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Introduction

CO oxidation on supported gold nanocatalysts has been an emblematic and pivotal problem in catalysis in the last three decades [1][2][3][4][5][6][START_REF] Si | Shape and Crystal-Plane Effects of Nanoscale Ceria on the Activity of Au-CeO 2 Catalysts for the Water-Gas Shift Reaction[END_REF][START_REF] Widmann | Activation of Molecular Oxygen and the Nature of the Active Oxygen species for CO Oxidation on Oxide Supported Au Catalysts[END_REF][START_REF] Widmann | Active oxygen on a Au/TiO 2 Catalyst: Formation, Stability, and CO Oxidation Activity[END_REF][START_REF] Fu | Active nonmetallic Au and Pt species on ceria-based water-gas shift catalysts[END_REF][START_REF] López-Haro | Imaging Nanostructural Modifications Induced by Electronic Metal-Support Interaction Effects at Au Parallel to Cerium-Based Oxide Nanointerfaces[END_REF][START_REF] Kumar | Evaluating Differences in the Active-Site Electronics of Supported Au Nanoparticle Catalysts Using Hammett and DFT Studies[END_REF][START_REF] Wang | Dynamic Formation of Single-Stom Satalytic Sctive Sites on Seria-Supported Gold Nanoparticles[END_REF][START_REF] Guo | Contributions of Distinct Gold Species to Catalytic Reactivity for Carbon Monoxide Oxidation[END_REF][START_REF] Hea | Size-Dependent Dynamic Structures of Supported Gold Nanoparticles in CO Oxidation Reaction Condition[END_REF][START_REF] Fu | Direct Identification of Active Surface Species for the Water-Gas Shift Reaction on a Gold-Ceria Catalyst[END_REF] and recent literature confirms that it still remains an intriguing subject [START_REF] Kumar | Evaluating Differences in the Active-Site Electronics of Supported Au Nanoparticle Catalysts Using Hammett and DFT Studies[END_REF][START_REF] Wang | Dynamic Formation of Single-Stom Satalytic Sctive Sites on Seria-Supported Gold Nanoparticles[END_REF][START_REF] Guo | Contributions of Distinct Gold Species to Catalytic Reactivity for Carbon Monoxide Oxidation[END_REF][START_REF] Hea | Size-Dependent Dynamic Structures of Supported Gold Nanoparticles in CO Oxidation Reaction Condition[END_REF][START_REF] Fu | Direct Identification of Active Surface Species for the Water-Gas Shift Reaction on a Gold-Ceria Catalyst[END_REF]. The presumably simple reaction is challenging to understand because many factors, as the size of the gold particles, the valence state of gold, and goldsupport interaction, importantly affect the catalysts activity. All these factors occur together, and disentangling their effects is quite complicate [START_REF] Si | Shape and Crystal-Plane Effects of Nanoscale Ceria on the Activity of Au-CeO 2 Catalysts for the Water-Gas Shift Reaction[END_REF][START_REF] Widmann | Activation of Molecular Oxygen and the Nature of the Active Oxygen species for CO Oxidation on Oxide Supported Au Catalysts[END_REF][START_REF] Fu | Active nonmetallic Au and Pt species on ceria-based water-gas shift catalysts[END_REF][START_REF] López-Haro | Imaging Nanostructural Modifications Induced by Electronic Metal-Support Interaction Effects at Au Parallel to Cerium-Based Oxide Nanointerfaces[END_REF]. This issue stimulated a long-standing scientific debate on the nature of the gold active site, resulting in a virtuous synergy between theoretical and experimental works [START_REF] Wang | Dynamic Formation of Single-Stom Satalytic Sctive Sites on Seria-Supported Gold Nanoparticles[END_REF][START_REF] Hakkinen | Structural, Electronic, and Impurity-Doping Effects in Nanoscale Chemistry: Supported Gold Nanoclusters[END_REF][START_REF] Yoon | Charging Effects on Bonding and Catalyzed Oxidation of CO on Au8 Clusters on MgO[END_REF][START_REF] Hammer | Why Gold Is the Noblest of All the Metals[END_REF]. However, model catalyst systems with controlled gold oxidation states are difficult to obtain, and the description of the real active site for the CO oxidation is still a compelling subject, calling for a direct experimental study of the reaction mechanism under working conditions.

The details in the occupancy of the d-band of the supported metal catalyst are pivotal for interpreting and understanding the origin of the catalytic activity [START_REF] Hammer | Why Gold Is the Noblest of All the Metals[END_REF][START_REF] Van Bokhoven | Activation of Oxygen on Gold/Alumina Catalysts: In Situ High-Energy-Resolution Fluorescence and Time-Resolved X-ray Spectroscopy[END_REF][START_REF] Glatzel | In situ Characterization of the 5d Density of States of Pt Nanoparticles Upon Adsorption of CO[END_REF][START_REF] Weiher | Activation of Oxygen by Metallic Gold in Au/TiO2 Catalysts[END_REF]. The gold catalyzed CO oxidation reaction is usually explained within to the so-called d-band model, in which substrate-adsorbate bonds are formed. In this scheme, the position of the d-band center plays a fundamental role in the formation and strength of the new bonds. In particular, a d-band closer to the Fermi level will give rise a stronger interaction. The center of the d-band of bulk gold is situated far below of the Fermi level [START_REF] Hammer | Why Gold Is the Noblest of All the Metals[END_REF]. However, as soon as the size of gold particles is downsized in the nanometric range (below 5 nm), a significant modification of the electronic structure occurs. In fact, the gold d-band center shifts towards energies closer to the Fermi level. This affects the formed antibonding orbital originated by the interaction of the adsorbed molecule with the metal, whose energy will be finally shifted above the Fermi energy level. Thus, the d-band center of gold reduces its occupancy resulting less filled [START_REF] Hammer | Why Gold Is the Noblest of All the Metals[END_REF][START_REF] Weiher | Activation of Oxygen by Metallic Gold in Au/TiO2 Catalysts[END_REF]. In addition to the d-band shifts, the very high dispersion of nanosized gold clusters lowers the number of hybridized valence states: this in turn makes the d-band states distribution sharper and more defined [START_REF] Wang | Dynamic Formation of Single-Stom Satalytic Sctive Sites on Seria-Supported Gold Nanoparticles[END_REF][START_REF] Hammer | Why Gold Is the Noblest of All the Metals[END_REF][START_REF] Visikovskiy | Electronic d-Band properties of Gold Nanoclusters Grown on Amorphous Carbon[END_REF].

In any case, the gold cluster dimension is not the only contributing aspect that has to be considered. The support oxide also directly influences the electronic structure of the supported gold clusters by different mechanisms, e.g. straininduction and charge transfer [START_REF] Hea | Size-Dependent Dynamic Structures of Supported Gold Nanoparticles in CO Oxidation Reaction Condition[END_REF]. In this respect, a key structural argument used to explain the high activity of metal oxide supported gold clusters relies on the idea of peripheral sites which are formed at the interface between the gold nanoparticle and the oxide [START_REF] López-Haro | Imaging Nanostructural Modifications Induced by Electronic Metal-Support Interaction Effects at Au Parallel to Cerium-Based Oxide Nanointerfaces[END_REF][START_REF] Hea | Size-Dependent Dynamic Structures of Supported Gold Nanoparticles in CO Oxidation Reaction Condition[END_REF]. These peripheral atoms are supposed to show high activity towards adsorption, due to the higher coordinative unsaturation in comparison with the bulk ones, and to be the preferred sites where the reaction takes place. However, the evidences on gold-catalyzed CO oxidation are still not fully conclusive, and at times even contradictory.

