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Introduction

Metal-support interaction (MSI) and alkali metal doping are two methods that tune a catalyst performance through the modification of the surface's electronic structure, and concomitantly, the binding energy of the chemisorbed species [START_REF] Boudart | Kinetics of heterogeneous catalytic reactions[END_REF][START_REF] Campbell | Catalysis at Surfaces[END_REF] . Alternatively, based on the work of Wagner [START_REF] Wagner | [END_REF] , Vayenas and co-workers progressed in working on the effect of an electrochemical supply or removal of ions to or from a catalyst deposited on solid ionically-conducting electrolytes, e.g., Y2O3doped ZrO2 (YSZ, O 2-conductor), BaZr0.8Y0.2O3-δ (BZY , H + conductor), β"-Al2O3 (K + conductor), etc. [4][5][6][START_REF] Wieckowski | Catalysis and Electrocatalysis at Nanoparticle Surfaces[END_REF] . They demonstrated a reversible alteration of catalytic activity and in some cases selectivity when an electric current or potential is applied [START_REF] Vayenas | Electrochemical Activation of Catalysis: Please do not adjust margins Promotion, Electrochemical Promotion, and Metal-Support Interactions[END_REF][START_REF] Vayenas | [END_REF][10] . This phenomenon, called Electrochemical Promotion of Catalysis (EPOC), or Non-Faradaic Electrochemical Modification of Catalysis (NEMCA), has been shown to be functionally equivalent to MSI effect between a dispersed catalyst phase and conducting supports (TiO2, CeO2, ZrO2, etc.) but is operationally more controlled, as it allows an in-operando modification of the electronic properties of catalysts [START_REF] Vayenas | Electrochemical Activation of Catalysis: Please do not adjust margins Promotion, Electrochemical Promotion, and Metal-Support Interactions[END_REF] . Our recent paper has demonstrated the functional equivalency between EPOC and MSI as we have compared the promotive effect of supporting nanoparticles on metal oxides to electrochemically promoting the nanoparticles. The rates increase due to EPOC and supporting the catalysts on active metal oxides were similar in the case of platinum and ruthenium catalysts 11 . Furthermore, many highly dispersed electrochemically promoted systems have been established, rendering the practical application of EPOC more attractive 11,12,[START_REF] Katsaounis | [END_REF][22][START_REF] Vernoux | Recent advances in electrochemical promotion of catalysis[END_REF][START_REF] González-Cobos | [END_REF][13][14][15][16][17][18][19][START_REF] Dole | Handbook of Nanoelectrochemistry[END_REF] . Experimentally, the origin of EPOC is mostly explained by the electrochemically induced promoters (see Figure 1), which have been substantiated by many in-situ and ex-situ techniques: x-ray photoelectron spectroscopy (XPS) 25,26 , in-situ XPS 27 , temperatureprogrammed desorption (TPD) 28,29 , scanning tunneling microscopy (STM), photoemission spectroscopy (PES) 30 , in-situ AC impedance spectroscopy 31,32 , and isotopic exchange 33 . When applying an electrochemical potential across a solid electrolyte on which a metallic catalyst is adsorbed, ions originating from the solid electrolyte, O δ-in case of YSZ, are (partially) discharged at the three-phase boundary and migrate to the gas exposed catalyst surface to formally form a double layer O δ--δ + (δ + is the mirror charge in the conductor for preserving the neutrality). Figure 1 demonstrates the oxygen migration in the case of a continuous catalyst film similar to what has been used in previous papers [34][35][36] . It has been determined that in the presence of oxygen ions there is a oneto-one correlation between the applied potential (UWR) and the change in work function (ΔΦ) at the metal-gas interface in a wide range of temperatures 6,37 (Eq. 1): eΔUWR = ΔΦ Eq. 1

Therefore, the density of this double layer and subsequently the work function of the catalyst are in-operando controlled by an electrochemical potential application. The change of work function leads to catalytic rate and selectivity alternation due to Please do not adjust margins Please do not adjust margins the change in the adsorption properties of reactants and/or intermediates. Since the coverage effect is experimentally detectable, most of EPOC is rationalized in terms of an increased/decreased availability of the promoter on the surface, suggesting a direct implication of the promoter.

