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The aim of this study is to unravel the mechanism of (noble metal oxide)/(active support) interactions for catalytic purposes. Hence, isotopic oxygen exchange (IOE) tests were performed on Iridium-and Ruthenium-based oxides supported on cerium oxide (CeO2), titanium oxide (TiO2), and yttria-stabilized zirconia (YSZ). IOE tests demonstrated the metal oxide support involvement in the propane oxidation reaction, with YSZ-based catalysts showing the highest exchange rate of oxygen, while CeO2 and TiO2-based catalysts had a less diffusion of lattice oxygen in that order. This is related to the presence of extrinsic oxygen vacancies in the YSZbased catalysts and the reduction ability of the CeO2 and TiO2 supports. Despite the limitations on oxygen exchange in some of the noble/metal oxide catalysts, their catalytic performance was comparable to the ones that showed a high oxygen exchange. Therefore, active supports result in a higher engagement of oxygen from the support but not in a linear correlation with the catalytic performance of the metal/support.

Introduction

Metal oxides that are considered as active supports (e.g. CeO2, TiO2) due to their lattice oxygen mobility are appealing for their use in heterogeneous catalysis [START_REF] Haber | The role of Oxygen on Catalysis[END_REF][START_REF] Mirodatos | Use of isotopic transient kinetics in heterogeneous catalysis[END_REF]. For instance, noble metal or noble metal oxide-based catalysts interfaced with active supports are increasingly used in catalytic oxidation reactions [START_REF] Haber | The role of Oxygen on Catalysis[END_REF][START_REF] Liu | Metal Catalysts for Heterogeneous Catalysis: From Single Atoms to Nanoclusters and Nanoparticles[END_REF], low temperature solid oxide fuel cells (SOFC) [START_REF] Adler | Factors Governing Oxygen Reduction in Solid Oxide Fuel Cell Cathodes †[END_REF][START_REF] Takagi | Operational characteristics of thin film solid oxide fuel cells with ruthenium anode in natural gas[END_REF][START_REF] Liu | Enabling catalysis of Ru-CeO2 for propane oxidation in low temperature solid oxide fuel cells[END_REF] and electrochemical promotion of catalysis [START_REF] Tsampas | Isotopical labeling mechanistic studies of electrochemical promotion of propane combustion on Pt/YSZ[END_REF][START_REF] Vernoux | Ionically conducting ceramics as active catalyst supports[END_REF][START_REF] Vayenas | Electrochemical Activation of Catalysis: Promotion, Electrochemical Promotion, and Metal-Support Interactions[END_REF][START_REF] Hajar | Functional equivalence of electrochemical promotion and metal support interaction for Pt and RuO2 nanoparticles[END_REF][START_REF] Hajar | Electrochemical Promotion of Nanostructured Palladium for Complete Methane Oxidation[END_REF][START_REF] Hajar | Electrochemical promotion of Bi-metallic Ni9Pd core double-shell nanoparticles for complete methane oxidation[END_REF]. The oxygen mobility property is of paramount importance, especially when oxygen from the gas phase is scarce or not stable in concentration [START_REF] Liu | Metal Catalysts for Heterogeneous Catalysis: From Single Atoms to Nanoclusters and Nanoparticles[END_REF]. As new synthesis methods emerge and result in highly active catalysts, further characterization is required to understand the role of lattice oxygen from the support to attempt in explaining the enhanced catalytic rate. Therefore, the aim of this work is to use experimental isotopic oxygen exchange (IOE) tests to thoroughly understand the interaction that occurs at the atomistic level between the metal and the active support. These results will be of paramount importance when further designing efficient heterogeneous catalysts.