For instance, it was reported that gold octamers clusters (Au8) bound to oxygen-vacancy F-center defects on Mg(001) are the smallest metal gold nanoparticles capable of catalyzing the low-temperature oxidation of CO to CO 2 . On the contrary, metal clusters supported on defect-free surfaces are chemically inert. The charging of the deposited clusters plays a key role in promoting their chemical activity [START_REF] Yoon | Charging Effects on Bonding and Catalyzed Oxidation of CO on Au8 Clusters on MgO[END_REF]. Guo et al. showed that the metallic gold component in clusters are much more important as active sites than Au + species for the CO oxidation [START_REF] Guo | Contributions of Distinct Gold Species to Catalytic Reactivity for Carbon Monoxide Oxidation[END_REF][START_REF] Fu | Direct Identification of Active Surface Species for the Water-Gas Shift Reaction on a Gold-Ceria Catalyst[END_REF]. Moreover, against the general belief that the active sites are immobile, it was shown that Au clusters are quite flexible during the operating conditions. While large Au nanoparticles effectively remain statically rigid, very small Au clusters lose their internal structures and become almost disordered, inducing considerable sizable rearrangements and resulting in the formation of cyclically "uncoordinated" atoms on the surface [START_REF] Yoon | Charging Effects on Bonding and Catalyzed Oxidation of CO on Au8 Clusters on MgO[END_REF]. On the other side, other authors claimed that the single gold atoms dispersed in a reducible defective support are the real active species [START_REF] Tian | A New Trick for an Old Support: Stabilizing Gold Single Atoms on LaFeO 3 Perovskite[END_REF][START_REF] Corma | Exceptional Oxidation Activity with Size-Controlled Supported Gold Clusters of Low Atomicity[END_REF]. Irrespective of all the possible structural scenarios, which are not able to fully explain the electronic modification occurring in the metal particles, it is commonly accepted that the charge transfer, originating from metal-support interaction, produces a local variation in the electronic structure of the gold clusters. Such a modification is mostly located around the cluster itself, or at detached atom sites, and depends strongly on catalyst pre-treatments that may influence the electronic state of gold species (Au δ+ , Au 0 , Au δ-) [START_REF] Abdel-Mageed | Active Au Species During the Low-Temperature Water Gas Shift Reaction on Au/CeO2: A Time-Resolved Operando XAS and DRIFTS Study[END_REF]. The change in metal electronic state allows the π* antibonding orbital of oxygen to interact with the metal d-band. As soon as the antibonding orbital occupancy rises, the O=O bond is weakened and elongated, and therefore activated to react with CO [START_REF] López-Haro | Imaging Nanostructural Modifications Induced by Electronic Metal-Support Interaction Effects at Au Parallel to Cerium-Based Oxide Nanointerfaces[END_REF][START_REF] Van Bokhoven | Activation of Oxygen on Gold/Alumina Catalysts: In Situ High-Energy-Resolution Fluorescence and Time-Resolved X-ray Spectroscopy[END_REF][START_REF] Weiher | Activation of Oxygen by Metallic Gold in Au/TiO2 Catalysts[END_REF][START_REF] Pacchioni | Electronic Interactions and Charge Transfers of metal Atoms and Clusters on Oxide Surface[END_REF]. Interestingly, the mechanism by which molecular oxygen is activated on gold particles indicates the transient formation of gold-oxygen complexes [START_REF] Fu | Direct Identification of Active Surface Species for the Water-Gas Shift Reaction on a Gold-Ceria Catalyst[END_REF][START_REF] Van Bokhoven | Activation of Oxygen on Gold/Alumina Catalysts: In Situ High-Energy-Resolution Fluorescence and Time-Resolved X-ray Spectroscopy[END_REF][START_REF] Miller | The Effect of Gold Particle Size on the Au-Au Bond Distance in Supported Catalysts[END_REF].

Notably, the activation is detected as an increase of the Au L 3 XANES resonance peak, which indicates the corresponding gold d-band occupancy.

Nevertheless, important questions concerning the reversibility of the goldoxygen complex formation, its evolution, and the possible restoration of metal-support interaction during the oxidation process still remain unsolved.

In recent literature, conventional X-ray absorption spectroscopies, which are able to solve the gold local environment in different chemical conditions, are still the main characterization techniques [START_REF] Fu | Direct Identification of Active Surface Species for the Water-Gas Shift Reaction on a Gold-Ceria Catalyst[END_REF][START_REF] Van Bokhoven | Activation of Oxygen on Gold/Alumina Catalysts: In Situ High-Energy-Resolution Fluorescence and Time-Resolved X-ray Spectroscopy[END_REF][START_REF] Glatzel | In situ Characterization of the 5d Density of States of Pt Nanoparticles Upon Adsorption of CO[END_REF][START_REF] Weiher | Activation of Oxygen by Metallic Gold in Au/TiO2 Catalysts[END_REF][START_REF] Abdel-Mageed | Active Au Species During the Low-Temperature Water Gas Shift Reaction on Au/CeO2: A Time-Resolved Operando XAS and DRIFTS Study[END_REF][START_REF] Pacchioni | Electronic Interactions and Charge Transfers of metal Atoms and Clusters on Oxide Surface[END_REF][START_REF] Miller | The Effect of Gold Particle Size on the Au-Au Bond Distance in Supported Catalysts[END_REF][START_REF] Longo | Structure of the Metal-Support Interface and Oxidation State of Gold Nanoparticles Supported on Ceria[END_REF]. The XAFS signal, as it happens for bulk analytical techniques, arises from the combination of all gold atoms. Unfortunately, due to the low resolution achievable in a conventional XAFS experiment, the variations in the d-band occupancy (i.e. the XANES region) are hard to be highlighted and interpreted [START_REF] Abdel-Mageed | Active Au Species During the Low-Temperature Water Gas Shift Reaction on Au/CeO2: A Time-Resolved Operando XAS and DRIFTS Study[END_REF][START_REF] Longo | Structure of the Metal-Support Interface and Oxidation State of Gold Nanoparticles Supported on Ceria[END_REF]. The high-energy-resolution fluorescence detection (HERFD) technique can be used to overcome limitations of conventional XAFS techniques, acquiring the intensity of a single fluorescence line corresponding to a specific excited state decay, with the big advantage to have a narrow energy resolution. In situ application of HERFD XAFS to several catalytic systems has recently given fundamental insights in structure-properties relationships [START_REF] Singh | In Situ XAS with High-Energy Resolution: The Changing Structure of Platinum During the Oxidation of Carbon Monoxide Catal[END_REF][START_REF] Hoffman | High-Energy-Resolution X-ray Absorption Spectroscopy for Identification of Reactive Surface Species on Supported Single-Site Iridium Catalysts[END_REF].

In this work, we prepared gold catalysts supported on ceria through the deposition/precipitation method and performed in situ HERFD-XANES during the CO oxidation reaction both in anaerobic and aerobic conditions. Ex-situ Modeling of the Au L 3 edge features was performed by ab initio simulations using the Finite Difference Method Near Edge Structure (FDMNES) code [START_REF] Bunau | Self-Consistent Aspects of X-ray Absorption Calculations[END_REF].

Experimental Section

Catalyst Preparation

Au/CeO 2 powders, with an Au loading of 1.0 and 3.0 % w/w (determined by ICP-AES), were prepared by homogeneous deposition/precipitation method.

The urea was used as precipitating agent [START_REF] Casaletto | Metal-Support and Preparation Influence on the Structural and Electronic Properties of Gold Catalysts[END_REF][START_REF] Venezia | Relationship Between Structure and CO Oxidation Activity of Ceria-Supported Gold Catalysts[END_REF]. Hereafter, the resulting catalyst is labelled as "fresh sample". A reference gold catalyst supported on carbon substrate (Au/C sample) was purchased from Premier Chemicals Limited, UK (NanAucat™ Gold Oxidation Catalyst).

Gold Cluster Characterization

A multi-technique approach was adopted to characterize the metal clusters sizes. To this aim, HERFD-XAFS spectroscopy was used in combination with scattering techniques, involving Small and Wide Angle X-ray Scattering (SAXS/WAXS), Scanning Electron Microscope (SEM) and Atomic/ Electrostatic Force Microscopy (AFM/EFM). This approach, as reported in literature, helps to overcome some drawbacks. Indeed, high resolution TEM potentially seems to be the key technique to calculate the particle size distribution for such materials. Nevertheless, the presence of aggregates or embedding phenomena, often occurring when highly dispersed metal clusters are deposited in a reducible oxide like the ceria, makes the determination of the particle borders quite hard and, sometimes also arbitrary. Moreover, it is well-known that metal particles smaller than or about 1 nm are hardly detected by standard TEM instruments, especially for ceria-supported gold catalyst where the electronic contrast is small. Finally, TEM analysis is carried out only on a small fraction of the entire metal particles population. For all these motivations, we focused our attention on SAXS and WAXS measurements which are a valid alternative to this purpose. [START_REF] Pabisch | Effect of interparticle interactions on size determination of zirconia and silica based systems -A comparison of SAXS, DLS, BET, XRD and TEM[END_REF][START_REF] Rumancev | Morphological analysis of cerium oxide stabilized nanoporous gold catalysts by soft X-ray ASAXS[END_REF][START_REF] Wilcoxon | Synthesis, structure and properties of metal nanoclusters[END_REF][START_REF] Koerner | In Situ UV/Vis, SAXS, and TEM Study of Single-Phase Gold Nanoparticle Growth[END_REF][START_REF] Agostini | Effect of Pre-Reduction on the Properties and the Catalytic Activity of Pd/Carbon Catalysts: A Comparison with Pd/Al2O3[END_REF][40][START_REF] Harada | Nucleation and Growth of Metal Nanoparticles during Photoreduction Using In Situ Time-Resolved SAXS Analysis[END_REF][START_REF] Liotta | Influence of the SMSI effect on the catalytic activity of a Pt(1%)/Ce 0.6 Zr 0.4 O 2 catalyst: SAXS, XRD, XPS and TPR investigations[END_REF][43] These techniques probe a larger volume of sampling which also assures a good statistic description of the system. For comparison reason, the shape of the clusters and their size by using AFM/EFM and SEM measurements were evaluated.