However, these experiments do not directly observe the reactive surface species and the promoter might just generate an electrostatic field, which itself impacts the kinetics of the reaction 38,39 . Therefore, computational mechanistic studies are complementary to the experimental characterizations. Early theoretical modeling of EPOC was performed using clusters of metallic atoms to model the Cl adsorption on Cu and O adsorption on Pt surface 40,41 . In the case of co-adsorption of Cl and benzene on the surface of Cu, Pacchioni et al. showed that Cl induces an increase in the Cu work function and therefore an increase in the adsorption energy of the benzene product resulting in an inhibition of the acetylene trimerization reaction 40 . In the case of O adsorption on Pt, the authors drew a correlation between the increase in the catalyst-electrode potential and corresponding work function and the decrease in the experimental peak temperature of adsorbed oxygen 41 . However, they showed subsequently that the oxygen desorption temperature is not directly correlated to the oxygen desorption energy, concluding that the effect of the change in work function on the bonding of adsorbed molecules (reactants and products) depends on the nature of the surface's chemical bond 40 . Later, Leiva et al., have investigated the effect of the positive charge of Na on the work function of the Pt surface and compared it to when oxygen was jointly present 42 .

In more recent theoretical modeling studies, the effect of external and internal electric field on the activity of catalysts was investigated with correspondence to solid oxide fuel and electrolysis cells 38,39,[42][43][44][45][46] . A cluster model and hybrid density functional theory (DFT) calculations were used by González et al. to simulate the electric field effect on the adsorption of CO on Cu, Rh and their bimetallics 44 . They concluded that the CO bond increases in strength with a positive electric field. Chen et al. used a dipole layer to model the electric field effect on the Ni/YSZ interface 43 . They found that a positive potential increases the activation energy of oxygen vacancy formation, therefore reducing the deactivation mechanism of the catalystelectrode at the three-phase boundary. In another work, the activation energy of C-H dissociation in methane was found to increase as a function of the field strength resulting in a decrease of the methane steam reforming reaction 38 .

Herein, we rely on the model reaction of ethylene oxidation 31,32,[34][35][36][47][48][49][50] to demonstrate, using ab-initio computations, the effect of electrochemical potential on the surface reactivity. We will elucidate on the one hand the impact of the electrochemical potential on the surface state compared to thermal catalysis and on the other hand, the impact of the potential generated electric field on the reactivity of ethylene and oxygen activation. To be more precise, the most stable surface oxygen termination is determined as a function of the electrochemical potential. For a given surface state, the adsorption and dissociation energies of gaseous ethylene and oxygen are dependent on the potential-generated electric field, which is modeled through modification of the total surface charge.

Theory and Computational Method

Slab model and computational details

Plane wave DFT calculations were performed using projector augmented wave pseudopotentials provided in VASP (Vienna Ab-initio Simulation Package) 51,52 . The energy evaluation exploited the generalized gradient approximation (GGA) with a Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional together with the density-dependent dispersion correction dDsC 53,54 . Additional computations at the Heyd-Scuseria-Ernzerhof (HSE) level of theory of the work function of the three main surfaces of RuO2 show that the PBE work function is in excellent agreement with experimental values (5.8 to 6.6 V) 55 , while the HSE results are 0.5 V higher compared to PBE and reach 7.1 V for the most oxygenated surface (Figure S17). Nevertheless, even the 0.5 V difference between HSE and PBE is small enough to ensure that the qualitative mechanistic insight gained in this study does not significantly depend on the level of theory.

In the bulk rutile structure of RuO2, the Ru atoms are six-fold coordinated to oxygen atoms, while O atoms are coordinated to three Ru atoms in a planar sp 2 hybridization 56 . The surface Please do not adjust margins Please do not adjust margins energies of the bulk-truncated, bridging-oxygen-terminated RuO2 (110), RuO2 (100), and RuO2 (101) surfaces were determined by previous DFT calculations and the (110) facet shown to be the most stable one and thus prevailing for polycrystalline RuO2 57 . On the RuO2 (110) surface, a weakly bound oxygen species can be found to adsorb on-top (O ot ) of the otherwise five-fold coordinatively unsaturated Ru (5f-cus-Ru), while stronger bridging oxygen (O br ) atoms are found on the six-fold coordinatively saturated Ru sites (6f-cus-Ru) 58 .

