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Introduction

The production of clean fuels is more than ever a major industrial challenge to meet both the high demand for fuel and the urgency of environmental issues. Hydrotreatment is a key refinery process to remove impurities such as sulfur, nitrogen and metals even from highly contaminated feedstocks.

The performance and stability of new generations of hydrotreating catalysts have been significantly improved. Even if the latest generations of hydrotreating catalysts are still essentially based on the classical composition i.e. sulfide Mo(W) promoted by Co(Ni) supported on alumina, a more thoughtful choice of support characteristics, the addition of dopants and, above all, a better control of the sulfidation stage allowed their performances to be greatly improved [START_REF] Tanimu | Advanced Hydrodesulfurization Catalysts: A Review of Design and Synthesis[END_REF][START_REF] Kang | A review on the Mo-precursors for catalytic hydroconversion of heavy oil[END_REF][START_REF] Oliviero | Organic additives for hydrotreating catalysts: A review of main families and action mechanisms[END_REF].

These optimizations were also obtained thanks to the development of well-adapted characterization methods. It should be mentioned that the characterization of these catalytic systems is challenging due to various specificities such as the sulfidation step (which leads to long-term contamination of the equipment), the high sensitivity of the sulfide catalysts to air-contact (which makes in situ characterizations much more relevant), the small size of the sulfide slabs (≤ 2 nm) and, most of all, the different forms of the elements present in the catalyst of which only a minority fraction is active for hydrotreatment. One can quote the alumina support, the Co spinel, the Co sulfide, the unpromoted MoS 2 that are mostly inactive phases whereas, as early demonstrated by Topsøe's group [START_REF] Topsøe | On the state of the Co-Mo-S model[END_REF][START_REF] Topsøe | In situ Mossbauer emission spectroscopy studies of unsupported and supported sulfided CoMo hydrodesulfurization catalysts: Evidence for and nature of a Co-Mo-S phase[END_REF][START_REF] Wivel | On the catalytic significance of a CoMoS phase in CoMo Al2O3 hydrodesulfurization catalysts: Combined in situ Mössbauer emission spectroscopy and activity studies[END_REF][START_REF] Wivel | Mössbauer emission studies of calcined CoMo Al2O3 catalysts: Catalytic significance of Co precursors[END_REF], the so-called CoMoS phase actively participate to the reaction. This so-called CoMoS phase was related to the presence of Co atoms deposited on the edge of the MoS 2 phase [START_REF] Topsøe | On the state of the Co-Mo-S model[END_REF][START_REF] Topsøe | In situ Mossbauer emission spectroscopy studies of unsupported and supported sulfided CoMo hydrodesulfurization catalysts: Evidence for and nature of a Co-Mo-S phase[END_REF][START_REF] Wivel | On the catalytic significance of a CoMoS phase in CoMo Al2O3 hydrodesulfurization catalysts: Combined in situ Mössbauer emission spectroscopy and activity studies[END_REF][START_REF] Wivel | Mössbauer emission studies of calcined CoMo Al2O3 catalysts: Catalytic significance of Co precursors[END_REF].

Among the various characterization techniques that account for atomic level structures of surface sites of in situ sulfided supported catalysts, infrared (IR) spectroscopy of probe molecule is one of the most relevant. In the early 80's, it was showed that the IR bands of adsorbed NO make possible to distinguish Mo sites from Co (or Ni) sites and that nice relationships could be obtained between IR/NO and HDS activity [START_REF] Topsøe | Characterization of the structures and active sites in sulfided CoMo Al2O3 and NiMo Al2O3 catalysts by NO chemisorption[END_REF][START_REF] Topsøe | IR and AEM evidence for the edge location of the promotor atoms in Co-Mo-S type structures[END_REF][START_REF] Topsøe | Active sites and support effects in hydrodesulfurization catalysts[END_REF][START_REF] Topsøe | IR Spectroscopic Studies of the Nature of Surface Sites in Hydrotreating Catalysts[END_REF]. In agreement with CoMoS model, IR/NO shows that optimizing the MoS 2 slab dispersion and their edge coverage by promotors leads to improved HDS activity.