IOE has been the method of choice for many researchers [START_REF] Doornkamp | The Isotopic Exchange Reaction of Oxygen on Metal Oxides[END_REF][START_REF] Bouwmeester | A novel pulse isotopic exchange technique for rapid determination of the oxygen surface exchange rate of oxide ion conductors[END_REF][START_REF] Shim | Enhanced oxygen exchange and incorporation at surface grain boundaries on an oxide ion conductor[END_REF][START_REF] Duprez | Study of surface mobility by isotopic exchange: recent developments and perspectives[END_REF][START_REF] Giordano | Properties of MgO(100) ultrathin layers on Pd(100): Influence of the metal support[END_REF][START_REF] Giordano | Characteristics of Pd adsorption on the MgO(100) surface: Role of oxygen vacancies[END_REF][START_REF] Dong | Investigation of the OSC performance of Pt / CeO2-ZrO2-Y2O3 catalysts by CO oxidation and 18O/16O isotopic exchange reaction[END_REF][START_REF] Kai | Oxygen Storage Capacity of Pt-Pd-, Rh/CeO2-BasedOxide Catalyst[END_REF][START_REF] Fortunato | Role of lattice oxygen in the propane combustion over Pt/yttria-stabilized zirconia : isotopic studies[END_REF][START_REF] Zhu | Activation of O2 and CH4 on yttrium-stabilized zirconia for the partial oxidation of methane to synthesis gas[END_REF]: Doornkamp et al. used IOE tests to find the rate constants for oxygen exchange mechanisms on various group IV metal oxides [START_REF] Doornkamp | The Isotopic Exchange Reaction of Oxygen on Metal Oxides[END_REF]. IOE experiments are also beneficial as done in Shim et al. to assess the effect of sintering on the grain boundary size of YSZ and its oxygen exchange rate proprieties [START_REF] Shim | Enhanced oxygen exchange and incorporation at surface grain boundaries on an oxide ion conductor[END_REF]. A different form of IOE that can be used is pulsed IOE technique, as presented in Bouwmeester et al. to determine the exchange rates of oxygen on YSZ (Y2O3-ZrO2), BSCF (Ba1-ySryCo0.8Fe0.2O3-δ) and La2NiO4+ metal oxides [START_REF] Bouwmeester | A novel pulse isotopic exchange technique for rapid determination of the oxygen surface exchange rate of oxide ion conductors[END_REF].

The oxygen exchange propriety of an active metal oxide is accentuated when interfaced with nanoparticle noble metal acting as a pathway for the oxygen exchange with the environment. Furthermore, it is believed that dispersing noble metals on active metal oxide supports decreases the aggregation rate of the noble metal particles due to the oxygen vacancies formed at the interface [START_REF] Duprez | Study of surface mobility by isotopic exchange: recent developments and perspectives[END_REF][START_REF] Giordano | Properties of MgO(100) ultrathin layers on Pd(100): Influence of the metal support[END_REF][START_REF] Giordano | Characteristics of Pd adsorption on the MgO(100) surface: Role of oxygen vacancies[END_REF]. The oxygen-vacancy formation is due to the reducible nature of the oxide which allows for a direct charge transfer between the noble metal and the support and the formation of a stable particle with oxygen vacancy around it.

It is important to understand that the ability to exchange oxygen at the interface relies generally on the particle size of the noble metal as it was demonstrated by Dong et al. through their volcano-shaped relationship between the oxygen exchange rate and the noble metal particle size or specific surface area (SSA) [START_REF] Dong | Investigation of the OSC performance of Pt / CeO2-ZrO2-Y2O3 catalysts by CO oxidation and 18O/16O isotopic exchange reaction[END_REF]. However, one must be critical about the causality relationship and the range of the particle size at which this relationship holds true as a volcano-shaped relationship still means that two catalysts of very different particle sizes and/or SSAs had very similar oxygen exchange rate. Another example of a relationship fitted wrongfully to assign causality is in Acerbi et al. where a linear relationship between the ceria reduction temperature and the work function of metals was assigned [START_REF] Acerbi | A practical demonstration of electronic promotion in the reduction of ceria coated PGM catalysts[END_REF]. However, few years later, the authors negated the relationship and rationalized the ceria reduction temperature with the d-band metal center position [START_REF] Acerbi | Rationalization of interactions in precious metal/ceria catalysts using the d-band center model[END_REF].

