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Doped ceria is known for its high ionic conductivity which is limited by the creation of defect clusters. We investigate using Molecular Dynamics the evolution of the structure and oxygen diffusivity of the Ce0.9M0.1O1.95 (M=Gd, Sm) doped and co-doped CeO2 systems. Two configurations concerning the introduction of the doping ions and oxygen vacancies inside the structure are generated and compared, the random one (R) and the neighbor one (N). The pair potential parameter set is chosen among three sets by comparison with experimental data. The pair correlation function first peak is fitted by a lognormal function to take into account the asymmetry. The evolution of the coefficient of thermal expansion, the coordination number and the bond lengths of the different ion pairs with the temperature, is presented. The influence of the local C-type sesquioxide M2O3 structure on those parameters is discussed. No significant positive co-doping effect on the oxygen diffusion process is revealed. The random configuration of the defects leads to the highest oxygen diffusivity and to the lower activation energy whatever the doping ion (Gd, Sm or Gd/Sm).

Introduction

CeO2 based materials are currently mainly studied for their high ionic conductivity performances, letting suppose applications in Solid Oxide Fuel Cell (SOFC) and Solid Oxide Electrolysis Cell (SOEC) technologies in the near future. Such materials also present a real interest for catalysis, sensors, permeation and biomedical applications [START_REF] Sun | Nanostructured ceria-based materials: synthesis, properties, and application[END_REF]. The high ionic conductivity at intermediate temperatures (500°C-800°C) is attained when CeO2 is doped by aliovalent cations which generate oxygen vacancies maintaining by this way the charge neutrality of the structure. Doped ceria is then considered as a promising electrolyte for Intermediate Temperature SOFC (IT-SOFC) [START_REF] Brett | Intermediate temperature solid oxide fuel cell[END_REF]. Among all the possible doping cations Sm 3+ and Gd 3+ are regarded by many authors as the best choice to reach the highest ionic conductivity [START_REF] Yahiro | Electrical properties and reducibilities of ceria-rare earth oxide and their application to solid oxide fuel cell[END_REF][START_REF] Arabaci | Effect of Sm and Gd dopants on structural characteristics and ionic conductivity of ceria[END_REF][START_REF] Balazs | Ac Impedance Studies of Rare Earth Oxide Doped Ceria[END_REF][START_REF] Eguchi | Electrical Properties of Ceria-based Oxides and their Application to Solid Oxide Fuel Cells[END_REF][START_REF] Jacobson | Materials for Solid Oxide Fuel Cells[END_REF]. The ionic radius of those ions close to the Ce 4+ one would explain the high conductivity obtained for those materials.

However the introduction of aliovalent cations in the CeO2 fluorite structure is limited at ∼15-20 at.% due to the creation of large defect structures (association of doping cations and oxygen vacancies) which trap the oxygen vacancies hindering the rise of the ionic conductivity beyond this range [START_REF] Kilner | Fast oxygen transport in acceptor doped oxides[END_REF][START_REF] Wang | Oxygen-ion conductivity and defect interactions in Yttria-doped Ceria[END_REF][START_REF] Inaba | Ceria-based solid electrolytes[END_REF]. Thus, the elaboration of doped ceria with enhanced ionic conductivity still necessitates the improvement of the knowledge on the creation and on the evolution of these defects.

Numerous experimental and theoretical works have been published in view to answer this issue.

Artini et al. [START_REF] Artini | High Temperature Structural Study of Gd-Doped Ceria by Synchrotron X-Ray Diffraction (673 K ≤ T ≤1073K)[END_REF] utilize a structural model between the fluorite and the C-Gd2O3 structure to fit the diffraction pattern (Rietveld refinement) of the Ce1-xGdxO2-x/2 samples in the range 0< x <1.