Small and Wide Angle X-Ray Scattering (SAXS/WAXS)

Simultaneous Small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) experiments (X-ray wavelength l= 1.001 Å), were carried out at the European Synchrotron Radiation Facility (ESRF), at DUBBLE beamline (BM26B, Grenoble, France) [START_REF] Portale | Polymer Crystallization Studies under Processing-Relevant Conditions at the SAXS/WAXS DUBBLE Beamline at the ESRF[END_REF]. SAXS data were reordered with a Pilatus 1M detector [START_REF] Henrich | A Single Photon Counting Pixel Detector for X-Ray Applications[END_REF] positioned at a distance of 3.5 m from the sample holder (glass capillary). The WAXS patterns, were collected with a Pilatus 300K detector (1472 × 195 pixels of 172 μm × 172 μm) set at a distance of 2.00 m. The integration time for each simultaneous measurement was 30 s.

The beam size was around 300 μm × 300 μm and its intensity on the sample was ~ 10 11 photons/s. Data were subtracted from background contributions and normalized for synchrotron source intensity decay and X-ray transmission. AgC 22 H 43 O 2 (silver behenate) and α-Al 2 O 3 (alumina) were used to calibrate the scattering vector q-scale, where q = 4πsinθ/ λ with θ being half of the scattering angle. An overview of the WAXS data is reported in Figure S1 and Figure S2 in the ESI file.

Atomic Force Microscopy (AFM) -Electrostatic force microscopy (EFM)

AFM measurements were carried out by using an AFM Cypher S from Asylum Research in the mode EFM. In order to measure the electrostatic behaviour of the sample, a Scout 70 RAu probe was used. The spring constant was 1.68N/m calculated from the thermal noise and the resonance frequency was around 60kHz. The value 0.02 Ωcm of the resistivity of the probe allowed to measure in EFM. A voltage of 3V was applied on the tip during EFM pass imaging. The full images are reported in Figure S3, Figure S4 and Figure S5 in the ESI file.

Scanning Electron Microscopy (SEM) -Energy Dispersive X-ray spectroscopy (EDX)

The SEM/EDX images were taken by a DSM 982 GEMINI with an EDXdetector silicon drift detector (ZEISS, Germany) at 10 kV (see Figure S6 in the ESI file). Spectra were acquired and analyzed by means of NSS 3.0 (Thermo Fisher Scientific, USA) program, probing the Ce-Lα (4.8403 KeV) and Au Mα (4000 KeV).

X-ray photoelectron spectroscopy (XPS)

XPS analysis was performed by a VG Microtech ESCA 3000 Multilab spectrometer with Al K α source (hν= 1486.6 eV). The binding energy scale (BE) was charge compensated using the C 1s peak (BE = 285.1 eV) from adventitious carbon. Curve fitting was performed with Voigt peak shape after Shirley background subtraction according to Sherwood [START_REF] Sherwood | Data Analysis in X-ray Photoelectron Spectroscopy in Practical Surface Analysis by Auger and X-ray Photoelectron Spectroscopy[END_REF]. Relative concentrations of chemical elements were calculated by a standard quantification routine, including Wagner's energy dependence of attenuation length [START_REF] Wagner | The Energy Dependence of the Electron Mean Free Path[END_REF] and a standard set of VG Escalab sensitivity factors. The uncertainty on the atomic quantitative analysis is about ± 10%. Assignment of photoelectron signals and peak components was determined according to literature reference database [48]. Results of XPS analysis are reported in Figure S7 in the ESI file.

CO adsorption tests

Adsorption and catalytic tests were performed in a pulse flow system using a Micromeritics AutoChem 2950 HP Chemisorption Analyzer, equipped with a thermal conductivity detector (TCD). The sample was introduced on a quartz wool in a quartz U-shaped tube used as reactor. Before adsorption of CO at room temperature, the 3% Au/CeO 2 and 1% Au/CeO 2 samples were pretreated with a flowing gas mixture of 5% H 2 in Ar at atmospheric pressure for 1 h with a flow rate of 50 mL/min and the temperature of the catalyst bed was raised to 423 K at a rate of 10 K/min. Adsorption of CO at room temperature was realized by using a gas mixture of 1% of CO in He at a flux rate of 50 mL/min for 2 hrs. The catalytic CO oxidation with O 2 was registered as a function of the temperature in the range: 300 -600 K. A reagent gas mixture of 1% of CO + 1% of O 2 in He over 35 mg of catalyst was used at a total flow rate of 50 mL/min (STP), equivalent to a weight hourly space velocity (WHSV) of 42.000 mL g -1 h -1 . Before each gas switch, the reactor was purged with He for 5 min. The CO and CO 2 effluent gases were monitored via IR analyzers (ABB Uras 14).

In situ HERFD-XAFS

X-ray absorption spectroscopy measurements were carried out at the highbrilliance XAFS-XES beamline ID26 and at the Inelastic Scattering beamline ID20 of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France [START_REF] Glatzel | High Resolution 1s Core Hole X-ray Spectroscopy in 3d Transition Metal Complexes Electronic and Structural Information[END_REF][START_REF] Moretti Sala | A High-Energy-Resolution Resonant Inelastic X-ray Scattering Spectrometer at ID20 of the European Synchrotron Radiation Facility[END_REF]. In situ and ex situ HERFD-XAFS measurements were performed at room temperature using the "microtomo reactor" available at ESRF.

The gas atmosphere in the reactor was controlled by three mass-flow controllers (Bronkhorst). The catalyst was exposed to different atmospheres as follows: pure He, 1% CO in He, and 20% O 2 in He (Air Liquide). The reactor exhaust was connected to a mass spectrometer (Pfeiffer QMS200) for monitoring the CO 2 formation during the HERFD-XANES evolution (see Figure S8 in ESI file). All HERFD-XANES measurements were performed in situ under a constant flux (20 mL min -1 ) of gas through the reactor.

Each treatment cycle consisted of an exposure to CO and O 2 in succession, for 50 min and 30 min, respectively. Before each gas switch, the reactor was purged for 5 min with helium. The aerobic condition consisted of gas treatment by a mixture of 1% CO in He and 20% O 2 in He.

In order to avoid radiation damage, HERFD-XANES spectra were acquired every 10 s between 11900 and 12080 eV, with a continuous energy scan and in 200-380 different spots of the pelletized powder sample. For each measurement, different points of the pellet were scanned and then all the scans were summed up. For the in situ measurements, the spectra were recorded with the same energy step size and energy interval every 15 s. In this case, 180 different spots were scanned on the sample in order to follow the structural kinetic for one hour. Full HERFD-EXAFS spectra, collected as the static XANES with an extended energy rage up to a 600 eV, were also measured under steady-state conditions. The spectra were also used to normalize the intensity of the HERFD-XANES data.

HERFD-EXAFS data analysis

HERFD-EXAFS spectra (two scans per sample) were energy-calibrated, averaged and then analyzed using GNXAS [START_REF] Filipponi | X-ray Absorption Spectroscopy and n-Body Distribution Functions in Condensed Matter. II. Data Analysis and Applications[END_REF]. In this scheme, the local environment of the absorbing atom is divided into model atomic configurations containing 2, ..., n atoms (including the absorber). The theoretical EXAFS signal c(k) is calculated by summing the n-body contributions g 2 , g 3 , ..., g n . For each configuration all the possible single and multiple scattering (MS) paths between the n atoms are considered.