NO adsorption has been extensively used for sulfided catalysts characterization by several groups [START_REF] Portela | The adsoprtion of Nitric Oxide on supported Co-Mo Hydrodesulfurization Catalysts: a Review[END_REF][START_REF] Parker | IR spectroscopy of hydrotreating catalysts[END_REF][START_REF] Ramírez | Effect of boron addition on the activity and selectivity of hydrotreating CoMo/Al2O3 catalysts[END_REF][START_REF] Steinfeldt | VOx species on alumina at high vanadia loadings and calcination temperature and their role in the ODP reaction[END_REF][START_REF] Reinhoudt | Characterization of the active phase in NiW/γ-Al2O3 catalysts in various stages of sulfidation with FTIR(NO) and XPS[END_REF]. However, NO has some drawbacks, the main one been its reactivity that may lead to corrosive adsorption on sulfide catalysts [START_REF] Shuxian | X-ray photoemission study of oxygen and nitric oxide adsorption on MoS2[END_REF][START_REF] Redey | The surface chemistry of molybdena-alumina catalysts reduced in H2 at elevated temperatures[END_REF][START_REF] Goldwasser | On the surface chemistry of molybdenaalumina catalysts prepared from Mo(CO)6[END_REF]. At the same period, IR spectroscopy of adsorbed CO was also developed and prove to be a powerful alternative for sulfide catalysts characterization. CO adsorption can be implemented at low temperature (~100 K), which suppress the potential reactive interactions with some surface species, as well as of enhancing the interaction of CO with the weak adsorption sites of the sulfide phase and of the support. IR/CO gives rise to two main bands specific of unpromoted Mo sites (at ~2110 cm -1 ) and CoMoS sites (at ~2070 cm -1 ) (or NiMoS at ~2122 cm -1 ) [START_REF] Bachelier | Carbon-Monoxide and oxygen as probe molecules for HDS active-sites[END_REF][START_REF] Bachelier | Sulfided cobalt-molybdenum/alumina catalysts: carbon monoxide chemisorption and surface structures[END_REF][START_REF] Delgado | Site characterizationon reduced and on sulfided Mo/Al2O3 catalysis by adsorption of probe molecules[END_REF][START_REF] Zaki | Low-temperature CO adsorption and state of molybdena supported on alumina, titania, ceria and zirconia -An Infrared Spectroscopic investigation[END_REF][START_REF] Angulo | Formation of promoted sites from Ni(CO)4 decomposition on sulfided Mo/Al2O3 catalysts. A comparative IR study with conventional Ni-Mo/Al2O3 catalysts, using carbon monoxide as a probe molecule[END_REF][START_REF] Qin | Characterization of sulfided Co-Mo/Al2O3 by CO NO co-adsorption with IR spectroscopy[END_REF][START_REF] Maugé | FTIR Study of CO Adsorption on sulfided Mo/Al2O3 unpromoted or promoted by metal Carbonyls: titration of sites[END_REF]. The determination of the molar extinction coefficients of these IR/CO band makes possible to account for the amount of sites and thus dispersion and degree of promotion of the sulfided slabs. Parallel between qualitative and quantitative IR/CO data and performances of the sulfided catalyst allows a strong insight into the active sites, as calculation of their TOF [START_REF] Dujardin | Towards the characterization of active phase of (Co)Mo sulfide catalysts under reaction conditions-Parallel between IR spectroscopy, HDS and HDN tests[END_REF][START_REF] Chen | IR spectroscopy evidence of MoS2 morphology change by citric acid addition on MoS2/Al2O3 catalysts -A step forward to differentiate the reactivity of M-edge and S-edge[END_REF][START_REF] Garcia | New insight into the support effect on HDS catalysts: evidence for the role of Mo-support interaction on the MoS2 slab morphology[END_REF] However, accurate spectral analysis points out that more than the two main bands initially quoted are presented in the IR/CO signal on sulfide phase. Indeed on unpromoted catalyst, according to the preparation methods (organic additives, temperature and pressure of sulfidation, nature of the support), IR spectra of Mo catalyst can show CO bands at ~2110 but also at 2070 cm -1 [START_REF] Travert | Parallel between infrared characterisation and ab initio calculations of CO adsorption on sulphided Mo catalysts[END_REF][START_REF] Dujardin | Towards the characterization of active phase of (Co)Mo sulfide catalysts under reaction conditions--Parallel between IR spectroscopy, HDS and HDN tests[END_REF]. To go deeper insight into the structures of the edge sites of sulfide slabs parallels between IR/CO experiments and DFT calculations were done [START_REF] Travert | Parallel between infrared characterisation and ab initio calculations of CO adsorption on sulphided Mo catalysts[END_REF][START_REF] Travert | CO Adsorption on CoMo and NiMo Sulfide Catalysts: A Combined IR and DFT Study[END_REF]. Theoretical calculations allowed to assign them to CO adsorbed on the two types of MoS 2 edges. Further parallel between IR/CO experiments, and high resolution electron microscopy (HREM) and high angle annular dark field (HAADF) observations confirmed their assignments to M-and S-edge sites of MoS 2 slabs. Determination of the molar extinction of these bands make IR/CO a way to account for the average shape of MoS 2 slabs (S-/M-ratio).

In the present studies, we focus on the local structures of promoted edge sites of supported CoMo catalysts. Indeed, at least three components can be discriminated in the CoMoS signal. DFT calculations showed that many parameters can slightly modify the CO frequency such as the location of the CoMoS sites (S-or M-edges), the degree of promotion of the edges, the center for CO adsorption (Mo or Co) [START_REF] Travert | CO Adsorption on CoMo and NiMo Sulfide Catalysts: A Combined IR and DFT Study[END_REF]. Hence, to elucidate which site structure the experimentally observed CO bands correspond to, we studied sulfided catalysts with (i) different sulfided slabs morphologies by varying the nature of the support (silica, alumina, titania) or adding organic additive (citric acid (CA)), and thus varying the interaction sulfided phase-support, and (ii) step by step Co/Mo ratio changes by in situ introduction of controlled amounts of the Co promotor on MoS 2 slabs presenting different morphologies. This was done using chemical vapor deposition (CVD) using Co(CO) 3 NO), an in situ promotion method developed by our group [START_REF] Maugé | FTIR Study of CO Adsorption on sulfided Mo/Al2O3 unpromoted or promoted by metal Carbonyls: titration of sites[END_REF]. In addition, in order to go deeper and discriminate between the different sites giving rise to bands with close wavenumbers, 2D Inversion of InfraRed Spectra (2D-IRIS) was used. This chemometric method allows recovering contributions of species differing by their affinity with the surface on overlapped spectra [START_REF] Stelmachowski | Speciation of adsorbed CO2 on metal oxides by a new 2-dimensional approach: 2D infrared inversion spectroscopy (2D IRIS)[END_REF]. In the present work, 2D-IRIS was applied to the study of CO adsorption isotherms (at 100 K) of Mo and CoMo sulfide catalysts. The insight provided by IR/CO characterization coupled with 2D-IRIS showed a step forward for characterization of Mo and CoMoS sites of supported sulfide catalysts. Hence, this makes IR/CO able to distinguish for the presence of non-promoted Mand S-edges sites, from partially promoted as well as totally promoted on M-and S-edges sites.

Interestingly, this work allowed establishing relationships between atomic scale site structure and intrinsic HDS activity, and evidenced that the partially promoted M-edge sites present the highest TOF value.

