oxygen vacancies on the ZrO2 surface [64]. Moreover, mid-band gap energy values tend to increase from 2.95 eV for ZrO2 400 to 3.30 eV for ZrO2 600. This may be related to the increase of crystallite size observed for the tetragonal phase in this temperature range evidencing some quantum confinement effects [65] at least at low temperatures of calcination. Increasing further the temperature of calcination to 700°C results in the coexistence of two intermediate band gap

states, one at 4.06 eV probably related to the presence of some remaining large tetragonal particles and one around 3.13 eV. This last band gap presents a value much lower than those previously observed at a temperature of calcination of 600°C suggesting that the corresponding intermediate state corresponds in this case to the appearance of the monoclinic phase. This was confirmed for ZrO2 800 for which the mid-band gap energy value continues decreasing to 2.93 eV. This suggests that the accelerated transformation of the tetragonal phase into the monoclinc one in the 600°C-700°C temperature range also leads to a modification of the resulting optical properties through the variation in energy position of the mid-band gap intermediate states.

Photoluminescence Spectroscopy

To ensure whether the involvement of mid-gap states within the gap energy of zirconia observed by UV-Visible spectroscopy is linked to structural defects produced in ZrO2 nanoparticles, PL measurements were performed. PL spectroscopy is a very useful tool to obtain information on the electronic, optical and photoelectric properties of materials. In particular, it is widely used to study the various structural defects such as vacancies and interstitials, and impurities.

Theoretically, zirconia does not display any photoluminescence since it contains only Zr-O bonds, unless there are impurities, dopants, phase transformation or structural defects that can integrate electronic states in the band gap. Therefore, the observed luminescence of ZrO2 samples must be due to the non-stoichiometry created by the oxygen deficiency and other structural defects. Figure 6 reports the photoluminescence spectra of the ZrO2 nanoparticles calcined between 400°C and 800°C.

Figure 6

The wide band gap ZrO2 presents in all cases a strong photoluminescence response extending to the visible region confirming the appearance of new energy levels or electron traps resulting in a large variety of emissions [66]. The emission band around 400 nm is related to the near band edge (NBE) contribution confirming the high crystallinity of ZrO2 in the present case [66].

Additional emission bands in the visible region mainly around 450 and 480 nm may be due to the capture of electrons by mid-band gap trap states such as oxygen vacancies and surface defects [67,68]. Finally, a last contribution around 530 nm can be noticed which might be attributed to the presence of interstitial Zr 3+ ions as defects [69]. In this sense, PL observations corroborate previous UV-visible spectroscopy results about the appearance of new energy levels associated with the formation of structural defects like oxygen vacancies. These PL observations also confirm that the blue shift effect observed on Raman spectra is also related to the formation of oxygen vacancies even if contributions coming from an increase in crystallite size of the ZrO2 nanoparticles cannot be excluded too. Interestingly, increasing the temperature of calcination from 400°C to 600°C results in a net decrease of the PL intensity suggesting a lower number of structural defects on ZrO2 600 than on ZrO2 400. Increasing further the calcination temperature to 700°C results in a blue shift of the emission bands on the PL spectra due to lattice distortion induced by the phase transformation from tetragonal to monoclinic [21] confirming that the main temperature range for the tetragonal-to-monoclinc transition occurred in the 600°C-700°C region. This phase transformation is accompanied by a re-increase of the PL intensity up to a temperature of calcination of 800°C showing an increase in oxygen vacancies density. This can be favored by the lattice distortion due to the tetragonal-monoclinc transition which would trigger the appearance of structural defects during the phase transformation. In this respect, the ZrO2 800 sample exhibits the highest PL intensity suggesting in this case a high proportion of oxygen vacancies.

X-ray Photoelectron Spectroscopy Analysis

The surface composition of ZrO2 and the chemical states of the constituent elements were studied by XPS. Figure 7 shows the XPS data for the as-synthesized ZrO2 samples calcined at 400 and 800°C with the fitting curves for Zr 3d and O1s core-level spectra.