The slab used to model RuO2 (110) rutile 59 film is made out of three layers of Ru with intermediate O resulting in a ~10 Å thick slab. The intermediate layer is fixed, but all other atoms are allowed to relax during the computation until the forces are less than 0.03 eV/Å. A vacuum spacing of 15 Å was included to reduce the periodic interaction in the surface normal direction. The effect of vacuum spacing is shown in Figure S 9. In terms of unit size, a 6.2058 x 6.2897 x 25.1387 Å 3 cell with a corresponding 6 x 6 x 1 Monkhorst-Pack k-point mesh is used. The highest frequency of the plane wave basis set corresponds to a cut-off energy of 550 eV (Figure S 10) and the electronic energy is converged to reach a threshold of 10 -6 eV. Isolated molecules are optimized using the same parameters at the gamma point using a cubic box of (8000 Å) [START_REF] Wagner | [END_REF] . The electrochemical promotion effect on the catalyst slab was modeled by adding the linearized Poisson-Boltzmann equation 60,61 to the Kohn-Sham equations using the VASPsol module 62 . This method, also known as surface charging 63 or grandcanonical DFT [64][65][66][67] , has been validated for the adsorption of pyridine on Au (111) by Steinmann et al. 68 . The implicit solvation model places a quantum-mechanical solute in a cavity surrounded by a continuum dielectric description of the solvent and counter-charge distribution, allowing to mimic the effective electrochemical double layer 69,70 . Such a surface polarization by modifying the surface charge also introduces an electric field as analyzed by us in a previous work 71 . The use of symmetric slabs together with the linearized Poisson-Boltzmann equation allows to unambiguously reference the Fermi-level to the potential far away from the surface, assumed to correspond to vacuum. The effect of the addition of charges on the electrochemical potential (i.e., work function) for different systems is shown in Figure S 11. The diffuse counter-charge added through the linearized Poisson-Boltzmann equation to neutralize the system is a proxy to model the effect of smoothly varying oxygen coverages, in analogy to our previous work on the indirect effects of bases in heterogeneous catalysis 71,72 . In EPOC there is no solvent present, just an effective double layer generated, in our case, by the varying amount of oxygen species. Hence, we have carefully assessed the influence of the relative permittivity of the "solvent" and the cavity size (Figure S 12 and S13). Both have been found to have a negligible effect on the surface free energies of the three main surface terminations (2O br /2O ot , 2O br /2Ru, and 2Ru/2Ru). We conclude, therefore, that the obtained results do not significantly depend on the choice of technical parameters that have no clear meaning in EPOC and that the surface charging in combination with the linearized Poisson-Boltzmann equation is a convenient and efficient computational model to investigate EPOC.

To find the minimum energy pathway between adsorption of ethylene and its consecutive dissociation, transition state computation was performed using the Nudged Elastic Band method in combination with Dimer method and Quasi-Newton optimization. The obtained structure was verified to yield a single imaginary frequency consistent with the reaction path under study using vibrational frequency analysis.

Ab-initio atomistic thermodynamics including the electrochemical potential

Thermodynamic stability of a surface can be derived by comparing a multitude of surface structures and their corresponding surface free energy (SFE) 𝛾"𝑇, 𝑃 & ' ( (Eq. 2). The surface with the lowest SFE is the most stable structure. Following the work of Reuter et al. 73 , two main variables that are required for the calculation of RuO2 (110) surface free energy are temperature (T) and oxygen partial pressure
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Where 2S serves to normalize 𝛾 by the two surfaces S of the symmetrical unit cell. The Gibb's energy of the bulk is taken equal to the electronic energy computed for the primitive cell of the bulk 𝐸 ,-& ' 7-5: , while the free energy of the surface is approximated by the electronic energy 𝐸 ,-& ' 4567 . NRu and NO are the numbers of Ru and O atoms in the supercell, while 𝑃 > is the standard pressure. The determination of the standard chemical potential of oxygen 𝜇 & ' > and the detailed derivations are given in section 4 of the ESI. In equation 2, the oxygen supply is gaseous, whereas, in EPOC conditions, the oxygen is supplied in its ionic form from the oxygen-conducting electrolyte material as follows:
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It has been established that the equilibrium potential of SOE with respect to vacuum is 5.14 V 74 , whereas that of SHE is 4.44 V 75 . Therefore the equilibrium potential of SHE with respect to SOE is equal to -0.7 V.

As shown in the ESI, the chemical potential of oxygen anions 𝜇 & 'M is linked with the chemical potential of oxygen from the gas phase and the applied potential, so that the surface free energy becomes: Please do not adjust margins Please do not adjust margins
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Adsorption energy calculation including electrochemical potential

The adsorption energy on a symmetrical RuO2 surface adsorbing one C2H4 from each side is expressed by: 𝑬 𝒂𝒅𝒔 = 𝟏 𝟐 {𝑬 𝟐𝑪 𝟐 𝑯 𝟒 /𝒔𝒖𝒓𝒇 -"𝟐 × 𝑬 𝑪 𝟐 𝑯 𝟒 + 𝑬 𝒔𝒖𝒓𝒇 (• Eq. 5

Where 𝐸 E' ' T ƒ /4-"… is the energy of the state containing two symmetrically adsorbed C2H4, 𝐸 4-"… is the energy of the bare surface, and 𝐸 ' ' T ƒ is the energy of an isolated C2H4 molecule in the gas phase. From the equation above, a more negative value for the adsorption energy indicates a more stable adsorbed C2H4 on the RuO2 (110) surface. The adsorption is performed symmetrically on both surfaces to avoid spurious dipole interactions. The C2H4 coverage corresponded to 25 % of the Ru density on the surface.