Materials and methods

Catalysts preparation

Oxide form preparation

A series of promoted CoMo catalysts were prepared by wetness impregnation method on different supports: Al 2 O 3 (gamma alumina, 248 m 2 /g, Sasol), SiO 2 (silica gel, 506 m 2 /g, Merk) and TiO 2 (mixture of anatase and rutile phases, 59 m 2 /g, Degussa). Before impregnation, the supports were calcined and sieved between 0.2-0.5 mm. The same molybdenum density (3 atoms Mo per nm 2 ) and Co/(Co + Mo) molar ratio equal to 0.3 were targeted. Heptamolybdate tetrahydrated salt (Alfa Aesar, 99%) and cobalt nitrate (Alfa Aesar, 98%) were used as molybdenum and cobalt precursors respectively. Both precursors were dissolved in an adjusted water volume and dispersed inside the pores of the support by a maturation step of 2 hours. After impregnation, the catalysts were dried at 383 K (3 K/min) during 16 hours and then calcined at 673 K (3 K/min) during 4 hours. So called oxide catalysts are then obtained.

Sulfidation procedures

Ex situ procedure: for ICP and TEM analysis, oxide catalysts were sulfided ex-situ in a glass reactor connected with 10% H 2 S/H 2 (30ml/min) flow at atmospheric pressure. Catalysts were heat from room temperature up to 623 K with a rate of 3 K/min and then maintained at 623K during 2 h. After, the temperature was cooled down to 298 K under N 2 flow (30ml/min). Then the catalyst inside the reactor was introduced in a dry box under Ar flow, to avoid totally air contact.

For IR experiment and activity test, in situ sulfidation in the IR cell and reactor respectively was performed with the same parameters of gas flow, pressure and temperature.

CVD preparation in the IR cell

Two types of Mo/Al 2 O 3 catalysts were prepared by an one-step pore volume impregnation method in the presence or absence of citric acid (CA). The impregnation solutions were firstly prepared with or without citric acid ( was firstly evacuated at 623 K for 1 h in the IR cell with the final pressure reaches 10 -3 Pa. Subsequently, small calibrated doses of Co(CO) 3 NO vapor (0.8852 cm 3 ) at different pressures (precisely measured) was introduced onto the catalyst surface at room temperature. These doses correspond to 12, 21, 32, 50, 85, 115, 185, 290, 394 umol/g catalyst (from 0.07 to 2.32% Co). After that, the sample was re-sulfided at 623 K for 2 hours in 10% H 2 S/H 2 gas flow.

Catalyst characterization

Textural properties

Nitrogen adsorption/desorption isotherms were measured on calcined supports and oxide catalysts at 77 K using Micrometrics Model ASAP 2020 volumetric adsorption analyzer. Samples were degassed at 523 K under vacuum for 12 h prior to analysis. Specific surface areas were determined from the BET equation.

Elemental analysis by Inductively Coupled Plasma (ICP)

Inside the dry box, 50 mg of sample was dissolved in 100 mL of a mixture of hydrofluoric acid, aqua regia, boric acid and water. Quantification of molybdenum, cobalt and sulfur amount present in the catalysts was then determined by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) using a PerkinElmer Optima 330DV ICP instrument.

Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) was performed on a JEOL 2200 FS FEG operated at 200 kV. After ex-situ sulfidation and transfer into the glove box, suspensions in ethanol absolute were prepared. TEM analyses were carried out using a few drops of the suspension on a copper grid. All TEM images were recorded at the same magnification and digitized using a 4092x4092 px 2 GATAN Ultrascan camera. Slab length and stacking degree distributions of sulfide slabs were determined manually from at least 300 slabs. The measure was performed using Mesurim program.

The TEM pictures and image results of analysis are presented in SI.

Infrared spectroscopy

Infrared characterizations were performed in a low temperature cell adapted to adsorb carbon monoxide at very low temperature (100 K). Firstly, oxide catalyst in wafer form was activated in situ at 623 K under 10% H 2 S/H 2 flow during 2 hours. Then, the catalyst was flushed with Ar during 10 minutes and left 1 h under vacuum at 623 K. Finally, it was cooled down to 100 K under high vacuum (1.10 -4 Pa).

CO adsorption was performed in two different ways. The conventional experiments were performed introducing small CO doses by a calibrated volume and then a equilibrium pressure of 133 Pa to obtain sites saturation. Isotherm experiments were also carried out increasing equilibrium CO pressure up to sites saturation. All IR spectra were recorded with a Nicolet Magna 550 FT-IR spectrometer equipped with a MCT detector. Every spectrum was normalized to a disc of 5 mg /cm 2 and all experiments were duplicated (maximum area variation of 5%). Equilibrium/saturated spectra were decomposed using OMNIC program and Voigt function. The wavenumbers of band maxima were determined by polynomial interpolation of the negative peaks of the second derivative of the spectra. The precision on these frequencies was in the order of +/-0.6 cm-1 in the worst case (i.e.

for spectra with S/N ratio of 20) and much higher in all other cases [START_REF] Cameron | Precision in Condensed Phase Vibrational Spectroscopy[END_REF].

Inversion of infrared spectra (2D-IRIS, [33])

2D-IRIS applied to spectra of adsorbed species recorded at equilibrium pressures is a data processing methodology consisting in assessing the energy distribution of the adsorption sites. Such a distribution can be defined as:

where is the reduced Gibbs free energy of adsorption, and is the number of sites characterized by a reduced adsorption Gibbs free energy . Assuming that the local adsorption isotherm has the same functional form for all sites the adsorption isotherm is given by: where is the total uptake at pressure . Inversion of this integral equation allows recovering the distribution function from the experimental isotherm [START_REF] House | Adsorption on heterogeneous surfaces[END_REF][START_REF] Heuchel | Evaluation of the energy distribution function from liquid/solid adsorption measurements[END_REF][START_REF] Dąbrowski | Comparison of energy-distribution functions calculated for gas-solid and liquid-solid adsorption data[END_REF] The above expression can be extended to the evolution of the absorbance of the IR spectra of the adsorbate recorded at equilibrium pressure:

Where is the absorbance measured at wavenumber and pressre and the 2D distribution function is related to the distribution function of adsorption sites by: Where is the absorption coefficient at wavenumber of the species of reduced Gibbs free adsorption energy , and is the surface area of the self-supported disc of catalyst. Inversion of the above integral equation allows recovering the distribution function from the set of experimental spectra recorded at equilibrium pressures of the probe molecule or optical isotherms. The numerical procedure to recover the distributions functions has been detailed

elsewhere [START_REF] Stelmachowski | Speciation of adsorbed CO2 on metal oxides by a new 2-dimensional approach: 2D infrared inversion spectroscopy (2D IRIS)[END_REF]. The analysis of the spectra with 2D-IRIS was carried out with SpectroChemPy [38] using Langmuir local isotherms and a reference pressure p° = 133 Pa (1 Torr).