It is very appealing to relate the oxygen storage capacity (OSC) of catalysts with their catalytic activity; nevertheless, this relationship does not stand strong as for example CZO (CeO2-ZrO2) supporting Rh has a higher OSC than when supporting Pt or Pd as shown in Kai et al. [START_REF] Kai | Oxygen Storage Capacity of Pt-Pd-, Rh/CeO2-BasedOxide Catalyst[END_REF], but does not result in a higher catalytic rate. Furthermore, Fortunato et al. showed that using an ionically conducting oxide such as YSZ results in a higher oxygen exchange rate compared to the case of inactive SiO2 or ZrO2 when supporting Pt nanoparticles; nevertheless, the latter inert supports resulted overall in a similar catalytic rate to the prior one showing that even though the reaction mechanism was different, the overall catalytic rate was the same [START_REF] Fortunato | Role of lattice oxygen in the propane combustion over Pt/yttria-stabilized zirconia : isotopic studies[END_REF]. Pt-based catalysts have negligible oxygen exchange rate [START_REF] Bedrane | 16O/18O isotopic exchange: A powerful tool to investigate oxygen activation on M/CexZr1-xO2 catalysts[END_REF][START_REF] Over | Surface Chemistry of Ruthenium Dioxide in Heterogeneous Catalysis and Electrocatalysis: From Fundamental to Applied Research[END_REF][START_REF] Over | Catalytic CO oxidation over ruthenium -Bridging the pressure gap[END_REF] yet similar and/or higher catalytic rate compared to Ir-and Ru-based catalysts. Nevertheless, even though it is well known that Pt has a high catalytic rate as they are used commonly in deep oxidation reactions [START_REF] Garetto | Deep oxidation of propane on Ptsupported catalysts: Drastic turnover rate enhancement using zeolite supports[END_REF][START_REF] Boreave | Oxygen mobility in lanthanum nickelate catalysts for deep oxidation of propane[END_REF], their low oxygen storage capacity (OSC) does not allow their use in applications where high oxygen mobility is required. An emergent application is for example low temperature SOFC where oxygen ions from the support is the only source of oxygen for the deep oxidation of light hydrocarbons [START_REF] Liu | Enabling catalysis of Ru-CeO2 for propane oxidation in low temperature solid oxide fuel cells[END_REF].

In this work, IOE measurements were used here to quantify the amount of active oxygen engaged in the case of iridium and ruthenium nanoparticle catalysts supported on ionically conducting support (e.g., YSZ) and mixed ionic-electronic conducting support (e.g., CeO2 and TiO2 the effect of their oxygen exchange capacity on their catalytic performance was similarly imperative.

Isotopic Exchange Principle

During oxygen isotopic exchange, different reactions can occur [START_REF] Boreskov | The Catalysis of Isotopic Exchange in Molecular Oxygen[END_REF][START_REF] Winter | Exchange Reactions of Oxides. Part IX[END_REF]:

• The homomolecular exchange during which oxygen molecules of different labels from the gas phase are scrambled over the catalyst surface (Eq. 1).

18 O 2,g + 16 O 2,g ⇌ 2 16 O 18 O g Eq. 1

• The heteromolecular exchange during which 18O2 is scrambled with lattice oxygen of the oxide solid. A simple heteromolecular exchange involves one atom from the solid (Eq. 2), whereas multiple heteromolecular exchange reaction involves multiple oxygen atoms from the support (Eq. 3). 

Experimental and Method Section

Metal oxide nanoparticles (RuO2 and IrO2) were prepared using the polyol method to obtain a narrow range of particle size distribution [START_REF] Hajar | Functional equivalence of electrochemical promotion and metal support interaction for Pt and RuO2 nanoparticles[END_REF][START_REF] Hajar | Investigation of heterogeneous catalysts by electrochemical method: Ceria and titania supported iridium for ethylene oxidation[END_REF]. The synthesis involved, 0.11 g of H2IrCl6 (Alfa Aesar®,  99.99%) or 0.21 g of RuCl4 (Sigma-Aldrich®,  99.99%) dissolved in 50 mL of ethylene glycol with 0.08 M of NaOH. The solution was refluxed at 160 oC for 3 h, resulting in a pH drop from 10 to 7.5, indicating nanoparticles formation. The NPs colloid solution was mixed with a pre-calculated amount of the supporting metal oxide powder in deionized water for 72 h [START_REF] Hajar | Investigation of heterogeneous catalysts by electrochemical method: Ceria and titania supported iridium for ethylene oxidation[END_REF][START_REF] Hajar | Nanoscopic Ni interfaced with oxygen conductive supports: Link between electrochemical and catalytic studies[END_REF]. The mechanical attachment of the nanoparticles (NPs) to the supporting metal oxides is signaled by the change of the solution's color to clear when the solid phase sediments upon cessation of the mixing. The catalyst sludge is centrifuged and dried in a freeze dryer (LabConco®). The metal oxide supports used were commercial YSZ (8% Y2O3-92% ZrO2, Tosoh®, SSA 13 m2 g-1), CeO2 (Alfa Aesar®, specific surface area 30-50 m2 g-1) and TiO2 (Acros Organics, Aeroxide® P25, SSA 45-55 m2 g-1).