The presence of an electrochemical potential is likely to affect the electronic energy of the surface and of the ethylene adsorbed on the surface, resulting in a change of the adsorption energy of molecule as follows:
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As explained in section 2.1, the VASPsol module allows the modification of the surface charge (and thus the work function, i.e., the electrochemical potential) of the slab and thus mimicking the effect of the effective double layer. Performing geometry optimisations at various charges, we can fit the relation between the electronic energy and the electrochemical potential for the bare slab, 𝑬 𝒔𝒖𝒓𝒇 , and for the one containing two symmetrically adsorbed C2H4, 𝑬 𝟐𝑪 𝟐 𝑯 𝟒 /𝒔𝒖𝒓𝒇 . Then, the dependence of the adsorption energy upon the electrochemical potential is trivially derived. The procedure is illustrated in Figure S15 and is analogously applied for all adsorbed species, including transition states, as illustrated in Figure S16.

Experimental

Synthesis of RuO2 nanoparticles

Ruthenium oxide (RuOx) nanoparticles were synthesized using the polyol synthesis method 76 . In short: 0.105 g of Ruthenium (III) chloride (Sigma Aldrich Ò ) precursor salt was dissolved in 15 mL of ethylene glycol (Fisher Scientific Ò ) containing 0.25 M tetra-methyl ammonia hydroxide (TMAH) (Sigma Aldrich Ò ). The solution was pre-mixed for an hour in a round-bottom flask then heated up to 160°C under reflux and cooled down directly after the temperature was reached. The initial pH of the synthesis solution was 12 and dropped to 7 after the reflux indicating nanoparticles formation 76 .

Physiochemical characterization

The Scanning Transmission Electron Microscopy (STEM) micrographs of ruthenium oxide nanoparticles were performed using FEI Titan3 80 -300 microscope operated at 300 kV and equipped with an energy dispersive X-ray (EDX) spectrometer. Annular Dark Field (ADF) images were taken using a Fishione detector to provide a contrast between the nanoparticles and the support at convergence and collection angles of 17 and 60 mrad, respectively. The RuO2 colloidal solution was diluted and sonicated in ethanol then deposited dropwise on a 200 mesh copper grid coated with a lacy carbon support film (Ted Pella). ImageJ Ò software was used to find the distribution of the ruthenium oxides RuOx nanoparticles size. Figure 2a shows a representative STEM of the free-standing nanoparticles of ruthenium oxide. The ADF image represents the nanoparticles as bright spots on the darker background. The particle size distribution is shown in the histogram in Figure 2b and the average particle size was calculated to be 0.9 nm. 

Electrochemical cell and reactor

Colloidal solution of ruthenium oxide nanoparticles was deposited 10 µL at a time over the yttria-stabilized zirconia (YSZ) solid electrolyte (1.9 cm 2 ), with intermittent drying at 100 o C. The final metal loading was 0.1 mg of RuOx covering 1 cm 2 surface area of the YSZ electrolyte. On the other side of the electrolyte, the catalytically inert gold counter electrode (CE) and reference electrode (RE) were deposited using commercial gold paste (Gwent group) prior to the deposition of RuOx catalyst. The surface area of CE and RE was 1 and 0.2 cm 2 , respectively. Catalytic measurements were carried out at atmospheric pressure in the single-chamber capsule described in our previous work such as all electrodes are under the same gaseous conditions 77,78 . The working electrode side of the electrolyte was pressed against a gold mesh (1 cm 2 ) that served as a current collector, while the counter and reference electrodes were pressed directly against gold wires 79 . Two type K thermocouples (Omega Ò ) were placed in the vicinity of the Please do not adjust margins Please do not adjust margins electrochemical cell, one for temperature control and one for data acquisition. A schematic of the system is shown in Figure S1 and S2. The reaction gases were ethylene (Linde, 0.5% C2H4 in He), oxygen (Linde, 20% O2 in He), and helium (Linde, 99.999% He) as a carrier gas. The total flow rate was constant at 100 mL min -1 . Gas composition was varied using MKS, 1259-C and 1261-C series flow meters and detected using a non-dispersive infrared (NDIR) CO2 gas analyzer (Horiba, VA-3000). A potentiostat-galvanostat (Arbin Instruments Ò , MSTAT) was connected to the electrodes to apply constant electric current or potential on the electrochemical cell (Figure S2).