They determine the passage from a CeO2 based solid solution to an F/C hybrid structure (CeO2 matrix with C-Gd2O3 embedded particles) for the composition x=0.2. Scavini et al. [START_REF] Scavini | Probing Complex Disorder in Ce1-xGdxO2x/2 Using the Pair Distribution Function Analysis[END_REF] also conclude to the existence of Gd2O3-like droplets (nanodomains) in the CeO2 matrix even for low doping ratio. Indeed, in their study, the fit of the Pair Distribution Function (PDF) G(r) extracted from the synchrotron diffraction patterns in the range 1.5 Å -6 Å is improved when the biphasic model is adopted. Others techniques were employed to evidence the presence of dopant-rich clusters inside the structure like Raman spectroscopy [START_REF] Artini | A novel method for the evaluation of the Rare Earth (RE) coordination number in RE-doped ceria through Raman spectroscopy[END_REF][START_REF] Askrabic | Phononphonon interactions in Ce0.85Gd0.15O2-δ nanocrystals studied by Raman spectroscopy[END_REF] X-Ray absorption (EXAFS, XANES) [START_REF] Yamazaki | Defect structures in doped CeO2 studied by using XAFS spectrometry[END_REF][START_REF] Kossoy | Evolution of the local structure at the phase transition CeO2-Gd2O3 solid solution[END_REF] and High Resolution Transmission Electron Microscopy (HRTEM) [START_REF] Ou | Microstructures and electrolytic properties of yttrium doped ceria electrolytes: Dopant concentration and grain size dependences[END_REF][START_REF] Ye | A structure model of nano-sized domain in Gd-doped Ceria[END_REF].

Computer modelling is also necessary to describe the local structure and explain the properties of those materials. Among the available computational methods only the ones based on the empirical interatomic potentials (Static Lattice, Molecular Dynamics, Monte-Carlo) can handle systems with a large number of atoms for a reasonable calculation time, but without bringing information on the electronic structure and reactivity (ab initio methods) of these systems. Thus, many works have been based on pair potential technics. The static lattice method proposes some stable cluster configurations based on -••basic units (with Gd in the NN or NNN position) which are able to create some C-Gd2O3 nano or subnano domains with the increase of the Gd 3+ concentration [START_REF] Li | Structural phase transformation through defect cluster growth in Gd-doped ceria[END_REF][START_REF] Wang | Computer simulations of large scale clustering and nanodomain structure in gadolinia-doped ceria[END_REF]. The stability of the structure with temperature and the ionic conductivity (oxygen diffusion) have both been evaluated using Molecular Dynamics (MD)

simulations leading to different conclusions. For the Ce1-xGdxO2-x/2 [(CeO2)1-x (Gd2O3)x/2] system
Inaba et al. [START_REF] Inaba | Molacular dynamics simulation of gadolinia-doped ceria[END_REF] report that the system is more stable when Gd-Gd pairs are distributed at random inside the structure while Cui et al. [START_REF] Cui | Semi-ab initio interionic potential for gadolinia-doped ceria[END_REF] propose that the stability is improved when isolated Gd ions are placed at random. In a same way for x=0.2 Cui et al. [START_REF] Cui | Semi-ab initio interionic potential for gadolinia-doped ceria[END_REF] calculate an activation energy Ea=0.5 eV of the oxygen diffusion process while Huang et al. [START_REF] Huang | Molecular dynamics simulation on ionic conduction process of oxygen in Ce1-xMxO2-x/2[END_REF] find Ea=0.8 eV.