Figure 7

The XPS survey spectrum (Figure 7A) confirms the presence of Zr 3d and O 1s signals as expected for our samples as well as C 1s peaks related to organic residues coming from the zirconium propoxide precursor and/or the ethylacetoacetate complexing agent. Adventious carbon due to contaminants from air was also present.

High resolution Zr 3d core-level spectra were also acquired for both ZrO2 400 and ZrO2 800.

The Zr 3d core-level spectrum for ZrO2 400 (Figure 7B and Table 3) gives rise to two Zr 3d3/2 and Zr 3d5/2 doublets at binding energies of 184.6 eV and 182.2 eV respectively as expected for Zr 4+ species in ZrO2 [70,71].

Table 3

The main Zr 3d5/2 line for ZrO2 400 however substantially shifts to lower binding energy as compared to values generally reported for bulk ZrO2 (between 182.5 and 183.0 eV) [72,42] suggesting the presence of holes created by surface oxygen vacancies confirming our previous findings. ZrO2 800 also presents Zr 3d3/2 and Zr 3d5/2 contributions at binding energies of 184.3 eV and 181.9 eV (Figure 7C and Table 4) characteristic of Zr 4+ species into ZrO2. However, the main Zr 3d5/2 line shifts further to lower binding energy values than ZrO2 400 (by 0.3 eV)

suggesting an even higher concentration of surface oxygen vacancies as observed by PL measurements as well. Additionally, the ZrO2 400 sample also exhibits a small but noticeable secondary contribution giving rise to Zr 3d5/2 and Zr 3d3/2 contributions at 186.6 and 184.2 eV related to the formation of Zr-OH species [42,73]. Their presence might be favored here by the high specific surface area achieved by this sample (174 m 2 /g) and the presence of surface oxygen vacancies. This is also corroborated by the disappearance (or negligible contribution)

of Zr-OH species for ZrO2 800 which presents a much smaller surface area (21 m 2 /g).

Table 4

High resolution O 1s core-level spectra were also acquired for both ZrO2 400 and ZrO2 800 (Figure 7D). Both samples present two main contributions at 529.5 eV and 531.3 eV (for ZrO2 400) corresponding to O 2-lattice oxygen (Oα) species and to adsorbed oxygen (Oβ) such as defect-oxide O2 -or hydroxyl-like OH -groups [74]. Similar contributions are observed for ZrO2 800 but shifting slightly to higher binding energy values (by 0.2 eV) suggesting the formation of surface oxygen vacancies in higher proportion in this latter case [75] in agreement with previous findings. Moreover, the proportion of Oβ tends to strongly decrease when increasing the temperature of calcination from 400°C to 800°C (from 24.6 % for ZrO2 400 to 12.2 % for ZrO2 800) (Tables 3 and4) as expected when surface area decreases.

Photocatalytic Study

In order to identify the effect of the calcination temperature of ZrO2 nanoparticles on the adsorption amounts of formic acid (FA), a pollutant solution containing 50 ppm (1086 μmol/L) of the molecule was kept in the dark under stirring until equilibrium was reached. Results show that the adsorption of FA reaches its maximum after about 30 min and then remains constant due to the saturation of the active sites of ZrO2 with the organic pollutant. Thus, to achieve the adsorption equilibrium, the suspension was magnetically stirred for 30 min in the dark before irradiation by UV light. The amounts of FA adsorbed for the different ZrO2 samples obtained at different calcination temperatures are represented on Figure 8.

Figure 8

It can be noticed that the adsorption is correlated to the SBET values. The larger the BET surface area, the greater the quantity of adsorbed FA. The amounts of FA adsorbed corresponds to about 5% of the initial concentration of FA for ZrO2 calcined at 800°C and increases at 28% for ZrO2 calcined at 400°C.

The photocatalytic performance of ZrO2 nanomaterials were then evaluated for the degradation of FA under UV irradiation. Figure 9 reports the decrease in the FA concentration (μmol.L -1 ) as a function of time before irradiation and during irradiation for ZrO2 calcined at different temperatures.

Figure 9

The initial rates r0 of the photodegradation of formic acid were determined for each photocatalyst and are presented in Table 5.