Assuming a face-centered cubic (fcc) crystallographic arrangement for the gold clusters, two g 2 n-body contributions are needed to calculate the first and second coordination shell, respectively. The first-shell Au-Au distance is connected to the fcc a-axis length by R 1 = a/(2) 1/2 . The second neighbors are situated at R 2 =a, where a is the gold lattice constant equal to 4.0782 Å. The higher shells are calculated by using selected three-body g 3 contributions. The third-shell term at R 3 =a(3) 1/2 /2 is modeled by considering an isosceles triangle with two first neighbors R 1 sides and vertex angle θ =120°. On the other hand, the fourth shell contribution R 4 , involving the most intense multiple scattering contribution, is calculated from the degenerate (θ = 180°) triangle formed by three aligned first neighbors corresponding to the diagonal of the cubic face.

The following parameters were released during the fitting procedure: the distance lattice parameter a; the Debye-Waller factor (s 2 ); the angles of the g n contributions and the cluster size. In particular, the cluster dimension allows to evaluate the reduction of coordination numbers in small particles, as indicated in the equation reported in literature. [START_REF] Borowski | Size Determination of Small Cu-Clusters by EXAFS[END_REF][START_REF] Calvin | Comparison of extended x-ray absorption fine structure and Scherrer analysis of x-ray diffraction as methods for determining mean sizes of polydisperse nanoparticles[END_REF] The equation, guessing a spherical form for the clusters, links the radius of the metal particles, the coordination number (CN) and distance R i of the shells. [START_REF] Borowski | Size Determination of Small Cu-Clusters by EXAFS[END_REF][START_REF] Calvin | Comparison of extended x-ray absorption fine structure and Scherrer analysis of x-ray diffraction as methods for determining mean sizes of polydisperse nanoparticles[END_REF][START_REF] Calvin | Estimating Crystallite Size in Polydispersed Samples using EXAFS[END_REF][START_REF] Longo | Structure of the Metal-Support Interface and Oxidation State of Gold Nanoparticles Supported on Ceria[END_REF].

The S0 2 factor, the amplitude reduction term, was set at 0.9. The edge energy E 0 was set at 11919 eV and released during the minimization procedure. 

HERFD-XANES data analysis

HERFD-XANES spectra at the Au L3 edge were modelled by using the Finite Difference Method Near Edge Structure (FDMNES) software [START_REF] Joly | X-ray Absorption Near-Edge Structure Calculations Beyond the Muffin-Tin Approximation[END_REF][START_REF] Guda | Optimized Finite Difference Method for the Full-Potential XANES Simulations: Applicationto Molecular Adsorption Geometries in MOFs and Metal-Ligand Intersystem Crossing Transients[END_REF]. The simulations were performed by using the multiple scattering theory based on the muffin-tin (MT) approximation for the potential shape of the Green theory.

The MT radii were adjusted to have a good overlap between the different spherical potentials. A relativistic spin-orbit calculation was performed. In the calculation the Hedin-Lundqvist exchange potential was applied. The excitation of the absorbing atoms is taken into account by a core-hole accompanied by a screening charge set at their 5d level [START_REF] Joly | X-ray Absorption Near-Edge Structure Calculations Beyond the Muffin-Tin Approximation[END_REF]. In order to model the variations in the average electronic occupancy on the metal particles during the reaction, semi-empirical screening was used and, accordingly, the value of this screening charge was used as a parameter [START_REF] Guda | Optimized Finite Difference Method for the Full-Potential XANES Simulations: Applicationto Molecular Adsorption Geometries in MOFs and Metal-Ligand Intersystem Crossing Transients[END_REF].

In this respect, a set of Au L3 edge spectra corresponding to different values of screening were calculated. The calculated spectra were matched to the experimental data set for best agreement. This scheme of calculation was repeated for different clusters radii from 5 to 9 Å (see Figure S11 in ESI).

Results and discussion

Gold Cluster Characterization and CO adsorption tests.

Results of the cluster characterization are summarized in Figure 1 (see also As shown in Figure 1 (Panel A, II), the Scherrer analysis of the gold catalysts is not trivial. An unambiguously Lorentian peak at the (111) Bragg reflection relative to the fcc gold structure is evident in both XRD gold catalysts patterns. This highlights an important metal clusters poly-dispersion. The smartest way to analyze the data is to consider the (111) peak as the sum of a bimodal metal particles system. Accordingly, two different cluster sizes can be calculated. We found for both samples a larger contribution of small nanoparticles with an average size of 4 nm (approx. 70% in weight, see Table S1 in ESI file) and a minor population of bigger metal clusters (approx. 30% in weight, see Table S1 in ESI file) with an average size of approximately 10 nm. Although these latter particles are present in a small number but with a larger volume, they dominate in the XRD pattern. The SAXS analysis shown in Figure 1 (Panel B, I and II) allowed to calculated the size distribution function for each gold ceria and carbon supported catalyst. The details of the analysis are reported in the ESI file and the full results in Table S2. An average particle size of 1.5 and 1.4 nm for 1% and 3% Au/CeO 2 catalyst were obtained respectively. The mean metal particle size of gold supported on carbon is 1.7 nm.

The AFM/EFM analysis gives rise to a larger size distribution function, which gathers together the values achieved by SAXS, XRD and EXAFS (Figure 1, Panel D). It's worth noticing that larger grain dimension detected by AFM can be obtained by the aggregation of small metal clusters, whose size is obtained by SAXS or EXAFS (see Figure 1, Panel C). In fact, gold nanoparticle aggregation during the deposition process takes place with a grainy morphology as observed in the AFM images in Figure 1. A deeper inspection of the Figure 1 shows that the grains are made up of individual gold metal clusters whose mean dimension is obtained by the SAXS analysis.

Interestingly, SAXS and EXAFS analysis evidenced very similar average cluster size. On the other hand, SEM/EDX images shows a similar metallic distribution of larger aggregates on the ceria surface (see Figure S6 in ESI file).

The discrepancy of the results is not surprising. Since XRD is principally sensitive to the large crystallites, it is reasonable that dimension of the metal particles obtained with the XRD would be at or above the top end of the size interval found by SAXS and image techniques like AFM. In this respect, instead the EXAFS is on the bottom end of this range. [START_REF] Agostini | Effect of Pre-Reduction on the Properties and the Catalytic Activity of Pd/Carbon Catalysts: A Comparison with Pd/Al2O3[END_REF][START_REF] Portale | Polymer Crystallization Studies under Processing-Relevant Conditions at the SAXS/WAXS DUBBLE Beamline at the ESRF[END_REF][START_REF] Calvin | Comparison of extended x-ray absorption fine structure and Scherrer analysis of x-ray diffraction as methods for determining mean sizes of polydisperse nanoparticles[END_REF][START_REF] Calvin | Estimating Crystallite Size in Polydispersed Samples using EXAFS[END_REF].

Accordingly, Scherrer analysis is not sensitive to the mean crystallite dimension, making SAXS and EXAFS an unique and valid alternative. In any case, the use of a multi-technique approach provides an indication of the degree of polydispersion that is present in the investigated system. Thus, the combination of such techniques allow to have a first evaluation of both size and polydispersion. Hence, from these measurements it is possible to conclude that: i) the cluster size of the 1% Au/CeO 2 and 3% Au/CeO 2 samples are similar; ii) no dramatic sintering effects are evident in the 3% Au/CeO 2 catalyst. These conclusions are summarized in Figure 1, Panel E. CO conversion into CO 2 occurs at room temperature on both the catalysts by means of the lattice oxygen from the ceria support. As expected, a higher production of CO 2 is detected on the 3%Au/CeO 2 with respect to the 1%Au/CeO 2 catalyst. The activity of the 3% Au/CeO 2 catalyst for CO oxidation as a function of the reaction temperature is shown in Figure 2 (Right). The temperature at which the CO conversion reached 50% (T 50 ) is taken as a measure of the catalytic activity. For the 3% Au/CeO 2 catalyst T 50 corresponds to 313 K, thus confirming our previous results on the good catalytic performances of ceria-supported gold catalysts in the oxidation of CO [START_REF] Venezia | Relationship Between Structure and CO Oxidation Activity of Ceria-Supported Gold Catalysts[END_REF].