Due to pre-treatments and tests under oxygen-based reaction atmospheres, the noble metal nanoparticles are oxidized to RuO2 and IrO2 as demonstrated in previous studies using density functional theory (DFT) [START_REF] Hajar | Theoretical Insight into Origin of Electrochemical Promotion of Ethylene oxidation on Ruthenium Oxide[END_REF] and X-Ray Photoelectron Spectroscopy (XPS) [START_REF] Isaifan | Effect of ionically conductive supports on the catalytic activity of platinum and ruthenium nanoparticles for ethylene complete oxidation[END_REF]. Furthermore, to check on the formation of nanoparticle noble metals, transmission electron microscopy (TEM) (JEOL JEM 2100F FETEM operating at 200 kV) was used for the TiO2-supported catalysts, and annular dark field Scanning TEM (STEM) (FEI Titan3 80-300 TEM operated at 300 kV) was used for the CeO2-based material. Image J software allowed the determination of the average particle size of ruthenium and iridium. The specific surface area (SSA) was determined using the Brunauer-Emmett-Teller (BET) method (Quantachrom®, Mod. Nova 2000) with nitrogen adsorption at -195 oC. The metal loading was checked using X-Ray Fluorescence (XRF) (Olympus®, 40 kV electron beam).

The dispersion of the catalyst was estimated from the average particle size determined from the TEM images:

Dispersion (%) = (600 • MwMetal)/(ρ(g/m3) • d(m) • ametal • Na) Eq. 4
where MMetal is the molecular weight, aMetal is the atomic surface area, ρ is the metal density, Na is Avogadro's number, and d is the average particle diameter (m) estimated from TEM or STEM. The experimental setup used for the isotopic oxygen exchange tests consisted of a U-shape reactor in which 50 mg of the catalyst was introduced. The feed gas consisted of 1% isotopic oxygen (97.37% 18O2, 1.1% 16O18O, 1.53% 16O2 from EURISOTOP®) diluted in Helium (Linde®, 99.999%) or 5% 16O2 (Linde®, 5% 16O2) diluted in Helium, at 30 mL min-1 flow rate. Fourport valves were used to switch the feed inlet to the reactor between pre-treatment conditions and reactants feed. Another four-port valve would allow the feed gas to enter the reactor or bypass it before it continues its flow to the Hiden® quadrupole mass spectrometer where the gas composition is detected by following the masses of 18, 20, 28, 29, 32, 34, 36, 42, 44, 46 m/z.

For the temperature programmed IOE, 30 mL min-1 of 16O2 (Linde®, 5% in He) was used to pre-treat the sample for two hours at 350 °C. The sample was cooled down, then a feed of 1 % of 18O2 was introduced to the reactor with a balance of He, at a flow of 30 mL min-1. The temperature was increased to 350 °C with a heating rate of 10 °C min-1.

For the isothermal IOE, the sample was pre-treated with the 5 % 16O2 oxygen for two hours at 350 °C. Before starting the experiment, the 1 % 18O2 gas feed by-passed the reactor directly to the MS to find the 18O2 initial threshold; meanwhile, the reactor was purged with helium to remove 16O2 gas from the flow. The two four-port valves were then switched in a way that 18O2 gas feed was directed towards the reactor and then to the MS detection. A blank experiment was performed without any catalyst in the reactor to determine the dead volume and check for leaks.

To determine the source of oxygen in the oxidation reaction of a light hydrocarbon, 0.4 kPa propane (Linde®, 8000 ppm in He) was fed along with 2 kPa 16O2 oxygen (Linde®, 5% in He) for a total flow rate of 40 mL min-1 and tested using the aforementioned mass spectrometer at 350 °C. This experiment followed directly the isothermal IOE test with an intermittent purge with He for 5 min.

To perform a titration of the amount of oxygen from the support engaged in the oxidation reaction when no source of gaseous oxygen is provided, an ethylene titration experiment is performed. In this experiment, and following the same conditions performed in a previous study from our previous study [START_REF] Dole | Ethylene Oxidation in an Oxygen-Deficient Environment: Why Ceria is an Active Support?[END_REF], the catalysts were pre-treated under 3 kPa of oxygen from room temperature to 400 °C by a step increase of temperature of 25 °C. The temperature was then dwelled at 400 °C for 2 h before cooling it down to room temperature. The temperature was then increased to 350 °C by step change of 25 °C and 10 min at each temperature under the reaction feed of 0.01 kPa C2H4 (Linde, 0.5% C2H4 in He) and 3 kPa of 16O2 (20 % O2, Linde®) with a total flow rate of 100 mL min-1 (He balance). The reaction mixture was kept for an hour at 350 °C, then the reaction feed was switched to a flow of ethylene alone with balance of He. The CO2 produced during the titration test was followed using non-dispersive infrared (NDIR) CO2 gas analyzer (Horiba®, VA-3000) to quantify the amount of active oxygen emitted from the support.