Catalytic activity: Thiophene test

Thiophene reaction was carried out in a differential reactor at 623 K and atmospheric pressure with a thiophene partial pressure of 8 kPa in a mixture of hydrogen (91.2 kPa) and H 2 S (2.1 kPa).

The outlet gas was analyzed by Varian 3900 gas chromatograph equipped with flame ionization (FID) detector. Thiophene reaction was running during 18 h to obtain a stable reaction rate. The reaction rate was calculated as r HDS = (F/m)•X, where F/m is the molar flow rate of thiophene per gram of sulfided catalyst and X is thiophene conversion which is below 5%. The initial mass of oxide catalyst (around 25 mg precisely weighted) was corrected to take into account the sulfidation step using a correction factor calculated from the infrared experiments. The distribution function obtained on CoMo/Al 2 O 3 catalyst differs from that obtained on the non-promoted catalyst by a shift of the signal related to adsorption on weak Lewis acid sites and OH groups toward higher values of . This reflects a weakening of the acidity of these sites which could originate from the insertion of Co ions in the alumina lattice and/or long-range interaction with the sulfide phase. Regarding the distribution function related to CO adsorption on the sulfide phase, it is striking that while the position of the spot corresponding to the non-promoted sites does not change much ( = 2110 cm -1 ,  =-5), the contributions associated to the broad and intense bands characteristic of the promoted phase appear at significantly more negative values (~ -5.5 --6.5).

Results

General characterizations of (Co)Mo catalysts

This indicates that such bands correspond to CO species more strongly bound to the sulfide phase.

Moreover, the position of the maxima becomes also more negative as the wavenumber decreases, which is consistent with a strengthening of the adsorption with back-donation from the sulfide phase d electrons to the  CO orbitals. This is very different from the case of the non-promoted catalyst for which the distribution function associated to the band characteristic of CO adsorbed on the S-edge is located at significantly higher  values that the one associated to the non-promoted Medge. Moreover, the distribution function obtained for the promoted catalyst does not show any contribution at the position observed for CO adsorbed on the S-edge of the non-promoted catalyst .

This is a strong indication that the correspond sites (Mo centers on non-promoted S-edge) are absent on CoMo/Al 2 O 3 . 

A B

The same procedure was applied to silica supported catalysts. Figure 3 shows the spectroscopic isotherms and the distribution functions of the absorbances obtained for nonpromoted and promoted catalysts supported on SiO 2 . The bands corresponding to CO adsorption on silanol groups (2155 cm -1 ), physisorbed and oxysulfide [START_REF] Labruyere | Structure des sites sulfures des catalyseurs d'hydrotraitement: approche combinee par spcetroscopie IR et modelisation moleculaire[END_REF] species (2135 cm -1 ) led for both catalysts to distribution of absorbances located at high  values, indicating a weak adsorption.

Adsorption on the sulfide phase of the non-promoted Mo/SiO 2 led to two resolved bands at 2110 and 2070 cm -1 assigned to CO adsorption on non-promoted M-edge and S-edges, respectively. The and CoMo/SiO 2 were considered as a basis for partitioning the area of the bands assigned to CO adsorption on non-promoted and promoted sites on the spectra obtained at CO saturation. Two peaks at about 2098 and 2110 cm -1 were used for non-promoted sites [START_REF] Dujardin | Towards the characterization of active phase of (Co)Mo sulfide catalysts under reaction conditions-Parallel between IR spectroscopy, HDS and HDN tests[END_REF][START_REF] Le Guludec | From Gas to Liquid Phase Sulfidation: An IR Spectroscopy Study[END_REF]; three peaks at about 2083 cm -1 , 2073 cm -1 and 2057 cm -1 were used to account for the three components characteristic of promoted sites. Low frequency peaks (at 2038, 2020 and 2000 cm -1 ) have also been used to account for the broadening of the CoMoS band in the low wavenumber range. The decompositions were performed using OMNIC program and using Voight functions and are presented in SI.

Quantification of sites was performed distinguishing non-and promoted sites and using extinction coefficients of 15 and 43 cm•µmol -1 respectively [START_REF] Chen | IR spectroscopy evidence of MoS2 morphology change by citric acid addition on MoS2/Al2O3 catalysts -A step forward to differentiate the reactivity of M-edge and S-edge[END_REF][START_REF] Maugé | FT-IR study of carbon monoxide adsorption on sulfided molybdenum/alumina unpromoted or promoted by metal carbonyls: titration of sites[END_REF]. The quantification of the Mo sites and main components of CoMoS sites is summarized in Table 3. 

Effect of Co deposition amount on the promoted site bands

The overlapping (CO/CoMoS) bands detected between 2090 and 2000 cm -1 , has to be attributed to specific Co environment as totally or partially promoted edges. For this purpose, CoMoS site formation upon cobalt addition using CVD method was performed in-situ in the IR cell.