Static HERFD-XANES

The XANES region of the X-ray absorption spectrum gives information about the density of states above the Fermi level. Figure 3 shows the static HERFD-XANES spectra of 3% Au catalysts, together with those of different gold references. In Panel I three main features: a, b and c of the experimental spectrum are highlighted. In particular, peak a is commonly known as the "white line", and it is due to 2p 3/2 → 5d 5/2 , 3/2 transitions [START_REF] Van Bokhoven | Activation of Oxygen on Gold/Alumina Catalysts: In Situ High-Energy-Resolution Fluorescence and Time-Resolved X-ray Spectroscopy[END_REF][START_REF] Weiher | Activation of Oxygen by Metallic Gold in Au/TiO2 Catalysts[END_REF][START_REF] Visikovskiy | Electronic d-Band properties of Gold Nanoclusters Grown on Amorphous Carbon[END_REF][START_REF] Miller | The Effect of Gold Particle Size on the Au-Au Bond Distance in Supported Catalysts[END_REF][START_REF] Longo | Structure of the Metal-Support Interface and Oxidation State of Gold Nanoparticles Supported on Ceria[END_REF][START_REF] Balerna | Extended X-ray-absorption Fine-Structure and Near-Edge-Structure Studies, on Evaporated Small Clusters of Au[END_REF][START_REF] Balerna | Dynamic Properties and Debye Temperatures of Bulk Au and Au Vlusters Studied Using Extended X-ray-Absorption Fine-Structure Spectroscopy[END_REF]. For metals with vacant d-orbitals this resonance is a sharp peak, and its intensity is directly correlated to the density of the unoccupied d states. This explains the very sharp "white line" in the gold(III) reference spectrum compared to the other spectra (see inset Figure 1), due to empty 5d states.

The "white line" is in contrast quite suppressed both in the gold foil and in Au/C, as evidenced in Figure 3. On the other hand, a small peak is clearly visible in Au/CeO 2 .

In the case of Au nanosized metal clusters, the 5d band is nominally full and, therefore, no resonance peak is expected. However, the hybridization of the 5d orbitals with the overlapping 6s and 6p orbitals determines an overall charge redistribution resulting in a small amount of 5d holes above the Fermi level [START_REF] Zhang | X-Ray Studies of the Structure and Electronic Behavior of Alkanethiolate-Capped Gold Nanoparticles: The Interplay of Size and Surface Effects[END_REF][START_REF] Zhang | Tuning the Electronic Behavior of Au Nanoparticles with Capping Molecules[END_REF]. Moreover, the charge distribution and the relative occupancy, which is already altered by the cluster size, [START_REF] Wang | Dynamic Formation of Single-Stom Satalytic Sctive Sites on Seria-Supported Gold Nanoparticles[END_REF][START_REF] Hammer | Why Gold Is the Noblest of All the Metals[END_REF][START_REF] Visikovskiy | Electronic d-Band properties of Gold Nanoclusters Grown on Amorphous Carbon[END_REF] can be affected by ligand binding and by interactions with the support [START_REF] Balerna | Extended X-ray-absorption Fine-Structure and Near-Edge-Structure Studies, on Evaporated Small Clusters of Au[END_REF][START_REF] Balerna | Dynamic Properties and Debye Temperatures of Bulk Au and Au Vlusters Studied Using Extended X-ray-Absorption Fine-Structure Spectroscopy[END_REF][START_REF] Zhang | X-Ray Studies of the Structure and Electronic Behavior of Alkanethiolate-Capped Gold Nanoparticles: The Interplay of Size and Surface Effects[END_REF]. Even in the absence of ionic gold, the presence of a resonance peak is an evidence for such an electronic perturbation, which increases the 5d-hole populations [START_REF] Zhang | X-Ray Studies of the Structure and Electronic Behavior of Alkanethiolate-Capped Gold Nanoparticles: The Interplay of Size and Surface Effects[END_REF][START_REF] Zhang | Tuning the Electronic Behavior of Au Nanoparticles with Capping Molecules[END_REF]. It is important to notice that the "white line" cannot be modeled as the sum of ionic (Au 3+ or Au + ) and Au 0 components. In fact, results of the fitting of the spectra by using such component analysis indicate a fraction of Au cations of about 8-10% or 30-40%, depending on the cationic reference spectrum (Au 3+ or Au + ) used in the analysis. This is contrast with the XPS results (see ESI file), that showed the presence of a very small ionic contribution (Au + ) only on the surface of the 1% Au/CeO 2 catalyst. Au cations were not detected by XPS on the surface of 3% Au/CeO 2 . In addition, such a component analysis can only be applied to a very limited energy range of the spectrum, in which the peak is present, and therefore lacks robustness (see Figure S11 and S12 in ESI file).

Accordingly, it can be inferred that the increased resonance peak mainly brings a contribution accountable to the metal support interaction [START_REF] Longo | Structure of the Metal-Support Interface and Oxidation State of Gold Nanoparticles Supported on Ceria[END_REF][START_REF] Balerna | Dynamic Properties and Debye Temperatures of Bulk Au and Au Vlusters Studied Using Extended X-ray-Absorption Fine-Structure Spectroscopy[END_REF][START_REF] Zhang | X-Ray Studies of the Structure and Electronic Behavior of Alkanethiolate-Capped Gold Nanoparticles: The Interplay of Size and Surface Effects[END_REF][START_REF] Zhang | Tuning the Electronic Behavior of Au Nanoparticles with Capping Molecules[END_REF][START_REF] Casaletto | XPS Study of Supported Gold Catalysts: The Role of Au 0 and Au +δ Species as Active Sites[END_REF]. 

In situ HERFD-XANES

In situ measurements were performed to follow the Au electronic state variations occurring during a redox cycle at 298 K, monitoring the resonance peak relative to 2p → 5d transition (peak a).

Results of the in situ measurements collected during the reducing treatment in CO are reported in Figure 4. After switching from inert gas to CO, an induction time of about 10 min is observed before reduction. An abrupt decrease of the resonance peak occurs upon reduction, about 10% of the normalized peak intensity. The reduction of the peak intensity is expected. CO reduces the ceria support inducing a strong modification of the oxide surface on which gold resides [START_REF] Schilling | Elucidating the Role of Support Oxygen in the Water-Gas Shift Reaction over Ceria-Supported Gold Catalysts Using Operando Spectroscopy[END_REF].

Ultimately, the metal-support interaction, arising from metal clusters with the surface oxygen bound with the support, is completely inhibited. The 5d band of gold is filled and then a decrease of the resonance peak is observed. No variation of the resonance peak was detected when the same reaction was performed using the Au catalyst deposited on carbon, as shown in Figure 5. Figure 6 shows a full redox cycle for the 3% Au/CeO 2 catalyst, performed immediately after the exposure of the CO. After 5 min of oxygen treatment, an increase of the XANES resonance peak is detected. Then, the peak intensity starts fluctuating around an average value definitely higher than the fully reduced sample (1% Au/C) and lower than the fresh catalyst. Interestingly this behaviour, displaying an increase and decrease of the peak intensity, was observed during the whole oxidation process, as evidenced in Panels B and C of Figure 7. After switching to CO, a sharp lowering of the resonance peak was detected again. A further fresh 3% Au/CeO 2 sample was exposed to a CO/O 2 mixture (Figure 8) and a continuous decrease of the resonance peak was observed.

Interestingly, after 25 min, the resonance peak reached a constant trend, whose average value matches the one obtained in the re-oxidation reaction of the reduced sample. This value lies between those obtained for the fresh and the fully reduced catalyst. This result, compared with those achieved in the other cycles, is summarized in Figure 9.

The difference kinetic behavior of the two different loaded Au catalysts reported in Figure 7, can be explained considering the different number of metallic active sites which, in first approximations, can be directly correlated with the different metallic load of the two catalysts. This observation is supported by a more thorough comparison of the size distribution functions, (see figure 1 panel B and E and in table S1 of the ESI file) which highlghts that the 3% weight Au catalyst have a definitively higher number of small metal gold clusters and then more reactive sites. 

XANES modeling and discussion

As expected, the reaction mechanism of CO oxidation is different in the aerobic and anaerobic conditions. In anaerobic conditions, an abrupt change of d-band occupancies correlated with the sudden change of the resonance peak is observed after an induction period. CO conversion starts as soon as the CO/He mixture is in contact with the catalyst, as witnessed by the mass quadrupole signal analyzing the reactor exhaust. The CO oxidation occurs by consuming the oxygen atoms, either adsorbed or in the lattice. The latter process leads to the reduction of surface or subsurface Ce(IV) species, and it does not result in any modification of the metal gold clusters [START_REF] Schilling | Elucidating the Role of Support Oxygen in the Water-Gas Shift Reaction over Ceria-Supported Gold Catalysts Using Operando Spectroscopy[END_REF][START_REF] Fu | Direct Identification of Active Surface Species for the Water-Gas Shift Reaction on a Gold-Ceria Catalyst[END_REF][START_REF] Weiher | Activation of Oxygen by Metallic Gold in Au/TiO2 Catalysts[END_REF].