Results and Discussion

Table 1 shows a summary of the main physicochemical properties of these materials, in particular, the marginal change in the particle size of the noble metals when suspended in their colloidal form versus when deposited on the supports. Furthermore, the effect of the particle size is shown on the dispersion percentage using eq.1 while similar metal loading was obtained. The Transmission Electronic Microscopy (TEM) and scanning STEM characterizations used to find the average particle size are presented in Fig. 1. The dispersion of iridium oxide on CeO2 and TiO2 averaged to a slightly higher number compared to that of ruthenium oxide due to their slightly smaller particle size. A histogram of the range of nanoparticles diameter is shown in Fig. 2. The Specific Surface Area (SSA) of CeO2 and TiO2-based catalysts were higher than that of YSZ-based catalysts, which was mainly attributed to the intrinsic SSA values of the pure metal oxide supports. First, a temperature-programmed isotopic oxygen exchange (TPIOE) was performed (Fig. 3) on the six catalysts to see the temperature effect on the catalysts' oxygen exchange capacity detected through the variation in the atomic fraction (Eq. 5) of 18O2, 18O16O, 16O2 in the gas phase:

α 𝑖 = 𝑃 𝑖 𝑃 𝑇 with i being 16O2, 16O18O, 18O2
and 𝑃 𝑇 = 𝑃 16 O 2 + 𝑃 16 O 18 O + 𝑃 18 O 2 Eq. 5 YSZ had the highest oxygen exchange capacity, shown by its greatest ability to consume 18O2 from the gas as shown by the steepest decrease of the atomic fraction of 18O2. This was in parallel with the increase of α 16 O 2 and α 16 O 18 O in the gas phase as oxygen molecule was desorbing from the surface by combining two atoms originating from the lattice of the support (resulting in 16O2), or one from the support and one from the gas (resulting in 16O18O). The desorption of 16O2 was more significant than 16O18O in the case of YSZ, suggesting that the multiple heteroexchange mechanism (Eq. 3) was more dominant than the simple heteroexchange reaction (Eq. 2) when supporting iridium or ruthenium.

While the same pattern of oxygen exchange was found in the case of iridium and ruthenium supported on YSZ, the oxygen exchange was not similar for the two metal oxides on CeO2 and TiO2. This difference shows well the importance of the metal oxide/support interactions. In the case of CeO2, iridium resulted in a higher oxygen exchange capacity compared to ruthenium. It could be attributed to the slightly higher particle size of ruthenium (1.8 nm) on CeO2 but also to the bigger size of the CeO2 particles in the RuO2/CeO2 catalyst (Fig. 1) due to an unexpected sintering. Unlike in the case of YSZ, simple heteroexchange mechanism was the dominant one for the oxygen exchange on CeO2 and TiO2 based catalysts, showing that either the rate of desorption of 16O18O was faster than the full spillover of 18O2, or that there is not enough active lattice oxygen in the oxides. Therefore, the temperature-programmed oxygen exchange rate of the catalysts respected the following order: IrO2/YSZ > IrO2/CeO2 > RuO2/YSZ > RuO2/TiO2 > IrO2/TiO2 > RuO2/CeO2. During the isothermal IOE test, the multiple heteromolecular exchange (full exchange of 18O2 from the gas with two 16O from the support) was the dominant mechanism for YSZ-based catalysts (Fig. 4) at the beginning of the exchange. This mechanism was followed by a slow drop in its rate as simple heteroexchange was rising. In the case of TiO2-supported catalysts, comparable simple and multiple heteroexchange reactions occurred, with the former being slightly higher and prolonged. However, in the case of the CeO2 support, the performance of the two catalysts was not similar. IrO2/CeO2 shows a significant oxygen exchange capacity compared to that of RuO2/CeO2. The total amount of oxygen exchanged can be better analysed when comparing the time required to saturate 18O2 consumption as its flow rate increases to its initial values (Fig. 4). The isothermal oxygen exchange rate of the catalysts followed the order: IrO2/YSZ > RuO2/YSZ > IrO2/CeO2 > RuO2/TiO2 > IrO2/TiO2 > RuO2/CeO2. It is worth mentioning that the IOE of the active supports alone was negligible at 350 °C similarly to when TPIOE was performed.