Another topic being actually under debate is the effect of co-doping on the structure and ionic conductivity of CeO2 based materials. The major part of the published experimental works on codoped CeO2 concludes to an enhancement of the ionic conductivity of such systems compared to single doped CeO2. Among those systems the doping couple is as various as Gd/Nd [START_REF] Sk | Microstructure and electrical relaxation studies of chemically derived Gd-Nd co-doped nanocrystalline electrolytes[END_REF], Gd/Pr [START_REF] Bowman | Electrical conductivity and grain boundary composition of Gd doped and Gd/Pr co-doped ceria[END_REF], Sm/Nd [START_REF] Li | Effect of oxygen vacancies on electrical properties of Ce0.8Sm0.1Nd0.1O2-δ electrolyte: An in situ Raman spectroscopic study[END_REF], Sm/Ge [START_REF] Arshad | An efficient Sm and Ge co-doped ceria nanocomposite electrolyte for low temperature solid oxide fuel cells[END_REF], Sr/Gd [START_REF] Maheshwari | Sr 2+ -Gd 3+ co-doped CeO2: A cost effective variant for IT-SOFC electrolytes[END_REF], La/Y [START_REF] Sha | Study on La and Y co-doped ceria-based electrolyte materials[END_REF] or Sm/Gd [START_REF] Winck | Synthesis, sintering and characterization of ceria-based solid electrolytes codoped with samaria and gadolinium sing the Pechini method[END_REF][START_REF] Wang | Study on Gd 3+ and Sm 3+ co-doped ceria-based electrolytes[END_REF]. The explanation of the ionic conductivity enhancement is then linked to the microstructure (particle size, grain boundaries) [START_REF] Bowman | Electrical conductivity and grain boundary composition of Gd doped and Gd/Pr co-doped ceria[END_REF][START_REF] Li | Effect of oxygen vacancies on electrical properties of Ce0.8Sm0.1Nd0.1O2-δ electrolyte: An in situ Raman spectroscopic study[END_REF] and/or to the limitation of the ordered cluster size [START_REF] Wang | Study on Gd 3+ and Sm 3+ co-doped ceria-based electrolytes[END_REF][START_REF] Yamamura | Electrical conductivity in rare-earth cation co-doped ceria solid solution systems[END_REF]. However, some other works show that no improvement of the conductivity is achieved when a second aliovalent cation is introduced in singly doped ceria [START_REF] Yoshida | Investigation of the relationship between the ionic conductivity and the local structures of singly and doubly doped ceria compounds using EXAFS measurement[END_REF][START_REF] Singh | Effect of co-doping of Mg an La on conductivity of ceria[END_REF][START_REF] Kasse | Ionic conductivity of SmxNdyCeO0.9O2-δ codoped ceria electrolytes[END_REF].

Simulation works also lead to different conclusions. Thus, Andersson et al. [START_REF] Andersson | Optimization of ionic conductivity in doped ceria[END_REF] and Wang et al.

[37] based on ab initio calculations (Density Functional Theory) and Ou et al. [START_REF] Ou | Defect clustering and local ordering in rare earth co-doped ceria[END_REF] and Dholabhai et al. [START_REF] Dholabhai | In search of enhanced electrolyte materials: a case of doubly doped ceria[END_REF] based on pair potential simulations (static lattice, kinetic lattice Monte Carlo) are in favor of an enhancement of the oxygen ionic conductivity by a co-doping effect.

Conversely, Rushton et al. [START_REF] Rushton | Effect of strain on the oxygen diffusion in yttria and gadolinia co-doped ceria[END_REF] and Burbano et al. [START_REF] Burbano | Ceria co-doping: synergistic or average effect?[END_REF] based on MD simulations do not conclude to an improvement of the conductivity. Recently, Chen et al. [START_REF] Chen | Unlocking the nature of the co-doping effect on the ionic conductivity of CeO2-based electrolyte[END_REF] based on a Density

Functional study conclude that the synergistic or average co-doping effect is driven by the dopants local arrangement inside the fluorite structure.

In the present study, we focus on the Ce0.9M0.1O1.95 (M=Gd, Sm) doped and co-doped CeO2 systems. Molecular Dynamics simulation is employed to explore the structure and the oxygen diffusivity of singly doped and co-doped CeO2 for two defect configurations. The results concerning the evolution of these systems with temperature are confronted with available experimental results and the effect of co-doping is discussed.

Simulation procedures

To perform MD simulations we employ the LAMMPS simulation code [START_REF] Plimpton | Fast Parallel Algorithms for Short-Range Molecular Dynamics[END_REF]. The NPT ensemble with zero external pressure is adopted and the Nose-Hoover algorithm is used to control the temperature and pressure. The Ewald sum is applied to calculate the electrostatic energy. For each simulation the time step is fixed at 1 fs. The structure is first minimized (0K Static Force Field) then an equilibration step is performed at the desired temperature during 7500 steps (7.5 ps). The results are then collected after the 250 ps of the final MD step.

The starting simulation supercell contains 8×8×8 CeO2 fluorite unit cells with periodic boundary conditions. We study the doping of this structure by Gd, Sm and Gd-Sm (1:1) cations. For each doped system the doping ratio is fixed at x=0.1 and two dopant arrangements are examined. In the first arrangement (GdR, SmR, SGR) dopants and oxygen vacancies are distributed at random and in the second arrangement (GdN, SmN, SGN) these are the ( -•• -) defect clusters that are distributed at random with M the doping cation (Gd or Sm) in the nearest neighbor position relative to the oxygen vacancy.