After the oxygen depletion of the support surface layer, bulk reduction takes place and the metal clusters are fully reduced loosing their interaction with the support as well [START_REF] Casaletto | XPS Study of Supported Gold Catalysts: The Role of Au 0 and Au +δ Species as Active Sites[END_REF].

During the CO oxidation in anaerobic condition, most oxygen atoms are provided by the ceria support, which, consequently, will results strongly defective at the end. When the re-oxidation of the sample starts, molecular oxygen is first bound on the metal cluster surface. Therefore, the 5d band occupancy decreases, and a corresponding increase of the resonance peak is detected. In this step, molecular oxygen is activated and it can be conveyed to the ceria lattice in order to refill the O 2-vacancies in the support [START_REF] Lohrenscheit | Direct Evidence for the Participation of Oxygen Vacancies in the Oxidation of Carbon Monoxide over Ceria-Supported Gold Catalysts by using Operando Raman Spectroscopy[END_REF]. The transfer of activated oxygen to the oxide, breaking the Au-O bond, corresponds to an increase of the gold 5d band occupancy, with the consequent lowering of the resonance peak (see Figure 4). It can be argued that, during the oxygen migration in the ceria lattice, an induction is needed before the metal can adsorb O 2 again. During this time, the gold cluster keeps the 5d band full, so no relevant change of the resonance peak is observed.

The acquisition time used for the in situ measurements (10 s) is definitely slower than the turnover of oxygen reduction. Therefore, the time averaging of the sample in different d-band occupancies could explain the irregular fluctuating behavior.

A different scenario occurs when CO oxidation takes place in the presence of oxygen (aerobic conditions). In this case, molecular oxygen adsorbed on the metal surface or in contact with the Au cluster is activated and reacts directly with CO [START_REF] Lohrenscheit | Direct Evidence for the Participation of Oxygen Vacancies in the Oxidation of Carbon Monoxide over Ceria-Supported Gold Catalysts by using Operando Raman Spectroscopy[END_REF]. Due to the simultaneous process of emptying and filling the Au 5d band, an average occupancy value is reached, which results in a smooth variation of the resonance peak. The gradual decrease of the "white line" lasts around 15 min before reaching the eventual average value (see Figure 7): therefore, an initial structural rearrangement of the metal clusters and the formation of active gold-oxides species must be taken into account [13,15-16, 22, 28, 63-65].

In order to validate the hypothesis that the variation of resonance peak upon the different chemical treatments can be ascribed mainly by the partial depletion of the d-band occupancy, the XANES spectra were simulated from first principles with the FDMNES package (Figure 8). The key parameter to reproduce the variable 5d band occupancy is the semiempirical correction term screening. By changing the screening parameter, the electronic charge in the unfilled valence orbital of the absorber is modified resulting in an additional electron in the first unoccupied state, while the absorbing atom maintains its (almost) neutral state. [START_REF] Joly | X-ray Absorption Near-Edge Structure Calculations Beyond the Muffin-Tin Approximation[END_REF][START_REF] Joly | Electron Population Analysis by Full-Potential X-Ray Absorption Simulations[END_REF] The screening parameter in principle range from 0 (no screening charge, absorbing atom is formally close to 1+) to 1 (full screening, absorbing atom is almost neutral).

Within the energy range of interest, all main features of the Au L3 edge are well reproduced by using a screening values of 0.9 for reduced catalyst. For the fresh and re-oxidized catalyst screening was kept at the default value of one, representing the fully removed core electron. The evidence that the positive core-hole charge is not fully screened (only 0.1 charge missing in the unoccupied level) suggests a correlation effect caused by the presence of the excited 5d electron that hinders the screening process [START_REF] Joly | X-ray Absorption Near-Edge Structure Calculations Beyond the Muffin-Tin Approximation[END_REF], which corroborates the possible interaction of the metal cluster either with the ceria support or the adsorbed oxygen molecules. In any case this produces a depletion of the electronic occupancy of the d band as highlighted by the calculations. Moreover, it can be argued that since the spectra are collected in high resolution mode, a similar variation observed in the resonance peak should be also expected in fine structure 20-40 eV above the edge. In fact, due to the changing of the electronic structure, as evidenced in the standards [67], the formation of either Au 3+ or Au 1+ should induce a visible broadening or a reduction of the peaks intensity. However, this is not observed and the variation is mainly limited at the resonance peak. So the reported variation is interpreted as a partial positive charge of the gold cluster corresponding to a small lower shift the Fermi level whit subsequent partial depletion of the states. Moreover, considering that any energy shift position is produced in the calculation even if not detected in the experimental data, we excluded a full oxidation process.

Notably, the metal cluster radius considered in the model is 9 Å, which is the best size to reproduce the shape of the resonance peak and the fine structure above the edge (see Figure S11 in ESI file). In addition, no cationic species were considered in the calculation showed in Figure 8.

The increase of the resonance peak in gold ceria catalyst after exposure to oxygen is not fully surprising and it has been already reported in the literature [START_REF] Fu | Direct Identification of Active Surface Species for the Water-Gas Shift Reaction on a Gold-Ceria Catalyst[END_REF][START_REF] Weiher | Activation of Oxygen by Metallic Gold in Au/TiO2 Catalysts[END_REF][START_REF] Abdel-Mageed | Active Au Species During the Low-Temperature Water Gas Shift Reaction on Au/CeO2: A Time-Resolved Operando XAS and DRIFTS Study[END_REF]. However, it is worth noting that the current calculations here reported suggest that the increase of the resonance is not related to the oxidation of the gold clusters but rather to a depletion of the metallic band which indicates a partial positive charging of the clusters.

In comprehensive studies, it was already reported that ionic gold is not participating in the oxidation of CO [START_REF] Fu | Direct Identification of Active Surface Species for the Water-Gas Shift Reaction on a Gold-Ceria Catalyst[END_REF][START_REF] Abdel-Mageed | Active Au Species During the Low-Temperature Water Gas Shift Reaction on Au/CeO2: A Time-Resolved Operando XAS and DRIFTS Study[END_REF]. In addition, it was also suggested that the small gold clusters are the only active species, so that the catalytic activity is related to bridged surface groups adsorbed on interfacial Au atoms of these small particles which, for instance, in the case of water shift gas reaction are the OH groups [START_REF] Fu | Direct Identification of Active Surface Species for the Water-Gas Shift Reaction on a Gold-Ceria Catalyst[END_REF]. In contrast with the reported results [START_REF] Guo | Contributions of Distinct Gold Species to Catalytic Reactivity for Carbon Monoxide Oxidation[END_REF][START_REF] Fu | Direct Identification of Active Surface Species for the Water-Gas Shift Reaction on a Gold-Ceria Catalyst[END_REF][START_REF] Abdel-Mageed | Active Au Species During the Low-Temperature Water Gas Shift Reaction on Au/CeO2: A Time-Resolved Operando XAS and DRIFTS Study[END_REF], which were obtained with conventional XAS, our findings prove the existence of partially charged metal clusters that originate from a temporarily depleted gold 5d band during the oxidation reaction. This results are also corroborated by combined DFT calculations with a genetic algorithm (GA) and a biased grand canonical Monte-Carlo (b-GCMC) approach, which prove the role of positively charged gold atoms in CO oxidation in supported and highly dispersed Au/CeO 2 catalysts [START_REF] Chang | Dynamics of Gold Clusters on Ceria During CO Oxidation[END_REF].