The rate of isothermal oxygen exchange was the highest at the initial contact between the gaseous 18O2 and the catalyst as was seen in Fig. 4 and demonstrated by the peak in 16O2 production at t=~2min. Therefore, it is beneficial to compare the initial rate of exchange R 0 e (eq. 1) as a mean to compare quantitively the catalysts' affinity for surface oxygen exchange. As seen in Table 2, the initial rate of isothermal oxygen exchange was the highest for IrO2/YSZ at a rate of 1.27 10-5 mol 16O s-1 gcata-1 while it was the lowest for RuO2/CeO2 following the same order from what was observed qualitatively in Fig. 4. R 0 e , which is normalized by gram of catalyst, can also be normalized in a ratio form of moles of 16O emitted divided by moles of 16O in the catalyst, giving a value presented as % mol 16O s-1 mol 16Ocata-1. Since CeO2 has the lowest molecular weight between the three supports, it was found that R 0 e of IrO2/CeO2 was higher than that of YSZbased catalysts, when normalized by moles of oxygen in the catalyst (% mol 16O s-1 mol 16Ocata-1). In addition, the total amount of oxygen exchanged within 10 min was calculated as N 0 e (eq. 2) in Table 2., it was found, for example, that 34% of oxygen in IrO2/YSZ catalyst was exchanged in only 10 min whereas not more than 0.32% of oxygen in RuO2/CeO2 was accessible. N 0 e values suggest that oxygen diffusion from the bulk has occurred to a great extent in the case of YSZ-based catalysts and IrO2/CeO2 while less engagement in the case of TiO2-based catalysts occurred and only surface oxygen was consumed in RuO2/CeO2. The initial rate of isothermal oxygen exchange R 0 e (mol O s-1 gcata-1) was calculated as follows:

R 0 e = 2 V ṁRT (P 32 + 1/2 P 34 ) Eq. 1

where V ̇ is the volumetric flow rate, m the catalyst weight, R the gas constant, T standard condition temperature. R 0 e was divided by n (mol 16Ocata) instead of m (g catalyst) to find it in ratio form with a unit of mol 16O s-1 mol 16Ocata-1.

The total amount of oxygen exchanged at time t was calculated as follows:

N t e = ∫ R t e 𝑡 0 . 𝑑𝑡 Eq. 2
Where R t e is the rate of isothermal oxygen exchange at time t in mol O s-1 mol 16Ocata-1. Furthermore, the catalytic performance of the six catalytic materials was tested for propane oxidation depicted in Fig. 5, while the initial catalytic rate and the accumulated CO2 production from labeled oxygen are shown in Table 3. The propane oxidation reaction with gaseous 16O2 was performed directly after the isothermal oxygen exchange test with a 5 min helium purge in between to remove any remaining 18O2 in the gas phase. Propane oxidation at T= 350 oC was detected via mass spectrometry, with C16O2, C16O18O, and C18O2 being the main products detected via m/z 44, 46 and 48, respectively. Therefore, CO2 gas product containing 18O atoms originates from the catalyst as it was stored in the sample during the isothermal IOE experiment described in Fig. 4. RuO2/ and IrO2/YSZ catalysts exhibited the highest production of C18O2 in good agreement with their highest oxygen exchange rate. The production of C18O2 strongly suggests a Marsvan Krevelen mechanism such that oxygen from the catalyst is involved in the reaction and is replenished by oxygen from the gas phase [START_REF] Over | Ruthenium dioxide, a fascinating material for atomic scale surface chemistry[END_REF][START_REF] Mars | Oxidations carried out by means of vanadium oxide catalysts[END_REF]. While C18O2 production was dominant at first, C16O18O production followed for a few minutes, and then the C16O2 production emerged. This order of CO2 isotopes production is due to the depletion of the support from the labelled 18O2, therefore, differentiation between the gas phase and metal-oxide phase oxygen becomes difficult as both sources of oxygen will be labelled with 16O as a function of time.