For each arrangement and each doping cation five different structures are generated and the final results are averaged over those five structures. Those arrangements are created using the Atomsk code [START_REF] Hirel | Atomsk: A tool for manipulating and converting atomic data files[END_REF]. The molecular dynamics simulations are carried out each 100K from 673K up to 1373K.

The mean-square displacement (msd) of the oxygen ion is extracted from the last 250ps and the diffusion coefficient D is obtained using the relation in the range 1073-1373K:

( ) -(0) (1) 
The right hand side is the msd with N the number of oxygen ions and t the time interval.

The pair correlation functions ( ) are determined for all pairs of ions using the relation:

( ) = (!) "#( $)! % ∆! ⁄ (2)
Where Ni and Nj are the number of ions in the cell with volume V, ( ( ) is the number of the pair of ion i and j between the distance r-(∆r/2) and r+(∆r/2) with ∆r 2.5pm in this study. For each simulation ( ) is calculated each 10000 steps and then averaged. The coordination numbers are obtained through the integration of the first peak of the pair correlation functions.

Results and discussion

Choice of the parameter set

In this work the long-range interactions due to Coulomb forces are summed using the Ewald technique while the short range ones are described by a parameterized pair potential model, here the Buckingham function:
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Eij is the two-body interatomic potential and rij the distance between ions i and j. The parameters Aij, Cij and ρij have to be determined in order to describe a specific ion-ion interaction. A cutoff distance of 13 Å is fixed for the short range interactions and the cation-cation interactions are considered to be purely coulombic.

The choice of the parameter set largely influences the results of the Force Field (static or dynamics) calculations [START_REF] Vives | Defect cluster arrangements and oxygen vacancy migration in Gd doped ceria for different interatomic potentials[END_REF][START_REF] Xu | A critical assessment of interatomic potentials for ceria with application to its elastic properties[END_REF]. We have thus in a first step compared three Buckingham parameter sets on the lattice parameter expansion of CeO2 and on the oxygen diffusivity activation energy Ea of the Ce0.9Gd0.1O1.95 material where Gd ions and oxygen vacancies are distributed at random. The three parameter sets are listed in Table 1.

Table 1.

Parameter sets used for the simulations with X (|e|) the charge of the ion in bold.

Set [START_REF] Li | Ordered structures of defect clusters in gadolinium-doped ceria[END_REF] to describe the defect structure in Gadolinium Doped Ceria (GDC) in an atomistic (static force field) simulation study. Set 2 was used by Tarancón et al. [START_REF] Tarancón | A molecular dynamics study on the oxygen diffusion in doped fluorites: the effect of the dopant distribution[END_REF] to study the diffusion of oxygen in doped fluorite by molecular dynamics simulations. The activation energies obtained from the three sets for Ce0.9Gd0.1O1.95 are reported in Table 2 and compared with experimental results. They are calculated from the slope of the Arrhenius plot of the relation: Experimental : Ea (eV) 0.72 [START_REF] Faber | A Systematic investigation of the electrical conductivity of rare-earth doped ceria[END_REF], 0.64 [START_REF] Huang | Synthesis, and electrical properties of dense Ce0.9Gd0.1O1.95 Ceramics[END_REF], 0.67 [START_REF] Tianshu | Ionic Conductivity in the CeO2-Gd2O3 system (0.05≤Gd/Ce≤0.4) prepared by oxalate coprecipitation[END_REF], 0.64 [START_REF] Steele | Appraisal of Ce1-yGdyO2-y/2 electrolytes for IT-SOFC operation at 500°C[END_REF] It is concluded from these first results that only the parameter set 3 is in accordance both with the experimental CTE (α) of CeO2 and the experimental oxygen diffusivity activation energies found in the literature. For these reasons the set 3 will be used for the rest of this study.
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Thermal expansion

The expansion of the lattice parameter with temperature governs the level of stress generated at the interface between the electrolyte and the electrodes in a solid oxide cell, the aim being to avoid the generation of microcraks. In Table 3 are compared the average coefficients of thermal expansion calculated in the range 673-1373K and some experimental coefficients given in the literature.