Moreover, these results support the possible mechanism of CO oxidation over Au/CeO 2 catalyst which involves the adsorption of molecular oxygen onto defect sites located at the gold-ceria peripheral interface. In particular, according to the Mars-van Krevelen (MvK) mechanism, the oxygen vacancies in proximity of the Au-CeO 2 interface are the potential anchoring sites for O 2 that subsequently reacts with Au-CO to form CO 2 . In this case the the partially positive gold cluster (see Figure 9) could have a key role helping the interaction between the molecular oxygen and the ceria. If needed, also the oxygen from the lattice can be consumed by the reaction with CO. This process again will produce oxygen vacancies. The formed oxygen vacancies can be refilled by diffusion of peroxide species from the vicinity of the goldceria interface perimeter. Again in this step, the positive partially charged state of the metal cluster might have a crucial role in the stabilization of the gold-ceria-peroxide complex. [START_REF] Lohrenscheit | Direct Evidence for the Participation of Oxygen Vacancies in the Oxidation of Carbon Monoxide over Ceria-Supported Gold Catalysts by using Operando Raman Spectroscopy[END_REF][START_REF] Chang | Dynamics of Gold Clusters on Ceria During CO Oxidation[END_REF] 

Conclusions

SAXS modeling

Direct methods were used to get information on the size and arrangement of nanoscaled objects from SAXS data. Hence, a fitting of the purely mathematical Fourier transforms to the scattering intensities of noninteracting sphere system was performed. Accordingly, the intensity I(q) is I(q)=I 0 V 0 2 P(q) with q being the modulus of the scattering vector equal tp 4psin(q)/l; V 0 the volume of the particle; P(q) the form factor. I 0 contains experimental parameters, such as the scattering contrast, the beam intensity and additional variables due to the experimental setup. In the case of noninteracting system with some polydispersity, then the intensity can be written [2]:

I (q )=k ∫ 0 ∞ D (r ) j 2 (qr ) r 6 dr +Background eq. ( 1 
)
where k is proportion factor; D(r) is the distribution function; j(qr) is the first order spherical Bessel function given by: j 1 (qr )=3 sin (qr ) -qrcos (qr ) qr 3

eq. ( 2) D(r) in this case is the Weibull distribution function given by:

D (r )= b R ( r R ) (b -1) exp-( r R ) b eq. ( 3 
)
where R is the scale parameter of the distribution function and b is the shape parameter. The background in this case is the SAXS pattern of the bare support, either ceria or carbon, whose weight is a free parameter in the fitting procedure.

The R mean of the Weibull distribution function is given by: R mean =RΓ ( 1+ 1 b )

eq. ( 4)

The results of the fitting of the experimental data, performed by using a home-made minimization procedure involving MINUIT [3] package program, is reported in Table S2. S3). The relative surface chemical composition of the investigated samples determined by XPS is reported in Table S3 and expressed as atomic percentage (atom. %). 

In situ HERFD-XAFS

X-ray absorption spectroscopy measurements were carried out at the highbrilliance XAFS-XES beamline ID26 and at the inelastic scattering beamline ID20 of the European Synchrotron Radiation Facility (ESRF) in Grenoble,

France [4]. In situ and ex situ HERFD-XAFS measurements were performed at room temperature using the "microtomo reactor". The measurements were performed using the third harmonic of two u35 undulators. The Table S4. The fitting parameters used in the minimization procedure are reported in bold case, whereas the calculated structural parameters in italic. All distances are in Å and all Debye-Waller factors in Å 2 . Angles are in degree. The errors of the fitting parameters are reported in parentheses. G is the agreement factor of the fitting as defined in ref. [6]. 

  XRD and XPS characterization provided information on the geometrical structure and surface chemical composition of the catalysts. The variations in the HERFD-XANES showed a clear fluctuating behavior during the oxygen treatments that can be correlated to the corresponding variation in the population of gold d-orbitals during the oxidation reaction. Moreover, in aerobic conditions, the d-band fluctuates around an intermediate partially empty state which corroborates the dynamic role of the gold clusters during the catalysis.

  The modeling of c(k) to the experimental EXAFS signal allows to refine the structural parameters of the different coordination shells (see FigureS9and S10 in the ESI file). The goodness of the structural model is also checked by comparing the experimental EXAFS signal Fourier transform (FT) with the FT of the calculated c(k) function.

Figure S1 -

 S1 Figure S1-S7 in the ESI file). Details of the analysis are reported in the ESI file.

Figure 1 .

 1 Figure 1. Panel A: I Overview of XRD patterns. II Scherrer analysis of the catalysts. The red line shows the fitting of the (111) peak. Grey lines show the different components used in the fitting. The dashed and the dot lines simulate XRD patterns for 4 nm and 8 nm gold metal clusters, respectively. Panel B: I Overview of SAXS analysis. II Distribution function obtained by the SAXS analysis. Panel C: AFM images for 1% Au/CeO 2 and 3% Au/CeO 2 , respectively. Panel D: EXAFS signals compared with the Au foil. Panel E: Comparison of the metal cluster radius R in nanometer units obtained with different techniques.

Figure 2 .

 2 Figure 2. CO adsorption at room temperature over 1%Au/CeO 2 and 3%Au/CeO 2 catalysts, after H 2 treatment at 423K (Left). CO conversion (%) as a function of the temperature for the investigated catalysts (Right).

Figure 3 .

 3 Figure 3. Panel I: XANES spectra of 1% Au/C (black), 3% Au/CeO 2 (red), Au foil (orange), gold(I) (dark green) [AuL,(C 2 H 5 ) 3 PAuCl] and AuCl 3 (blue). The main peaks are labelled as a, b and c. In the inset, the whole intensity of the Au 3+ "white line" is compared to others. Panel II: Comparison of 3% Au/CeO 2 (red) with 1% Au/CeO 2 (blue) and Au/C sample (black). The arrows highlight the strong similarities between 1% and 3% Au/CeO 2 .

Figure 4 .

 4 Figure 4. Panel A: Evolution of HERFD-XANES spectra of 3% Au/CeO 2 catalyst during the CO treatment. Panel B: Superimposed XANES spectra, of

Figure 5 .

 5 Figure 5. Panel A: Evolution of HERFD-XANES spectra of 1% Au/C catalyst during the CO treatment. Panel B: Superimposed XANES spectra. Panel C: Relative intensity of the peak maximum minus the averaged reduced spectrum.

Figure 6 .

 6 Figure 6. Panel A: Evolution of HERFD-XANES spectra of 3% Au/CeO 2 during the O 2 /CO redox cycle. Panel B: XANES spectra. For sake of clarity the kinetic has been split before and after the time t red (indicated by the red line inside the graph) in which the reduction starts. Panel C: Relative intensity of the peak maximum minus the averaged reduced spectrum.

Figure 7 .

 7 Figure 7. Time-resolved peak intensity for 3% Au/CeO 2 (left panel) and 1% Au/CeO 2 (right panel) for the redox treatments in constant flux (20 mL min -1 ) of gas (He/CO or He/O 2 ) The arrows indicate the fluctuation of the maximum value of the "white line" (approx. ±0.02 and ±0.03, respectively). Au/C is shown for comparison.

Figure 8 .

 8 Figure 8. Panel A: Evolution of HERFD-XANES spectra of 3% Au/CeO 2 during the O 2 +CO mixture treatment. Panel B: XANES spectra. Panel C: Relative intensity of the peak maximum minus the averaged reduced spectrum.

Figure 9 .

 9 Figure 9. Time-resolved peak intensity of 3% Au/CeO 2 during different treatments. Panel A: Comparison of the CO+O 2 mixture with respect to CO reduction. Panel B: Comparison of the CO+O 2 gas mixture with respect to O 2 oxidation. The results measured in O 2 were time-shifted for better comparison. Results of Au/C reduction in CO are reported as a reference.

Figure 10 .

 10 Figure 10. HERFD-XANES spectra and simulations of 3% Au/CeO2. Panel A: Observed spectrum reduced in CO (black), and model (red). Panel B: Observed spectrum reoxidized in O2 (black), and model (red)

  Nanosized gold catalysts supported on ceria were investigated by in situ HERFD-XAFS at the Au L3-edge during treatments with O 2 and CO. Timeresolved measurements revealed the active role of 5d orbitals from Au metal during the CO oxidation. Experimental data evidenced that the occupancy of the 5d band is a reversible process occurring when reductive or oxidizing conditions are switched. A fluctuating behavior of the XANES resonance peak was evidenced during the O 2 treatment and this can be related to the variation of the population of 5d band during the oxidation process. The results are corroborated by extensive ab initio simulations, showing that the change in "white line" intensity is related to a modification of the occupation of the gold 5d band via changes in the core-hole screening.