Results and discussion

Electrochemical promotion of RuOx for complete ethylene oxidation reaction

Figure 3a shows the evolution of the reaction rate of the RuO2 catalyst during a potentiostatic step of 0.5 V. At t=0.5 h, the constant potential was applied and resulted in a 30% increase in the reaction rate, reaching a new constant value over a duration of two hours. At potential interruption (t=2.5h), the reaction rate decreased to its initial steady-state value within an hour. The ratio of the closed-circuit rate r over the open-circuit rate ro is denoted as the rate enhancement ratio, 𝜌 (Eq. 7).

𝝆 = 𝒓 𝒓 𝒐

Eq. 7

Another determining parameter of the EPOC effect is the apparent Faradaic efficiency Λ:

𝜦 = 𝜟𝒓 𝑰/𝒏𝑭 Eq. 8
Where Δr is the difference between the closed and open circuit reaction rate (Δr = rro), I is the applied current, n is the number of electrons transferred (2 for O 2-), F is the Faraday constant. The ρ and Λ values in Figure 3a are 1.23 and 6, respectively.

Figure 3b shows the reaction rate change under a negative galvanostatic step of -100 µA. The reaction rate of ethylene oxidation showed an enhancement in its value under the cathodic polarization as well reaching a 30% increase in the catalytic rate with Λ of -6. This increase in the rate under negative polarization was not detected previously except under fuel-rich conditions 34 . Therefore, this could be related to the contamination of previous catalysts with Na which inhibited any promotional effect at the cathodic counterpart 11 or due to the morphology obtained in the current sodium-free catalyst which has an average particle size below 1 nm. Finally, multiple step-change galvanostatic tests were carried under cathodic and anodic polarization and are summarized in Figure 3c showing the effect of the applied current on the catalytic rate increase and the corresponding measured catalyst-electrode This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins potential. The increase in the rate under cathodic and anodic polarization shows that the change in the work function in both directions result in an enhancement of the catalytic rate. However, anodic polarization had a stronger effect on the rate than cathodic polarization. A maximum L factor of 92 at an applied current of 0.5 µA was reached and the highest increase of the catalytic rate by 41% was found at +50 µA.

DFT modeling of RuO2 (110) rutile structure and ethylene adsorption

RuO2 (110) rutile structure

In the RuO2 rutile bulk 73,80 every metal atom is coordinated with six oxygens and every oxygen links to three metal neighbors. The oxygen bonds to Ru are not all equivalent and can be distinguished into four in-plane ones of 1.97 Å length and two orthogonal ones of 1.92 Å length. The nomenclature for the oxygen on the surface will be O ot for oxygen directly on top of Ru and O br for oxygen bridging between two ruthenium atoms. Ru 4,5,6f nomenclature will be used to refer to the number of coordination such that sixfold, 6f coordination is for Ru saturated with six bonds of oxygen, 5f is for Ru missing O ot coordination and 4f is for Ru missing two O br coordination. This nomenclature is similar to Reuter et al. 73 and differs from Over et al. 58 where 1f and 2f nomenclature was used for Ru coordinated with O ot and O br , respectively. As to the surface calculations, the representative unit cell used was chosen to be a nearly square p(2x2) super-cell with three layers of Ru in the z-direction. The middle layer was fixed depicting the bulk whereas the remaining ones were free to move 

Prediction of RuO2 (110) termination

Under open-circuit conditions, the most stable surface termination was identified using the minimal surface free energy (SFE) approach. The oxygen chemical potential 𝜇 & ' effect on the SFE of RuO2 slab truncated at different oxygen positions was compared to that found in Reuter et al. as shown in Figure S 5 and the most stable surface is presented as a function of temperature and oxygen partial pressure. It was found that the surface termination with 2O br /2O ot was the most stable at the considered temperatures and oxygen partial pressures. Only at P(O2) as small as 10 -10 kPa, the 2O br /2Ru surface becomes the most stable above a temperature of 500 o C. The energy of a reduced surface (with 2Ru/2Ru termination) was unstable in comparison, which rules it out as a stable surface under open-circuit potential conditions. SFE calculation for RuO2 (110) that has a 2Ru/2O ot termination without O br atoms was compared as an alternative form of a stoichiometric surface. However, it was found to be less stable than the other surfaces under all conditions.

Effect of potential on surface free energy

The previous section showed that RuO2 (110) with 2O br /2O ot termination is the most stable structure under open-circuit conditions. In this section, we introduce the effect of the application of an electrochemical potential. The change in number of electrons along with a diffuse counter-charge layer added through the linearized Poisson-Boltzmann equation allows to mimic implicitly an intermediate effective double layer Please do not adjust margins Please do not adjust margins of oxygen ions. The resulting effective double layer affects the surface free energy and the RuO2 surface termination (Eq. 4). At a partial pressure of oxygen equal to 1 kPa (used as a lower limit for experimental conditions, see Figure S7 for partial pressure effect), the effect of temperature and electrode potential on the most stable surface structure is depicted in Figure 5.