The calculation of the CTE (α) evidences a raise when CeO2 is doped by Gd, Sm or Gd/Sm. The values obtained always match with the CTE of the materials used for the fabrication of a stack (anode, cathode, bipolar plate). The experimental data on CTE are scattered and are thus difficult to closely be compared with the MD ones. However, we can note that the trend and the range of the experimental CTE are in accordance with the calculation results.

In the present system the value of α is not dependent of the dopant. Indeed, Gd and Sm lead to the same results and no effect on α is revealed by co-doping ceria by these two elements.

Measurements done by Artini et al. [START_REF] Artini | High Temperature Structural Study of Gd-Doped Ceria by Synchrotron X-Ray Diffraction (673 K ≤ T ≤1073K)[END_REF][START_REF] Artini | Structural properties of Sm-doped ceria electrolytes at the fuel cell operating temperatures[END_REF]) also result in very close value of α for Ce0.9Gd0.1O1.95 and Ce0.9Sm0.1O1.95 which are both higher than the undoped CeO2 one. This could be linked to the close values of the ionic radius of Gd 3+ (0.105nm) and Sm 3+ (0.108nm). In table 3 we note that for the N arrangement the CTE is always higher than for the R one. Then the mixing of these two arrangements inside the structure of a synthesized doped ceria could, at least in part, explains the dispersion of the experimental results.

In Fig. 2 are displayed the evolutions of the calculated lattice parameter of all the fluorite structures (Fig. 2a) and some experimental ones (Fig. 2b) determined by High Temperature X-Ray Diffraction (HT-XRD). In Fig. 2a we observe that for a same configuration (R or N) and whatever the temperature the Sm doped ceria gives rise to the highest lattice parameter, the Gd doped ceria to the lowest one, the co-doped ceria lattice parameter is then intermediate. On the other hand if the configuration is not considered the lattice parameter of the co-doped ceria could be higher or lower of both the Gd and Sm ones. We can also see in this figure (Fig. 2a) the influence of the presence of the clusters ( -•• -) which start to create some C-type M2O3 local aggregates. Indeed, whatever the dopant (Sm, Gd, Sm/Gd) under consideration, the lattice parameter for the N configuration is always lower than for the R configuration. The defect clusters distributed inside the structure thus restrain the expansion of the structure at a given temperature pointing out that not only the radius of the doping ion M governs the lattice parameter but also the M-M and M-•• interactions. It is also important to note that the calculated total energy of the system is always the lowest for the N configuration giving to this configuration the highest stability. The HT-XRD values presented in Fig. 2b are in the same range as the calculated ones confirming the choice of the pair potential parameter set. The lattice parameters of the Sm doped ceria are higher than the ones of the Gd doped ceria as it is also noted in the simulation results for a same configuration. Comparing the experimental data with the MD simulation results it can be concluded that the arrangement of the defects inside the samples are in favor of an R configuration for the Gd doped ceria studied by Artini et al [START_REF] Artini | High Temperature Structural Study of Gd-Doped Ceria by Synchrotron X-Ray Diffraction (673 K ≤ T ≤1073K)[END_REF] and in favor of a N configuration for the other doped samples. are displayed in Fig. 3 where the asymmetry and the shoulder are clearly visible. The lognormal distribution is actually increasingly preferred to the Gauss distribution for the description of random variation occurring in many scientific disciplines [START_REF] Limpert | Log-normal distributions across the sciences: keys and clues[END_REF]. Furthermore it has been recently