  monochromator was equipped with a pair of Si(220) single crystals. Higher harmonics were suppressed by two Cr-coated mirrors operating at 3 mrad relative to the incident beam. The energy was calibrated using an Au foil. The high-energy-resolution fluorescence detection was performed using a horizontal-plane Rowland circle spectrometer and several photodiodes (APD, Perkin-Elmer) as detectors. The spectrometer was tuned to the Au La1 (9713 eV) fluorescence line by using the (660) Bragg reflection of one spherically bent Ge wafer with R=1 m and a diameter of 89 mm. The energy resolution of the spectrometer was 0.3 eV. A Canberra Si photo-diode was mounted to measure the total fluorescence yield simultaneously. During HERFD-XANES scans, the undulators were kept at a fixed gap and only the monochromator angle was changed. The beam-size was 0.5hx0.1v mm square. Some samples were also remeasured at Id20 in the RIXS branch[5]. The incident radiation was monochromatized by a high heatload double crystalSi(111) monochromator and a postmonochromator for further bandwidth reduction. In the high energy-resolution mode, a Si(311) back-scattering channel-cut reduced the incident photon bandwidth. The scattered X-rays were energyanalyzed by a Rowland-type spectrometer, equipped with the Si(951) as crystals analyzers.During the in situ measurements, evolution of CO 2 was monitored by a mass quadrupole connected to the outlet of the cell. FigureS8show the typical behaviour of the gas concentration during the experiments described in the main manuscript. Notably, the monitoring of the CO 2 is mandatory to link the d band evolution with the CO oxidation. However, the set-up of the cell, that was fully optimized for the HERFD-XANES, was not ideal to interpret the kinetic study as reported elsewhere. [refs 16, 26 in the main text]. So, the mass quadrupole information merely indicates the occurrence of CO oxidation.

Figure S8 .

 S8 Figure S8. Gas concentration during CO oxidation on 3% Au/CeO 2 catalyst at RT registered by a mass quadrupole. The arrows indicate the time when the He 1%CO gas mixture started flowing in the cell (left) and when it was switched off (right).

Figure S9 .

 S9 Figure S9. Fourier transform of the EXAFS signals of: gold foil (A), 1% Au/CeO 2 fresh catalyst (B), 1% Au/CeO 2 CO treated catalyst (C) and 1% Au/C catalyst (D) reported for comparison.

Figure S10 .

 S10 Figure S10. EXAFS signals for: gold foil (A), 1% Au/CeO 2 fresh catalyst (B), 1% Au/CeO 2 CO treated catalyst (C) and 1% Au/C catalyst (D).

Figure S11 .

 S11 Figure S11. XANES calculations repeated for different clusters radii from 5 to 9 Å.

Figure S12 .

 S12 Figure S12. Simulation of the HERFD-XANES spectrum of 3% Au/CeO 2 catalyst by using AuL, (C 2 H 5 ) 3 PAuCl as reference spectrum to simulate the Au 1+ component (green line) and Au deposited on C as reference for the Au 0 metallic component.

Figure S13 .

 S13 Figure S13. Simulation of the HERFD-XANES spectrum of 3% Au/CeO 2 catalyst by using AuCl 3 spectrum as a reference to simulate the Au 3+ component (green line) and Au deposited on C as reference for the Au 0 metallic component.

Figure S14 .

 S14 Figure S14. Panel A: Evolution of HERFD-XANES spectra of 1% Au/CeO 2 catalyst during the CO treatment. Panel B: Superimposed XANES spectra, of 1%Au/CeO 2 and 1%Au/C during the CO reduction. Panel C: Relative intensity of the peak maximum minus the averaged reduced spectrum.

Figure S15 .

 S15 Figure S15. Panel A: Evolution of HERFD-XANES spectra of 1% Au/CeO 2 catalyst during the O 2 treatment. Panel B: Superimposed XANES spectra. Panel C: Relative intensity of the peak maximum minus the averaged reduced spectrum.

  

  

  

  

Table S2 .

 S2 Fitting parameters of SAXS analysis. The corresponding chi squared function c 2 expressing the goodness of fit is also reported. Au 0 metallic gold species [see ref. 37, 39, 59 in the main text]. The corresponding Au 4f 5/2 component was found at BE = 88.1 eV. No evidence of oxidized gold species was detected by XPS on the surface of the 3%Au/CeO 2 sample. The curve-fitting of the Au 4f signal in the 1%Au/CeO 2 sample consisted of a predominant Au 4f 7/2 component located at a binding energy BE = 84.4 eV, typically assigned to Au 0 metallic gold species. The other small component located at BE = 85.5 eV is attributed to the presence of surface Au +1 species [see refs. 37, 39, 59 in the main text], corresponding to about 25% of gold total peak area (see Table

	square curve-fitting procedure allowing to separate elemental species in
	different oxidation states. A properly weighted sum of Lorentzian and
	SAMPLE Gaussian component for the shape of Voigt curves was used, after Shirley Rmean(nm) b Background weight% Reduced c 2 background subtraction according to Sherwood.
	1% Au/C 1% Au/CeO2 Results of XPS analysis (see Figure S7) evidenced that the curve-fitting of 1.72±0.05 1.81±0.02 0.97±0.01 0.91 1.41±0.05 1.9±0.05 0.98±0.02 0.96 3% Au/CeO2 1.33±0.05 1.82±0.05 the Au 4f signal in the 3%Au/CeO 2 sample consisted of a single Au 4f 7/2 0.96±0.02 component located at a binding energy BE = 84.5 eV, typically assigned to

Table S3 .

 S3 XPS surface chemical composition of the investigated samples (atom. %)

	SAMPLE Au 4f Ce 3d O 1s C 1s
	1% Au/CeO 2 0.2	18.1 35.1 46.6
	3% Au/CeO 2 0.9	20.6 34.2 44.3

Figure S7. XPS curve-fitting of Au 4f spectra in the investigated samples.

-05 0.31E-05 0.59-05 0.32E-05 G expected 0.11E-06 0.80E-05 0.30E-05 0.12E-05

  

		Au foil	1% Au/C	1% Au/CeO2	3% Au/CeO2 CO
	E0	11919.0 (0.5)	11918.8(0.5)	11918.7(0.5)	11910.1(0.5)
	N1	12	10.3(0.8)	10.6(0.8)	9.5(0.8)
	R1	2.877 (0.01)	2.85 (0.01)	2.86 (0.01)	2.86 (0.01)
	s1	0.0052(0.0005)	0.0069 (0.0005) 0.0095 (0.0005) 0.0091 (0.0005)
	N2	6	4.0	4.0	4.1
	R2	4.07 (0.02)	4.03 (0.02)	4.05 (0.02)	4.05 (0.02)
	s2	0.0077 (0.0005) 0.0075 (0.0005)	0.012(0.001)	0.013 (0.001)
	q1	120	120	120	120
	R3	4.95	4.93	4.95	4.96
	N3	24	14	15	15
	q2	180 (1)	179 (1)	181 (4)	180 (5)
	R4	5.75	5.72	5.73	5.75
	N4	12	6.3	6.5	6.7
	D clusters	-	2.7 (0.7)	2.4(0.8)	2.2 (0.8)
	(nm)				
	G	0.25E			
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SUPPLEMENTARY TEXT

Sample preparation

Au/CeO 2 powders, with Au loading of 1.0 and 3.0 % w/w determined by ICP-AES, were prepared by homogeneous deposition/precipitation method, using urea as precipitating agent. In a typical synthesis, 1 g of ceria (Aldrich, surface area = 79 m 2 /g) was added to 100 mL of an aqueous solution containing HAuCl 4 (5 x 10 -4 M) and urea in a urea/Au = 100 molar ratio. The suspension was kept at 353 K under stirring for 16 hrs, in order to favour urea decomposition with a gradual rise of pH until ~7. The solid was, then, filtered, washed with water until no chloride ions were detected by the AgNO 3 test, and dried in air at 393 K for 24 hrs.

X-ray Diffraction (XRD)

XRD measurements were carried out with a Bruker D5000 equipped with a Cu anode (Kα radiation λ=1.5418 Å) and a graphite monochromator. A proportional counter and a 0.05° step size in 2θ were used. The assignment of the crystalline phases was based on the JPDS database. As shown in the XRD patterns of the Au ceria supported catalysts in Figure S1, no evidences of metal particles were detected. They were only visible in the SAXS WAXS measurements collected using the synchrotron beam line DUBBLE at the ESRF facility, as shown in Figure S2. The accuracy of energy measure is ± 0.1 eV. In order to rule out a partial reduction of gold species while recording XPS data, Au spectra were acquired at the beginning and at the end of the analyses and the invariance of the peak shapes and widths ascertained the absence of differential surface charging. The analysis of XPS spectra was performed by a nonlinear least

X-ray photoelectron spectroscopy (XPS) and XPS data analysis