At the experimental temperature of 350 o C, it can be seen that structure B (2O br /2O ot ) is the most stable surface termination in the electrode potential range of -0.5 to +0.15 V vs SOE. At the cathodic side, as the temperature increases, the oxygen chemical potential decreases, which results in stabilizing the surface with less oxygen. At 350 o C, the stable surface termination transitions from structure C (2O br /1O ot Ru) to structure D (2O br /2Ru) as the potential decreases. At the extreme cathodic polarization (under -1.2 V vs SOE), which is outside the experimental range of +/-0. 8 V vs SOE (-0.1 -1.5 V vs SHE) (see Figure 3), the 2Ru/2Ru surface termination becomes the most stable. At the positive side of the potential range, SFE calculations demonstrated that an additional structure with an extra oxygen on the O ot atom is more stable than 2O br /2O ot . At 350 °C, above a potential of 0.15 V vs SOE (0.85 V vs SHE), structure A (2O br /4O ot ) became the most stable. Calculation for an intermediate structure 2O br /3O ot showed that it was not more stable compared to 2O br /4O ot in the given potential range. These findings illustrate that as the potential value increased, the surface which is covered with a higher number of oxygen atoms becomes more stable, as shown in the surface phase diagram (Figure 5). This increase of oxygen concentration on the surface with increased potential conforms with the oxygen backspillover process that was discussed extensively in previous experimental and theoretical papers. Compared to the temperature and O2 pressure dependence discussed above, the surface state is more strongly dependent on the applied electrochemical potential. In general, this explains part of the EPOC effect, since tuning the electrochemical potential provides an efficient means to control the catalyst surface state, which in turn modifies the reactivity of the catalyst. Here, ethylene adsorption is studied on RuO2 (110) with the most stable 2O ot /2O br surface termination prior to polarization. σ-C2H4 molecule adsorption energy was calculated for three positions of C2H4: on the 2O ot , 2O br , and O ot O br . The adsorption energy under open-circuit potential (ocp) condition was the lowest when ethylene adsorbed on 2O ot in σ form (-2.9 eV), and the highest when adsorbed in π-form on O ot (-1.6 eV). σ-bond on 2O br and diagonally on O ot O br yields intermediate adsorption energies of -2.0 and -2.8 eV, respectively (shown in Figure S 17). Figure 6 shows the effect of the electrode potential on the stability of σ-C2H4 adsorption energy. It can be seen that the increase in the electrode potential (proportional to the surface work function) results in increasing (in absolute value) the heat of adsorption of σ-C2H4 rendering ethylene adsorption more stable than at ocp beyond a potential of 1.3 V vs SHE. This trend is paralleled by the increasing positive partial charge of the molecule (determined from Hirshfeld charge) as a function of potential (right axis of Figure 6). Thus, this figure confirms the EPOC mechanism 8 that the increase in the work function results in an increase in the heat of adsorption (produced thus negative) of ethylene and its electropositive behavior. This journal is © The Royal Society of Chemistry 20xx

Adsorption of ethylene on the surface

Please do not adjust margins Please do not adjust margins The effect of the potential was similar on the dissociation intermediates (dissociated C-H and dissociated C-C) (Figure 7), i.e., the adsorption energy of these intermediates is strengthened as a function of increasing potential. 

DFT prediction of ethylene dissociation on 2O br /2O ot surface termination

Figure 8 shows the energy diagram computed using DFT for the C-C bond dissociation on the 2O br /2O ot RuO2 (110) surface termination. Our results (Figure 8b) demonstrate that the energy barrier for C-C bond dissociation decreases as a function of increasing applied potential and becomes smaller than under ocp conditions beyond a potential of 0.3 V vs SHE or -0.4 V vs SOE. The activation energy continues to decrease beyond this potential value, which demonstrates the advantageous effect of potential on the facilitation of the C-C bond dissociation step.

Similarly, the reaction energy decreased as a function of the electrode potential rendering the reaction more exothermic as a function of increasing potential. 

DFT prediction of oxygen adsorption and dissociation on the 2O br /2Ru surface termination

The enhancement in the reaction rate of ethylene oxidation was also found to experimentally occur under negative potential as demonstrated in Figure 3. Since the surface state strongly depends on the electrochemical potential (Figure 5), we have hypothesized that under negative polarization it is the activation of O2 that is accelerated. Therefore, further computation was performed to investigate the effect of potential on the filling of the 2O ot vacancies by adsorbing gaseous O2. Note, that there are two sources of oxygen: The electrochemical one that determines the surface state and is source for the electron charges, and the gas-phase oxygen, which is the one for which we have computed the activation and adsorption energy. Since the electrochemical potential and the O2 gas-flow are fixed independently, the chemical potentials of these two oxygen sources are not equalized, i.e., the system is not in equilibrium. The oxygen required for the non-Faradaic C2H4 oxidation is taken from the gas phase. Therefore, it is a key point that EPOC has a non-equilibrium nature such that the reactivity of oxygen stemming from YSZ (Faradaic reaction) is different than the one from gas-phase (non-Faradaic reaction).