argued that skewness has to be included in the analysis of the first peak radial distribution function for accurately determine the position of the nearest neighbor relative to a central atom [START_REF] Sukhomlinov | Determination of accurate, mean bond lengths from radial distribution functions[END_REF]. We use the lognormal function as defined in the Fityk program [START_REF] Wojdyr | Fityk: a general-purpose peak fitting program[END_REF]:
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where h is the height, w the width, c the peak position and b the asymmetry parameter. We have thus studied the evolution of the structure from the pair correlation functions as a function of the doping atom, the configuration (R or N) and the temperature. The coordination number for each pair of atoms has been extracted from the integration of the first peak of the corresponding pair correlation function. We note that for the Ce-Ce and O-O pairs the coordination number remains the same whatever the nature of the doping ion and the temperature. This number goes from 12 and 6 in the undoped CeO2 to 10.8 and 5.7 in Ce0.9M0.1O1.95 for the Ce-Ce and O-O pairs respectively. This decrease due to the introduction of the rare earth ions and to the concomitant creation of the oxygen vacancies does not evolve with the composition and configuration thanks to the low doping level which cannot affect statistically the high number of Ce-Ce and O-O pairs. We can also note that the CN (Ce-Ce) calculated here is in accordance with the one found experimentally (EXAFS) at room temperature by Deguchi et al. [START_REF] Deguchi | EXAFS study of doped ceria using multiple data set fit[END_REF]. In contrast and as it can be seen in Fig. 4, the composition and the defect configuration influence the coordination numbers of the Ce-M and M-M pairs. These CN do not evolve with temperature due to the very low mobility of Ce and M ions inside the structure. For the M-M bond 2 colors (blue and red) have also been used. Each color corresponds to 2 close lengths, for the blue at 3.583 Å and 3.599 Å and for the red at 4.016 Å and 4.075 Å. The presence of these two well separated groups explains the appearance of a shoulder in the first peak of the M-M pair correlation function of the doped structure (Fig. 3d). This double peak can then be viewed as a signature of the presence of the C-type sesquioxide structure at a local scale [START_REF] Purton | Growth of nano-domains in Gd-CeO2 mixtures: hybrid Monte Carlo simulations[END_REF]. For the M-O bond 4 colors have been used corresponding to 4 different but very close lengths in the range [2.26-2.39Å] and as in the case of the O-O bond this four lengths will modify the position and the shape of the first M-O pair correlation peak of the doped structure. For the Ce0.9M0.1O1.95 structure all the bond lengths evolve with the temperature and some differences are noted as a function of the dopant and the defect configuration. All the trends discussed in this part for the co-doped system also concern the single doped ones meaning that no major effect induced by codoping is noted. For all the structures (undoped, single doped and co-doped) the Ce-Ce and Ce-M bond lengths increase with the temperature. Those non mobile and heavy ions constitute the backbone of the structure and the rise of their bond lengths with the temperature reflects the CTE of the lattice. This trend can be visualized in Fig. 7 for the R and N co-doped ceria. The Ce-Sm bond length d(Ce-Sm) is larger than the Ce-Gd one even if the gap between those two distances is reduced in the case of the N configuration. The main difference between the two configurations arise from the discrepancy between d(Ce-Ce) and d(Ce-M) in the low temperature range [673-1073K]. This discrepancy is larger for the N configuration. Indeed, the presence of two close M 3+ ions makes the bond with the neighboring Ce 4+ shorter due to a less repulsive coulombic interaction. This effect is damped by the thermal agitation for the highest temperatures. We also note that the b asymmetry parameter of the lognormal distribution decreases with the temperature for the Ce-M bond while for all the other bonds this parameter is nearly constant or increases reflecting the local disorder always existing for those other bonds. of the lattice parameter is also observed experimentally and through simulation when the ratio of the dopant is increased for a given temperature [START_REF] Kossoy | Evolution of the local structure at the phase transition CeO2-Gd2O3 solid solution[END_REF][START_REF] Cui | Semi-ab initio interionic potential for gadolinia-doped ceria[END_REF][START_REF] Deguchi | EXAFS study of doped ceria using multiple data set fit[END_REF][START_REF] Purton | Growth of nano-domains in Gd-CeO2 mixtures: hybrid Monte Carlo simulations[END_REF]. Due to the larger ionic radius of Sm 3+ than Gd 3+ the bond length of Sm-O is higher than the Gd-O one in the two configurations.

The main difference between the two configurations arises from the difference between d(M-O) and d(Ce-O). For the Sm-O bond this difference is large for the R configuration and becomes low for the N configuration. For the Gd-O bond and with the pair potential parameters used in the present work this difference is positive for the R configuration and becomes negative for the N one. We thus think that a close inspection of the Ce-O and M-O bond lengths and their evolution with the temperature obtained using X-Ray absorption (EXAFS) or diffraction (Rietveld/PDF)

techniques could bring information about the presence or not of defect clusters inside the structure.