The active nature of YSZ-based catalysts is therefore confirmed by the prolonged C18O2 production in comparison with the other supports. TiO2-based catalysts had a little C18O2 production but peaked initially in C16O18O production which is in good agreement with their IOE results of highest 16O18O desorption. The higher C16O18O production could be attributed to the rapid surface oxygen exchange and the smaller oxygen storage capacity in TiO2 compared to YSZ. Finally, the divergence in the oxygen exchange behavior of the two CeO2-based catalysts was confirmed by the catalytic tests for propane oxidation (Fig. 5). Indeed, IrO2/CeO2 had a significant C18O2 and C16O18O production whereas only C16O18O production was observed for RuO2/CeO2. This is also presented in Table 3 which shows the initial rate of propane oxidation using labeled 18O, normalized per gram of catalyst as well as per mol of oxygen in the catalyst. Furthermore, the accumulation of CO2 production using labeled 18O was also calculated at t=30 min and presented as n30 (% mol 18O /mol Ocata). This value, which is found by integration of the CO2 production rate as a function of time, shows that the highest consumption of labeled oxygen was 17.8 % for the case of IrO2/YSZ. Overall, the n30 values are lower than N 10 e found in the IOE experiments. This might be due to the 5 min of He purge that was performed in between, resulting in desorption of some labeled oxygen from the catalyst's surface. Overall, the total CO2 production rates in the case of the six catalysts were not very different as shown in Fig. 5 even though the consumption of oxygen from the catalyst was majorly different. This results in concluding that the activity of the metal oxide support and thus the metal/support interaction does not have an effect on the catalytic rate as linearly as it was anticipated.

Table 3. initial catalytic rate (r0 of C18O2+1/2 C16O18O) of propane oxidation using oxygen from the catalyst (mol 18O s-1 gcata-1 or % mol 18O s-1 mol Ocata ) and percentage of oxygen consumption from the catalyst for production of CO2 in 30 min for the different catalyst complexes. To further our studies, the involvement of bulk oxygen from the support in a catalytic reaction was also characterized by "ethylene titration tests" under an oxygen deficient atmosphere. In such conditions, any resulting oxidation reaction can only be assisted by oxygen from the support material. In previous works, and CeO2 for ethylene oxidation in an oxygen deficient environment [START_REF] Isaifan | Catalytic electrooxidation of volatile organic compounds by oxygen-ion conducting ceramics in oxygen-free gas environment[END_REF]. Dole et al. tested ethylene oxidation with and without gaseous oxygen and compared the results between Pt, RuO2 and IrO2 supported on CeO2 [START_REF] Dole | Ethylene Oxidation in an Oxygen-Deficient Environment: Why Ceria is an Active Support?[END_REF]. In this work, Fig. 6 shows the oxygen storage capacity of the catalysts under an oxygen deficient reaction atmosphere at 350 °C. The catalysts were first stabilized under C2H4/O2 condition before the oxygen feed was interrupted at t= 0 h. IrO2 and RuO2 supported on YSZ had the highest and most prolonged ability to provide oxygen for reaction with gaseous ethylene to produce CO2. It could be attributed to the high mobility of bulk oxygen mobility in YSZ mostly due to the doping factor and the extrinsic oxygen vacancies. TiO2-based catalysts exhibited a lower reactivity, whereas CeO2-based materials showed also a divergence in behavior such that IrO2/CeO2 had a significant ethylene conversion at the beginning of the reducing environment period, followed by an increase of the ethylene conversion before it decreased to zero. This sudden increase in the ethylene conversion could be attributed to the surface reduction of ceria in the proximity of the metal oxide nanoparticles [START_REF] Fornasiero | Rh-Loaded CeO2-ZrO2 Solid Solutions as Highly Efficient Oxygen Exchangers: Dependence of the Reduction Behavior and the Oxygen Storage Cpacity on the Structural Properties[END_REF]. A shorter but similar trend occurred in the case of RuO2/CeO2 which is in good agreement with its lowest oxygen exchange rate that it demonstrated in the isothermal and temperature-programmed experiments (Fig. 3 and4). One can notice that the ability of CeO2 to be reduced might have been limited due to a sintering effect as it was seen in the case of RuO2/CeO2. The higher catalytic activity of IrO2/CeO2 compared to RuO2/CeO2 would be attributed to the smaller particle size of IrO2 and CeO2 compared to RuO2/CeO2, allowing for a higher dispersion and an enhanced oxygen mobility around the metal oxide nanoparticles. 