It can be seen in Figure 10 that the adsorption of a bonded oxygen molecule at ocp (dotted red line) is -1.43 eV and decreases to -2.1 eV when the O-O bond breaks (dotted green line). The adsorption energy of intact and dissociated dioxygen decreases with negative potential (decreasing work function) which forms an opposite trend compared to the adsorption energy of the electropositive ethylene. This is in agreement with empirical EPOC rules which state that a decrease in the work function results in an increase in the chemisorptive bond of electron acceptors, e.g., O2 and CO2 [START_REF] Vayenas | Electrochemical Activation of Catalysis: Please do not adjust margins Promotion, Electrochemical Promotion, and Metal-Support Interactions[END_REF] . The effect of potential on the adsorption of oxygen and ethylene is directly compared in Figure 1 to highlight the difference between an electron donor and an electron acceptor. The addition of electrons results in a decrease of the electrode potential (and proportionally a decrease of the work function). With this trend, the adsorption of oxygen can be seen to increase (in absolute value) compared to under ocp condition, becoming more stable below a potential value of 0.5 V vs SHE for "intact" O2 and 0.7 V vs SHE for dissociated O2 (Figure 10). Figure 11 shows the effect of applied potential on the binding energy of oxygen. Not only the adsorption energy but also the activation and reaction energies for oxygen dissociation decrease as a function of decreasing electrochemical potential. Thus, the dissociation of an oxygen molecule is facilitated when applying a negative potential. This decrease in the activation energy is in good agreement with the experimental cathodic reaction rate that showed a higher rate compared to under ocp condition.

The geometries for oxygen dissociation are given in 

Experimental and DFT results comparison

In conclusion, the increase in the experimental catalytic rate as a function of positive potential can be explained by the facilitation of the C-C bond dissociation, whereas the increase in the catalytic rate as a function of negative polarization is due to the ease in the oxygen bond rupture. Those two potential effects can be correlated to the experimental data of Figure 3c, Furthermore, it should be noticed that the slope of the decreasing activation energy of C-C bond dissociation as a function of increasing potential is higher than that of the O-O bond dissociation as a function of decreasing potential value. This higher change in the activation energy at the positive potential is in agreement with the higher experimental increase in the catalytic rate under anodic potential application compared to the cathodic one. Interestingly enough, if overlaying Figure 7 and Figure 10, it can be seen that the adsorption energy of dissociated ethylene as a function of potential becomes smaller than that at ocp, above 0.7 V vs SHE while the adsorption energy of dissociated oxygen is smaller than that at ocp at potentials below 0.7 vs SHE. In summary, the atomistic origin of the EPOC effect on the ethylene oxidation rate on the surface of ruthenium oxide has therefore been identified to be due to the potential-dependent electric field at the catalyst surface, paralleling results of the effect of the addition of a base for formic acid decomposition 71 . This electric field complements the tuning of the surface state due to the backspillover.

Conclusions

For the first time, experimental results for the electrochemical promotion of ethylene oxidation on the surface of RuO2 (110) have been rationalized using Density Functional Theory (DFT) modeling, explicitly taking into account the effect of the applied electrochemical potential. Experimentally, we obtained an increase in the catalytic rate under anodic and cathodic potential for the ethylene oxidation over RuO2 nanoparticles. In order to elucidate the experimental findings, we have studied the adsorption and dissociation of σ-C2H4 on the 2O br /2O ot surface termination of RuO2 (110) surface. We found that C2H4 preferably adsorbs on the two O ot atoms via a σ-bonded structure and that the heat of adsorption produced increases with increasing potential. Concomitantly, the activation energy of the C-C bond dissociation was found to decrease as a function of potential. While under negative potential, the adsorption of oxygen is facilitated and the activation energy of the O-O dissociation decreased. The facilitation of the C-C bond dissociation under positive potential and of the O-O bond dissociation under negative potential, explain the experimentally observed catalytic rate increase under both anodic and cathodic polarization, respectively. Furthermore, these findings are supported by the fact that surface free energy calculation showed that the surface with higher coverage of oxygen became more stable as a function of increasing potential. This is in excellent agreement with the mechanism of oxygen ion back-spillover and the rules of electrochemical promotion of catalysis.