Increasing amounts of Co(CO) 3 NO were contacted with sulfided Mo/Al 2 O 3 and Mo(CA/Mo=1)/Al 2 O 3 catalysts and the resulting edge sites were probed by CO adsorption (Figures SI7 andSI8). These two catalysts were chosen since the addition of citric acid leads to a change in the slab morphology of Mo/Al 2 O 3 catalyst, i.e. the catalyst prepared with citric acid has higher S-/M-edge ratio than the one prepared without citric acid [START_REF] Chen | IR spectroscopy evidence of MoS2 morphology change by citric acid addition on MoS2/Al2O3 catalysts -A step forward to differentiate the reactivity of M-edge and S-edge[END_REF]. In order to highlight the position of the different band components, Figure 5 shows the second derivative of the CO adsorption spectra obtained after increasing CVD doses. In both experiments, two CO stretching bands appear at 2055 and 2072 cm -1 from the first CVD dose up to the last one. Both bands increase with Co addition at the same time than the band ascribed to CO in interaction with non-promoted M-edge sites decreases. The only difference between the two samples is the disappearance of the band around 2070 cm -1 ascribed to (CO/S-edge) of unpromoted catalyst, from the first CVD dose indicating the promotion of this edge as well. Thus, these two bands at 2055 and 2072 cm -1 can be ascribed to partially promoted sites, but without any evidence of edge site location. Moreover, a third band appears at 2082 cm -1 with the last Co(CO) 3 NO doses. Accordingly, this 2082 cm -1 band can be attributed to fully promoted edge. This attribution is further confirmed by the fact that the 2082 cm 

Catalytic activity

Thiophene HDS activity rate of CoMo catalysts are presented in Figure 6a and Figure 6b on a mass and surface area basis respectively, knowing that the surface area of the support varies but the loading was kept constant at 3 Mo at.nm support -2 . In both cases, CoMo/Al 2 O 3 catalyst presents the highest catalytic activity. However, CoMo/SiO 2 catalyst presents higher HDS rate than CoMo/TiO 2 if the HDS rate is represented per gram of catalyst, while CoMo/TiO 2 catalyst presents higher HDS rate than CoMo/SiO 2 catalyst when HDS rate is expressed per surface area. It is well known that thiophene is not an optimal molecule to study the selectivity of HDS catalysts. However, some differences between the product distributions were found as shows Figure 7. In particular, it appears that CoMo/TiO 2 favors the HYD pathway as was shown for Mo/TiO 2 catalyst since the percentage of THT formed is significantly higher for this catalyst as compared to

CoMo/Al 2 O 3 . 

Discussion

Understanding CoMoS site formation is a requirement for the catalyst improvement. For that, series of catalysts using different supports have been studied. The goal of using different supports was to obtain MoS 2 slabs with different morphologies, varying the metal-support interaction, and then to determine the Co affinity for M-and/or S-edge sites. For similar purpose, CVD Co Thus, the edge decoration by Co has been studied by the IR/CO coupled with 2D-IRIS method.

From the stretching frequencies and the Gibbs free energies of CO on the corresponding adsorption site (), it is possible distinguishing M-from S-edge sites for non-promoted catalysts as well as three different promoted sites. The challenge now is to specify the structure of these different

CoMoS sites and to determine if they present different intrinsic activities.

Location of the CoMoS site

In previous studies, metal-support interaction was reported as the main factor that influences MoS 2 slab characteristics [START_REF] Garcia | New insight into the support effect on HDS catalysts: evidence for the role of Mo-support interaction on the MoS2 slab morphology[END_REF][START_REF] Chen | IR Spectroscopic Evidence for MoS2 Morphology Change with Sulfidation Temperature on MoS2/Al2O3 Catalyst[END_REF][START_REF] Arrouvel | A density functional theory comparison of anatase (TiO2)-and gamma-Al2O3-supported MoS2 catalysts[END_REF]. Indeed, IR/CO spectra clearly shows that S-/M-edge ratio of Mo catalysts change with the support nature. Thus, the strongest metal-support interaction reported for Mo/TiO 2 catalyst leads to a really low S-/M-edge ratio that corresponds to a triangle-like slab shape. Besides, the weakest metal-support interaction of Mo/SiO 2 catalyst leads to a high S-/Medge ratio corresponding to a truncated triangular shape near to a perfect hexagon. And, catalyst with medium metal-support interaction as Mo/Al 2 O 3 catalyst presents slabs of truncated triangular shape in between the two previous catalysts.

In order to gain information on the edge location of the promotor and knowing that the nature of the support drastically changes the S-/M-edge ratio of the supported MoS 2 slabs, the promoted sites/non-promoted sites ratio (promotion degree for CoMo catalysts, calculated from

Table 3) was plotted with the S-/M-edge ratio (morphology for the Mo catalysts) for the three supports as shows Figure 8a. For higher S-/M-edge ratio, higher promotion degree is obtained but without a clear relationship. It can also be noticed that the promotion degree is higher than the S-/M-edge ratio. This result can be interpreted as Co decoration occurs on both S-and M-edge sites of MoS 2 nanoparticles. Additionally, as shows Figure 2 

Structure of the CoMoS sites

On the spectra of CVD experiments of the two Mo catalysts, the second derivative method points out the presence of three components whose detection depends on the amount of Co deposited (Figure 5). From these intensity changes with Co/Mo ratio, one can ascribe the bands at 2055 and 2072 cm -1 to partially promoted sites, while that at 2082 cm -1 can be attributed to fully promoted edge. But without any specification about their edge location.

On the spectra of classically prepared catalysts supported on the different oxides, three CoMoS band are also detected at very close wavenumbers. Parallel between the morphology of MoS 2 phase on the different supports (Figure 8a) and the proportion of the three different promoted sites (Figure 8b) was performed to get information about the edge location. *data from [START_REF] Garcia | New insight into the support effect on HDS catalysts: evidence for the role of Mo-support interaction on the MoS2 slab morphology[END_REF] To go further, the turn over frequency (TOF) of promoted sites on the different supports was calculated. It was calculated taking into account the TOF values obtained previously for nonpromoted sites on Mo catalysts on the three supports [START_REF] Garcia | New insight into the support effect on HDS catalysts: evidence for the role of Mo-support interaction on the MoS2 slab morphology[END_REF] and the concentration of non-and promoted sites such as :

r HDS = n M-edge • TOF M-edge + n CoMoS • TOF CoMoS ,
where n is site concentration, r HDS is thiophene HDS rate and TOF (turnover frequency). promoted sites allowed to go further in the identification of the most active partially promoted sites.