Conclusions

In conclusion, noble-metal oxide/support interactions were studied in this work. To that purpose, nanodispersed IrO2 and RuO2 based catalysts supported on YSZ, CeO2, and TiO2 were investigated by Isotopic Oxygen Exchange (IOE) techniques. Metal oxides supported on YSZ exhibited a very significant metal oxide/support interaction and the highest oxygen exchange compared to the other supports. It led to CO2 production that highly involved bulk oxygen from the support. There was no direct correlation between the amount of exchanged oxygen and the catalytic activity, as even when limited exchange occurred such as in the case of RuO2/ CeO2, the catalyst still showed satisfactory catalytic activity that is comparable to the other materials. This indicates that other factors, such as nanoparticle size, dispersion and oxidation state play an important role in the catalytic activity.

Overall, this study demonstrates the high engagement of oxygen from active metal oxides supporting iridium and ruthenium oxide nanoparticles, pointing out that these catalysts can be used in applications where the mobility of oxygen from the support is critical for the performance.

  [a] Determined from TEM, [b] from eq. S1 [c] from XRF measurements, [d] from BET measurements. [e] The noble metals on YSZ support were not easily detected due to the limited electronic contrast between the metals and the support in transmission electron microscopy.
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 1 Figure 1. STEM of RuO2 and IrO2 stand-alone nanoparticles and when supported on CeO2 (STEM) and on TiO2 (TEM).

Figure 2 .

 2 Figure 2. Histograms of the particle size of RuO2 and IrO2 as (a) colloidal nanoparticles, and when supported on (b) TiO2 and (c) CeO2.

Figure 3 .

 3 Figure 3. Temperature-programmed isotopic oxygen exchange on IrO2 and RuO2 nanoparticles supported on CeO2, TiO2, and YSZ metal oxides. P18O2= 1 kPa and balance of He. Total flow of 30 mL min-1. The support alone (CeO2, TiO2 or YSZ) alone had no oxygen exchange capacity in the temperature range used.

Figure 4 .

 4 Figure 4. Isothermal isotopic oxygen exchange on IrO2 and RuO2 supported on CeO2, TiO2 and YSZ metal oxides. The four-way valve is switched to the reactor's inlet at t= 1 min. T=350 °C. P(18O2)= 1 kPa and balance of He. Total flow= 40 mL min-1. The support alone had no oxygen exchange capacity at this temperature.

Figure 5 .

 5 Figure 5. Propane oxidation to the different isotopically labelled CO2 in the case of IrO2 supported on CeO2, TiO2, and YSZ metal oxides. P(C3H8)= 0.4 kPa and P(16O2)= 2 kPa and balance of He. Total flow rate= 40 mL min-1. The experiment is performed consecutively to the isothermal IOE test. The reactive flow is switched to the reactor at t=3min.

Figure 6 .

 6 Figure 6. Ethylene oxidation in the presence and absence of oxygen in the gaseous feed for the case IrO2 and RuO2 supported on CeO2, TiO2, and YSZ metal oxides. T=350 °C, P(C2H4)= 0.01 kPa, P(o2)= 3 kPa (for t<0 h) and Po2= 0 kPa (for t>0h). Total flow= 100 mL min-1. The "He alone" curve is a reference curve for when no C2H4 nor O2 are flowing in the stream after t=0 h.

Table 1 .

 1 Characteristics of nanoparticles supported on CeO2, TiO2 and YSZ.

Table 2 .

 2 Initial rate of isothermal oxygen exchange R 0

	e (mol 16O s-1 gcata-1 or % mol 16O s-1 mol 16Ocata ) and percentage of isothermal oxygen exchange in 10 min N 10 e (% mol 16O) for the different catalyst complexes. R 0 e (mol 16O s-1 gcata-1 10-5 N 10 e (% mol 16O /mol | % mol 16O s-1 mol 16Ocata 10-1) 16Ocata) NPs RuO2 IrO2 RuO2 IrO2 Support YSZ 1.21 | 0.82 1.27 | 0.86 33.6 34.0 CeO2 0.11 | 0.09 1.08 | 0.94 0.32 18.0 TiO2 0.81 | 0.33 0.56 | 0.23 3.0 3.1

  Isaifan et al. have tested Pt supported on YSZ, Sm-doped CeO2

	NPs Support YSZ CeO2 TiO2	r0 of C18O2+1/2 C16O18O (mol 18O s-1 gcata-1 10-7 | % mol 18O s-1 mol Ocata 10-4) RuO2 IrO2 1.03 | 7.0 1.13 | 7.7 0.27 | 2.34 1.33 | 11.6 1.00 | 4.0 0.84 | 3.4	n30 of C18O2+1/2 C16O18O (% mol 18O /mol Ocata) RuO2 IrO2 17.3 17.8 2.9 7.2 1.3 1.1
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