Table 5

All the as-synthesized catalysts are active in FA degradation reaction under UV irradiation.

Since irradiation was herein provided by a PLL lamp which ensures maximum energy at 370 nm, the wide band gap ZrO2 was not expected to be photoactive under our experimental conditions. The reason behind the photocatalytic activity and its improvement will be explained afterwards. Actually, the photocatalytic degradation rate is not here linked to the specific surface area of the photocatalyst. For instance, the ZrO2 catalyst calcined at 800°C presents an activity of about 90% of the one observed for the sample calcined at 400°C even though its surface area is more than eight times smaller. On the other hand, the ZrO2 600 catalyst has twice the surface area of the 700°C calcined catalyst and four times the surface area of the 800°C calcined catalyst but is much less efficient. With the exception of ZrO2 400 which has the highest surface area (174 m2/g), the increase of the amount of monoclinic phase by increasing the calcination temperature from 500°C to 800°C favors the photocatalytic activity by a factor of three (Fig S3) even if it greatly reduces the surface area from 123 m 2 /g to 21 m 2 /g, indicating that the monoclinic phase must play an important role. The transformation of the tetragonal phase to the monoclinic one can be at the origin of the modification of the band gap [76].

Another important factor seems also to be the number of oxygen defects. Oxygen vacancies may play an important role by narrowing the band gap along with forming photocatalysis active centers or trap centers. Figure 10 illustrates the evolution of the disappearance rate of formic acid as a function of the mid-gap energy of the different ZrO2 nanoparticles.

Figure 10

It can clearly be seen that the photocatalytic activity is strongly linked to the control of the midgap energy change during the calcination treatment. Indeed, the ZrO2 samples with the lowest mid-gap energy values (ZrO2 400 and ZrO2 800) are catalytically the most efficient.

It can be seen from PL spectroscopy that the sample ZrO2 400 exhibits a high number of surface oxygen defects leading to intermediate energy states in the wide band gap of zirconia and thus participating in the enhancement of the resulting photoactivity [77][78]21]. In this particular case, the ZrO2 400 nanomaterial shows a lower mid-gap energy and a high surface area, explaining in turn its highest performance. In contrast, the sample calcined at 600°C exhibits the lowest number of structural defects and the largest mid-gap energy value which could decrease the overall photocatalytic efficiency.

At 800°C, the ZrO2 structure was modified being completely changed to an almost pure monoclinic phase along with a great deal of oxygen vacancies while showing an enhanced activity similar to that of ZrO2 400. This suggests that the monoclinic phase, despite its low surface area, can strongly improve the photocatalytic activity of ZrO2 [79,80,35]. Salinas et al. [56] have also reported that the ZrO2 monoclinic phase accomodates higher concentration of oxygen vacancies than the tetragonal phase. The oxygen vacancies are available for trapping photogenerated electrons hence producing strong oxidizing species like OH • or O2 •-enhancing in fine the photocatalytic activity. They also help to maintain a high photocatalytic activity and to counterbalance the unavoidable loss of surface area induced by the high calcination temperatures treatment. For ZrO2 800, the main reason for the photocatalytic improvement is the formation of a high number of oxygen vacancies leading to a lower intermediate energy band gap. This high number of surface defects is also related to the phase transformation from tetragonal to monoclinic and to the resulting lattice distorsion at higher calcination temperature [56,81]. These findings were confirmed by photoluminescence, Raman and XPS analyses.

Finally, our findings lead to conclude that the high photocatalytic efficiency is directly linked to its optical properties especially to the creation of mid band gap intermediate states due to the propensity of zirconia of forming surface oxygen vacancies and / or ZrO2 monoclinic phase.

It is worthy to point out that the preparation method used in the present work, not widely used in literature, is ideally suited to fabricate ZrO2 nanomaterials with improved physicochemical properties and high photocatalytic efficiency.