Figure 1 :

 1 Figure 1: A schematic representation of ruthenium electrode deposited on O 2-conducting YSZ solid electrolyte, showing the locations of the metal/electrolyte double layer [Oᵟ -δ+] and the effective double layer created at the metal/gas interface. All electrodes are under the same gaseous conditions. The potential-controlled ion migration (backspillover) and charge transfer affect the adsorption strength of electropositive ethylene and electronegative oxygen gas species (shown on the right).

Figure 2 :

 2 Figure 2: (a) STEM of ruthenium colloid and (b) corresponding particle size distribution. Scale bar is 10 nm.

Figure 3 :

 3 Figure 3: Transient rate response of RuO2 NPs to a step change of (a) an applied potential UWR = 1 V, (b) an applied constant current I=-100µA and (c) a summary of rate increase as a function of multiple galvanostatic applications. o.c.: open-circuit. Conditions: T = 350 o C, PC2H4 = 0.012 kPa, PO2=3 kPa. Total flow rate =100 ccm. The corresponding Faradaic efficiency (in black) and enhancement ratio (in red) on top of each current value are also shown in part (c).

  . The coordination of Ru atoms at top and bottom open surfaces changed coordination accordingly to the three surfaces being tested. The three common surface terminations are presented in Figure 4 (side and top views) such that (a) and (d) show a termination where all Ru have their saturated six-fold coordination due to the O br and O ot atoms, called 2O br /2O ot ; (b) and (e) present the stoichiometric RuO2 (110) terminated with 2O br /2Ru, and (c) and (f) show a termination that lacks oxygen and therefore its surface ends with 2Ru/2Ru which are fourfoldand fivefold-coordinatively unsaturated.

Figure 4 :

 4 Figure 4: Possible three terminating planes of RuO2 (110) surface; side (perspective) view of surface with a) 2O br /2O ot , b) 2O br /2Ru and c) 2Ru/2Ru termination; (d-f) are top view of the three surfaces. (Ru: large light spheres, O: red small spheres). Solid lines representing the cell boundary.

Figure 5 :

 5 Figure 5: Surface phase diagram of stable structure of RuO2 as a function of potential and temperature. P(O2)=1 kPa. Structures A to E are illustrated on the right with top and side view.

  Non-EPOC related DFT modeling of ethylene oxidation on ruthenium surface has been studied previously: In Lopez et al., adsorption of π-C2H4 directly on a free Ru atom was studied and its migration to form oxametallacycle (OMME) intermediate was shown. However, when the RuO2 surface has full coverage of oxygen, ethylene adsorption transitions from epoxide to the more stable O-C2H4-O form 81 . Only the C-H bond dissociation was studied in Liang et al., showing the facilitation of the C-H cleavage on a fully oxidized surface compared to a stoichiometric one 82 .

Figure 6 :

 6 Figure 6: C2H4 adsorption energy and its total charge as a function of potential on RuO2 (110) surface with 2O br /2O ot termination. Dotted line corresponds to ocp values.

Figure 7 :

 7 Figure 7: C2H4 and consecutive intermediates' adsorption energy as a function of potential on RuO2 (110) surface with 2O br /2O ot termination. Dotted line corresponds to ocp adsorption value, while the solid line corresponds to adsorption energy variation as a function of potential value.

Figure 8 :

 8 Figure 8: (a) Energy diagram and (b) corresponding activation and reaction energies as a function of potential for C-C bond dissociation over 2O br /2O ot surface termination of RuO2 (110).

Figure 9 :

 9 Figure 9: Structure of the initial, transition and final state of (C-C) bond dissociation on 2O br /2O ot RuO2 (110) surface.

Figure 10 :

 10 Figure 10: Energy diagram and corresponding activation and reaction energy as a function of energy for O-O bond dissociation over 2O br /2Ru surface termination of RuO2 (110).

  Figure11shows the effect of applied potential on the binding energy of oxygen. Not only the adsorption energy but also the activation and reaction energies for oxygen dissociation decrease as a function of decreasing electrochemical potential. Thus, the dissociation of an oxygen molecule is facilitated when applying a negative potential. This decrease in the activation energy is in good agreement with the experimental cathodic reaction rate that showed a higher rate compared to under ocp condition.The geometries for oxygen dissociation are given in Figure S 21, which shows the oxygen bond dissociation and its transition state. The distance between the two oxygen increased from an initial length of 1.4 Å to a final value of 3.1 Å, passing by 1.7 Å at the transition state.

Figure 11 :

 11 Figure 11: Energy diagram and corresponding activation and reaction energy as a function of potential for O-O bond dissociation over 2O br /2Ru surface termination of RuO2 (110).
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