CoMo/Al 2 O 3 that presents the highest proportion of partially promoted M-edge sites (2072-74 cm -1 ) compared to partially promoted S-edge sites (2054-56 cm -1 ) has the highest TOF CoMoS whereas CoMo/SiO 2 that has a lower proportion of partially promoted M-edge sites compared to partially promoted S-edge sites presents a lower TOF CoMoS .

This highlights that partially promoted M-edge sites present greater intrinsic activity than partially promoted S-edge sites and that totally promoted M-edge sites. Previous works already reported changes in the promoted site properties according to the degree of promotion [START_REF] Arrouvel | A density functional theory comparison of anatase (TiO2)-and gamma-Al2O3-supported MoS2 catalysts[END_REF][START_REF] Walton | MoS2 nanoparticle morphologies in hydrodesulfurization catalysis studied by scanning tunneling microscopy[END_REF]. DFT calculations shows that the sulfur-metal bond energy at the M-edge decreases with the increase of the Co content on this edge. From XPS quantification, DFT models and toluene-hydrogenation measurements, Gandubert et al showed that the mixed Co-Mo sites at the M-edge of CoMoS particles present greater intrinsic catalytic activity than sites with higher Co amount that is in nice agreement with our results. In conclusion, the structure of the promoted sites strongly impacts their intrinsic activities. This study highlights that IR/CO is able to report for the environment of the different promoted sites formed on supported CoMo catalysts and in particular to account for the most active promoted sites i.e. the partially promoted M-edge sites through specific IR/CO band (at 2073 cm -1 ).

Conclusions

The IR spectroscopy of CO adsorbed on supported sulfide CoMo catalysts that present different sulfide slab morphologies (S-/M-edge ratios) , allowed to provide evidence for the presence of promoted sites with different structures. The 2D-IRIS method that is based on the inversion of CO adsorption isotherms obtained by IR spectroscopy was applied for the first time to sulfide catalysts to account for the Gibbs free adsorption energies for each adsorption sites of the support and the sulfide phase. 2D-IRIS method allowed to discard the presence of non-promoted Sedge sites in the contribution characterizing promoted sites (2090-2000 cm -1 ). By applying second derivative functions to the IR/CO spectra of CoMo catalysts, three main components of promoted sites were evidenced at about 2057, 2073 and 2083 cm -1 .

Step-by-step in situ CVD Co deposition on Mo catalysts with different morphologies shows that bands at ~2073 and ~2057 cm -1 characterize partially promoted sites whereas ~2083 cm -1 is specific of completely promoted sites. Further, analysis of the promoted sites bands for catalysts supported on alumina, silica and titania that present different sulfide slab morphologies were performed. Firstly, all the results are in favor of Co promoting M-edge as well as S-edge. Secondly, variations with S-/M-edge ratio of Mo catalysts, with Co/Mo ratio deposited by CVD and parallel with DFT calculated CO frequencies allowed to assign 2072-74 and 2082-85 cm -1 bands to M-edge sites, respectively partially and completely promoted, and 2054-57 cm -1 to S-edge sites, partially promoted. Finally, parallel with HDS activity shows that catalytic activity cannot be directly related to the amount of CoMoS sites for CoMo catalysts supported on different oxides. This points out that the intrinsic activity of the three types of promoted sites is different. Indeed, CoMo/Al 2 O 3 that presents the highest TOF(CoMoS), has the highest proportion of partially promoted M-edge sites. Whereas CoMo/TiO 2 catalyst that presents the lowest TOF(CoMoS), has the lowest proportion of partially promoted M-edge sites as well as the highest proportion of totally promoted M-edge sites. This highlights that partially promoted Medge sites (CO=2072-74 cm -1 ) present greater intrinsic activity than totally promoted M-edge sites (CO=2082-85 cm -1 ). This makes IR/CO not only an important tool for measuring the amount of non-promoted on M-and S-edge sites, and promoted sites but also a way to account for the different types of promoted sites and more specifically the most active types of promoted sites of CoMo supported catalysts.

  wavenumber is recorded for (CO/S-edge) band detected at 2065 cm -1 and (CO/CoMoS) band with a maximum at 2075 cm -1 . For Mo/TiO 2 showing mostly (97%) M-edge sites, the eventual contribution of (CO/ S-edge) in the (CO/CoMoS) massif can be neglected (Figure1C). Thus, one question arises for catalysts that present MoS 2 nanoparticles with S-edge sites: does the massif ascribed to (CO/CoMoS) contain also contribution of the (CO/ S-edge) band? To answer this question, the 2D-IRIS method will be applied to (Co)Mo/Al 2 O 3 and (Co)Mo/SiO 2 catalysts.

Figure 1 . 2 2D

 12 Figure 1. IR spectra of CO at 133 Pa equilibrium pressure for Mo (green line) and CoMo (thick blue line) sulfide catalysts supported on Al 2 O 3 (A) , SiO 2 (B) and TiO 2 (C).

Figure 2 .

 2 Figure 2. Spectroscopic isotherms (top) and 2D-distribution functions of the absorbances (bottom) of CO adsorbed on (A) Mo/Al 2 O 3 and (B) CoMo/ Al 2 O 3 catalysts.

  corresponding distribution functions are close from those obtained for the CO bands assigned to the sulfide phase of Mo/Al 2 O 3 (Figure 2A) with maxima located at close positions. Again, the  value obtained for CO adsorption on the S edge ( = -4,8) was larger than that corresponding to CO adsorption on the M-edge ( = -5,5). By contrast, on CoMo/SiO 2 catalyst,  value obtained for CO adsorption on the M-edge increases ( = -4,8) and the distribution functions associated to the CO bands located at ~ 2080 -2060 cm -1 has maxima located at slightly lower  values. This indicates that these latter sites lead to stronger CO adsorption, in line with the results obtained on Al 2 O 3 .
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 3323 Figure 3. Spectroscopic isotherms (top) and 2D-distribution functions of the absorbances (bottom) of CO adsorbed on (A) Mo/SiO 2 and (B) and CoMo/SiO 2 catalysts.