Conclusion

In this study, ZrO2 photocatalysts were successfully synthesized by a simple 'one pot' sol-gel method and the effect of calcination temperature on its structural, optical, textural, morphological and photocatalytic activity was investigated. By increasing calcination temperature, the surface area decreases gradually and the ratio of monoclinic to tetragonal phases increased until 800°C where 98% of monoclinic phase is formed. TEM analysis showed highly dispersed zirconia particles along with quite small spherical particles at 400°C. UV-Vis spectroscopy revealed the involvement of mid-band gap trap states within the wide band-gap of ZrO2, attributed to the transformation of tetragonal to monoclinic ZrO2 phases inducing the formation of structural defects such as oxygen vacancies as confirmed by PL, Raman and XPS analysis. The tested photocatalytic activity in the degradation of formic acid followed the order:

ZrO2 400 ≥ ZrO2 800 > ZrO2 700 > ZrO2 500 > ZrO2 600. This catalytic activity evolution is mainly governed by the tendency to form structural defects whose amount is partly controlled 1) by the propensity to form high surface area ZrO2 nanomaterials through a novel preparation method using supercritical conditions and 2) through the nature of the ZrO2 phase involved.

Indeed, results also underline that high calcination temperature, even if decreasing strongly the surface area, can reincrease the photocatalytic efficiency during the tetragonal-to-monoclinic transition through creation of new levels in band gap induced by lattice distortion. Therefore, effective photoactivity was obtained both at low and at high calcination temperature highlighting promising materials useful in several potential applications and in hightemperature systems. This study therefore emphasizes a new way to modify one of the most important wide band gap material (ZrO2) in order to make it photocatalytically active opening widely the possibility to change in a large extent the photocatalytic ability of a large family of transition metal oxides. 

Figure 2

 2 Figure 2Before calcination, the XRD profile presents only a broad maximum around 2θ = 30° characterizing an amorphous structure. After calcination at 400°C, diffraction peaks characteristics of the ZrO2 tetragonal phase can be mainly observed at 2θ = 30.2°, 35.0°, 50.4°, 60.0° and 62.0° corresponding to the (101), (110), (112), (211), and (202) diffraction planes (JCPDS card N° 79-1769). The tetragonal phase is however not the only one observed since additional contributions at 2θ = 24° and 28° corresponding to the (011) and (111) diffraction
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 14 UV-Visible Diffuse Reflectance Spectroscopy Optical properties of the ZrO2 nanoparticles calcined from 400°C to 800°C were acquired by UV-visible spectroscopy and results are reported in Figures S2. Results show that UV-visible DR spectra are dominated by strong absorbance bands in the UV region below 300 nm attributed to the O 2-→ Zr 4+ charge transfer transition associated with the excitation of electrons

Figure 1 :

 1 Figure 1: (A) N2 adsorption-desorption isotherms and (B) BJH pore size distribution of the elaborated ZrO2 samples in function of the temperature of calcination.

Figure 2 :

 2 Figure 2: XRD patterns of the elaborated ZrO2 samples in function of the temperature of calcination.

Figure 3 : 1 Figure 4 :

 314 Figure 3: (A) Raman spectra of the ZrO2 samples calcined at 600, 700 and 800°C, (B) zoom showing the shift of the main Ag Raman mode at around 100 cm -1

Figure 5 :

 5 Figure 5: Plots of (αhυ) 2 versus photon energy (hυ) of the ZrO2 nanoparticles calcined at various temperatures.

Figure 6 :

 6 Figure 6: PL spectra of the ZrO2 samples calcined between 400°C and 800°C.

Figure 7 :

 7 Figure 7: XPS results of ZrO2 calcined at 400 and 800°C. A) XPS survey scan, Zr 3d core-level spectra of ZrO2 400 (B) and ZrO2 800 (red: Zr 4+ species in ZrO2, blue: Zr-OH species) (C), D)O 1s core-level spectra of both ZrO2 samples (red: Oα, blue: Oβ species).

Figure 8 :

 8 Figure 8: Amount of FA adsorbed in the dark (Qads) as a function of surface area for ZrO2 nanomaterials.

Figure 9 :

 9 Figure 9: Evolution of the concentration of formic acid in solution using the ZrO2 samples obtained at various calcination temperatures between 400°C and 800°C as a function of the irradiation time, [FA] = 1086 μmol/L, Vsolution = 30 mL, mcat = 30 mg and λ= 370 nm.

Figure 10 :

 10 Figure 10: Disappearance rate of formic acid as a function of the mid-band gap energy value of the ZrO2 nanoparticles calcined between 400°C and 800°C.
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Table Captions Table 1 :

 Captions1 Textural properties of the ZrO2 elaborated materials: specific surface area SBET (m²/g), pore volume (cm 3 /g) and pore diameter (nm) in function of the temperature of calcination.

Table 2 :

 2 Evolution in function of the temperature of calcination of the crystallite size (tetragonal and monoclinic) (nm), of the gap and mid-gap energy values (eV) and of the percentage of monoclinic phase of the elaborated ZrO2 solids. Crystallite sizes are determined applying the Scherrer equation to the (101) and (111) planes of the tetragonal and monoclinic phases respectively

Table 3 :

 3 Binding energies (eV) values and relative proportion of the different Zr and O species for the ZrO2 400 sample considering deconvolution of the Zr 3d and O 1s corelevel spectra (Zr(1): Zr 4+ species in ZrO2, Zr(2): Zr-OH species, O(1): Oα and O(2) Oβ species).

Table 4 :

 4 Initial rate of formic acid degradation, r0 (μmol/L/min) for the different ZrO2 nanomaterials calcined at different temperatures.

Table 1 :

 1 Textural properties of the ZrO2 elaborated materials: specific surface area SBET (m²/g), pore volume (cm 3 /g) and pore diameter (nm) in function of the temperature of calcination.

	Catalyst	SBET (m²/g)	Pore volume (cm 3 /g)	Pore diameter (nm)
	ZrO2 400	174	0.33	7
	ZrO2 500	127	0.31	8
	ZrO2 600	87	0.22	8.5
	ZrO2 700	45	0.13	9
	ZrO2 800	21	0.06	12.5

Table 2 :

 2 Evolution in function of the temperature of calcination of the crystallite size (tetragonal and monoclinic) (nm), of the gap and mid-gap energy values (eV) and of the percentage of monoclinic phase of the elaborated ZrO2 solids. Crystallite sizes are determined applying the Scherrer equation to the (101) and (111) planes of the tetragonal and monoclinic phases respectively.

		Tetragonal	Monoclinic	Gap	Mid-Gap	%
	Catalyst	Crystallite	Crystallite	Energy	Energy	Mono-
		Size (nm)	Size (nm)	(eV)	(eV)	clinic
	ZrO2 400	8.8	/	4.97	2.95	23
	ZrO2 500	9.5	/	4.97	3.20	22
	ZrO2 600	11.2	14.8	4.96	3.30	43
	ZrO2 700	29.7	20.4	4.96	4.06 3.13	72
	ZrO2 800	/	36.6	4.96	2.93	98

Table 3 :

 3 Atomic concentrations per element (Atomic %) and binding energies (eV) values for the ZrO2 400 sample.

			ZrO2 400 °C		
	Element	At Conc (%)	Photoemission peak	Position (eV)	FWHM (eV)
	O (1)	50,4	O 1s (1)	529,5	1,8
	O (2)	16,4	O 1s (2)	531,3	2,0
	C total	4,7	C 1s (1) C 1s (2)	284,8 289,1	2,8 4,1
	Zr (1)	25,5	Zr 3d5/2 (1) Zr 3d3/2 (1)	182,2 184,6	1,9 1,9
	Zr (2)	3,0	Zr 3d5/2 (2) Zr 3d3/2 (2)	184,2 186,6	2,3 2,3
	Total	100,0			

Table 4 :

 4 r0 (μmol/L/min) and kapp (min -1 ) of the prepared ZrO2 nanomaterials

	Catalyseur	r0 (μmol/L/min)	kapp (min -1 )
	ZrO2 400	7.78	0.013
	ZrO2 500	2.54	0.003
	ZrO2 600	2.33	0.0026
	ZrO2 700	6.19	0.009
	ZrO2 800	7.08	0.007