Figure 4 .

 4 Figure 4. Bottom: IR spectra of CO adsorption from small CO doses up to saturation at equilibrium pressure (133Pa). Top: second derivative of IR spectra. A: CoMo/Al 2 O 3 , B: CoMo/SiO 2 ; C: CoMo/TiO 2

- 1 band

 1 starts to be visible earlier for Mo/Al 2 O 3 catalyst than for Mo(CA)/Al 2 O 3 catalyst. Indeed, MoS 2 slabs are smaller on Mo(CA/Mo=1)/Al 2 O 3 and thus present higher amount of total edge sites than Mo/Al 2 O 3 catalyst does [42].

Figure 5 .

 5 Figure 5. Second derivatives of IR spectra of CO on (Co)Mo/Al 2 O 3 catalysts prepared by CVD. (A) Co deposition on Mo/Al 2 O 3 , (B) Co deposition on Mo(CA)/Al 2 O 3 . From violet to yellow: nonpromoted to Co-promoted catalysts at increasing Co content (from 0.07 to 2.32 %wt Co deposited).

Figure 6 .

 6 Figure 6. Thiophene reaction rates per gram (a) and per surface area (b) on promoted catalysts

Figure 7 .

 7 Figure 7. Percentage of different products converted in thiophene HDS reaction for CoMo catalysts supported on Al 2 O 3 , SiO 2 and TiO 2

  , the decrease of non-promoted M-edge sites pointed out on IR spectra of CoMo catalysts and the absence of non-promoted S-edge site evidenced by 2D-IRIS on CoMo/Al 2 O 3 catalysts are also in favored of promoted sites formed on both sulfide slab edges. Nevertheless, one has to recall that changes in morphology between unpromoted and promoted catalysts can occur. STM images had showed on Au support[START_REF] Walton | MoS2 nanoparticle morphologies in hydrodesulfurization catalysis studied by scanning tunneling microscopy[END_REF] the variation of triangular shaped slabs toward more truncated ones by promotion. However, in case where changes of sulfided morphology are unlikely, as for in situ Co deposition on MoS 2 /Al 2 O 3 , the S-edge band is not more detected from the first CVD Co doses on Mo(CA) catalyst. This result is also in favor of promoted sites formed on S-edges. Hence, there are strong indications that Co decoration occurs on both S-and M-edge sites of supported MoS 2 nanoparticles.

Figure 8 .

 8 Figure 8. a) Comparison between MoS 2 morphology detected for non-promoted catalysts and promotion degree obtained for promoted catalysts. b) Contribution of the three main ν(CO/CoMoS) components for CoMo catalysts supported on Al 2 O 3 , SiO 2 and TiO 2 .

  Figure8bpoints out that their proportions strongly depend on the support nature. It appears that the component at 2054-57 cm -1 follows the same trend than the S-/M-edge ratio detected for non-promoted catalyst. It could be then proposed that this component corresponds to partially promoted S-edge sites. On the other hand, the component detected at 2082-85 cm -1 follows the reverse trend. It could be ascribed to totally promoted M-edge sites. As for the band at 2072-74 cm -1 that corresponds to partially

Table 1

 1 summarizes the physicochemical properties of the sulfide catalysts on different supports. It can be noted that CoMo/SiO 2 catalyst loss 2/5 of the surface area presented by the support after the impregnation. This was previously observed on non-promoted catalysts prepared in similar way and ascribed to the small pore size of the support (6 nm)[START_REF] Garcia | New insight into the support effect on HDS catalysts: evidence for the role of Mo-support interaction on the MoS2 slab morphology[END_REF].ICP analysis of the sulfided samples confirm the target loading in Co and Mo. The sulfur content is high enough for CoMo/Al 2 O 3 and CoMo/TiO 2 to have complete Mo sulfidation. For CoMo/TiO 2 , the S/(Mo+Co) ratio is greater than 2, which accounts for a partial sulfidation of the support itself.

Conversely, the lower S/(Co+Mo) value for CoMo/SiO 2 catalyst suggest uncomplete Mo sulfidation.

Table 1 .

 1 Textural properties and elemental analysis of catalysts Figure SI2 for promoted catalysts supported on Al 2 O 3 , SiO 2 and TiO 2 . The average of slab length and stacking number are summarized in Table 2. CoMo/Al 2 O 3 catalyst shows the smallest slab length and stacking number. CoMo/TiO 2 and CoMo/SiO 2 catalysts have close slab length and CoMo/SiO 2 catalyst have around double stacking number.

	Catalysts	Surface area (m 2 /g) Support Oxide catalyst	% wt Mo	% wt Co	at. ratio S/(Mo+Co)
	CoMo/SiO 2	506	307	16	3	1.7
	CoMo/Al 2 O 3	248	235	8	2	2.1
	CoMo/TiO 2	59	58	2	0.4	2.8*

* TiO 2 support is partially sulfided Transmission electron microscopy was performed to determine the slab length and stacking number for promoted catalysts. A minimum of 60 images (Figure

SI1

) were taken for each sample to be sure about the validity of the measure. Distribution of slabs length and stacking are shown in

Table 2 .

 2 Average slabs length and stacking number for CoMo catalysts supported on Al 2 O 3 , SiO 2 and TiO 2. Mo catalysts supported on Al 2 O 3 , SiO 2 and TiO 2 . The spectra obtained at 133 Pa equilibrium pressure of CO are compared with those obtained on Mo catalysts in Figure 1. The spectra of the three Mo catalysts presents bands at about 2114 and 2070 cm -1 that account for CO adsorption on M-and S-edges Mo sites, respectively. As already shown, the marked changes in band ratios point out that different MoS 2 morphologies were obtained for Mo catalysts supported on Al 2 O 3 , SiO 2 and TiO 2 [29]. Figure 1A shows the comparison of IR spectra of CO adsorption at equilibrium pressure for Mo/Al 2 O 3 and CoMo/Al 2 O

	Catalyst	Average length (nm)	Average stacking number
	CoMo/SiO 2	4.5	3.3
	CoMo/Al 2 O 3	2.9	1.4
	CoMo/TiO 2	4.7	1.7

3 catalysts. (CO/S-edge) band shows a maximum at 2070 cm -1 , while the overlapping stretching bands of (CO/CoMoS) show a maximum at 2074 cm -1 . Similar case is presented for (Co)Mo/SiO 2 catalyst as shows Figure

1B

. Close

Table 3 :

 3 Sites quantification for CoMo catalysts supported on Al 2 O 3 , SiO 2 and TiO 2

		Non promoted sites Promoted sites		
	Wavenumber (cm -	2116-2099	Total	Main components	
	1 )		2090-2000	2082-2085 2070-2074	2054-2057
	Catalyst	µmol edge sites /g catalyst			
	CoMo/SiO 2	25	29	6	9	10
	CoMo/Al 2 O 3	61	72	19	26	17
	CoMo/TiO 2	28	21	9	5	4

  deposition were also performed on alumina-supported MoS 2 slabs with different morphologies.

	HDS rate (mol/(h.kg)) a) HDS rate (mol/(h kg))		1.4E-04	HDS rate (mol/(h.m 2 b) HDS rate (mol/(h m 2 )) ))
					1.2E-04		
					1.0E-04		
					8.0E-05		
					6.0E-05		
					4.0E-05		
					2.0E-05		
					0.0E+00		
	CoMo/SiO 2	CoMo/Al 2 O	3	CoMo/TiO 2		CoMo /SiO2 CoMo/SiO 2	CoMo /Al2O3 CoMo/Al 2 O 3	CoMo /TiO2 CoMo/TiO 2
		0.7					
		0.6					
		0.5					
	Selectivity	0.3 0.4					Butane 1 Butene 2 Butene
							THT
		0.2					
		0.1					
		0.0					
			CoMo /SiO2 CoMo/SiO 2	CoMo /Al2O3 CoMo/Al 2 O 3	CoMo /TiO2 CoMo/TiO 2	

Table 4 .

 4 Figure 9. Comparison of a) unpromoted and promoted sites concentration, b) concentration of the 3 types of CoMoS sites with thiophene HDS rate for CoMo catalysts supported on Al 2 O 3 , SiO 2 and TiO 2 TOF values (in h -1 ) of non-and promoted sites for CoMo catalysts supported on Al 2 O 3 , SiO 2 and TiO 2 .

	1.40	CoMoS/Mo S-/M-edge	
		CoMo /SiO2 CoMo/SiO 2	CoMo /Al2O3 CoMo/Al 2 O 3 CoMo/TiO 2 CoMo /TiO2	CoMo/SiO 2	CoMo/Al 2 O 3 CoMo/TiO 2

Table 4

 4 

	shows that the TOF(CoMoS) values are different for the three catalysts. CoMo/Al 2 O 3
	presents the highest TOF(CoMoS) value and the highest promotion factor (TOF (CoMoS)/TOF
	(unpromoted Mo)), whereas CoMo/TiO 2 has the lowest TOF(CoMoS) value as well as the lowest
	promotion factor, and CoMo/SiO 2 presents in-between values. These differences are related to

different proportions of the various types of CoMoS site structures that constitute the promoted sites of these catalysts. Parallel between TOF CoMoS values and proportion of S-and M-edge partially
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promoted sites, the determination of the location is less direct. One can note the decrease of this component when the component specific to fully-promoted M-edge sites (2082-85 cm -1 ) increases suggesting the assignment of the band at 2072-74 cm -1 to partially promoted M-edge sites.

Previous paper by Travert et al reported the changes of CO stretching vibrations calculated by DFT versus the different promotion degree (0, 25%, 100%) of M-and S-edges of Co-promoted MoS 2 slabs [START_REF] Travert | CO Adsorption on CoMo and NiMo Sulfide Catalysts: A Combined IR and DFT Study[END_REF]. The DFT calculations show that promoted sites can present many different structures giving rise to different (CO) frequencies some being separated by only few cm -1 (Table SI4). This points out that the calculated wavenumbers cannot be directly used to assign the bands experimentally observed. However, analysis of the calculated values on CO frequencies of the different sulfide sites, shows interesting trends: i) the (CO) frequency of the fully-promoted sulfide sites is greater than that of partially promoted sulfide sites , which well agrees with the attribution we previously drawn from CVD experiments, ii) for similar site structure, the (CO) wavenumber of CO on M-edge sites is higher than the wavenumber of (CO) on S-edge sites. This last point is an additional support to propose that band at 2072-74 cm -1 , that is located at greater wavenumber than 2054-57 cm -1 band, correspond to partially promoted sites on M-edge.

Finally, from the advanced IR/CO results obtained by 2D-IRIS, Co CVD and comparison between (Co)Mo supported on the three different supports and from comparison with the trends resulting from the DFT calculation, the structure of the sites corresponding to the three CO/CoMoS bands could be determined.

Influence of the CoMoS site structure on the HDS activity

The metal-support interaction has been revealed as a factor that influences the CoMoS site formation and affects the promotor localization and promotion degree of the edge. Thus, the impact of the CoMoS site structures on the HDS activity has been studied on the CoMo catalysts supported on the different supports. Firstly, Figure 9a that compares the concentration of non-promoted and promoted sites with thiophene HDS rate, does not show any clear relationship. In particular, CoMo/TiO 2 that presents amount of promoted sites higher to that of CoMo/Al 2 O 3 , clearly exhibits a lower activity. This highlights that the concentration of CoMoS sites is an important factor but not the only factor that determines HDS activity. Indeed, Figure 8b points out a nice parallel between the HDS activity and the amount of partially promoted sites (bands at 2072-74 and 2054-57 cm -1 ).

CoMo/Al 2 O 3 that presents the highest concentration of partially promoted sites, has the highest activity. Compared to CoMo/Al 2 O 3 , CoMo/TiO 2 catalyst presents a lower amount of partially promoted sites but a higher amount of totally promoted sites, and a lower activity.