As previously said the M-M bond is characterized by 2 bond lengths (double peak) as it was displayed in Fig. 4d for the two first temperatures (673K and 773K) and for the two configurations. These two lengths are around 3.75Å for the first and 4.1 Å for the second one and are the consequence of the local C-type sesquioxide structure (Fig. 6d). The first peak is the major one for the R configuration (closer to the Ce-Ce length) and inversely the second peak is the major one for the N configuration (Fig. 3d). These two lengths have been evidenced experimentally using Rietveld/PDF analysis [START_REF] Scavini | Probing Complex Disorder in Ce1-xGdxO2x/2 Using the Pair Distribution Function Analysis[END_REF] for a composition of Ce1-xGdxO2-x/2 with x>0.2.

Furthermore Purton et al. [START_REF] Purton | Growth of nano-domains in Gd-CeO2 mixtures: hybrid Monte Carlo simulations[END_REF] found appropriate to use two peaks in their fit from x=0.1 modelling the same structure using a Hybrid Monte Carlo simulation at 1000K. On Fig. 9 is presented the evolution of the M-M bond length for the R and N configurations of the co-doped system, the comments on this figure also concern the singly doped ceria. 

Oxygen diffusion

The results obtained for the oxygen diffusion inside the doped and co-doped ceria and summarized in Fig. 10 confirm the conclusion drawn from the structure study. Even if we note a slight decrease in the activation energy of the oxygen diffusion process in the co-doped system for the R and N configurations (Fig. 10b) the diffusion coefficient at a given temperature is not significantly modified by a co-doping effect (Fig. 10a). We are thus more in accordance with the results published by Rushton et al. [START_REF] Rushton | Effect of strain on the oxygen diffusion in yttria and gadolinia co-doped ceria[END_REF] who studied the Y/Gd couple and burbano et al. [START_REF] Burbano | Ceria co-doping: synergistic or average effect?[END_REF] who studied the Nd/Sm and Sc/La couples. In fact, concerning the oxygen diffusion coefficient and the diffusion process activation energy a significant difference mainly exists between the two configurations R and N as it is evidenced on Fig. 10. This is in direct correlation with the Fig. 5 which indicates that the R configuration leads to a high Ce-O coordination number letting a high number of vacancies available for the diffusion process while the N configuration has a tendency to trap those vacancies. It is then possible to experimentally observe an enhancement of the ionic conductivity for the co-doped ceria if the growing of the large defect clusters based on the N configuration is restrained by the presence of a second dopant as proposed by Ou et. al [START_REF] Ou | Defect clustering and local ordering in rare earth co-doped ceria[END_REF]. The challenge will be then to be able to synthetize doped ceria where the dopants and the oxygen vacancies will be distributed at random in the crystallographic fluorite structure knowing that from an energy point of view the N configuration is more stable To go further in the improvement of the ionic conductivity of such systems we have to keep in mind that this conductivity not only depends on the diffusion of the oxygen ion inside an ideal lattice but are also influenced by some structural defects (dislocation, stacking fault, twin) and microstructural parameters (grain boundaries, particle size).

Conclusion

Molecular dynamics is used for the description of the Ce0.9M0.1O1.95 (M=Gd, Sm) doped and codoped CeO2 systems. The pair potential parameter set is chosen among three sets for its match with experimental data on CeO2 thermal lattice expansion and Ce0.9Gd0.1O1.95 activation energy of the oxygen diffusion process. The coefficient of thermal expansion of doped ceria is higher than the undoped ceria and depends mainly on the defect distribution inside the structure (Random or Neighbor). The pair correlation function first peak is fitted with a lognormal function to take into account the asymmetry always present. The coordination number for the Ce-Ce and Ce-M pairs do not evolve with temperature while its evolution is noted for the Ce-O and M-O pairs reflecting the high mobility of the oxygen ions. The evolution with the temperature of the bond length of each pair is presented and discussed. Only the Ce-O and M-O lengths contracts with temperature. The co-doping of ceria with Sm and Gd does not improve the ionic conductivity nor modifies the local structure compared to singly doped ceria. The lowest system total energy (highest stability) is obtained for the N configuration whatever the doping ion. In conclusion more than the co-doping it is the way that the doping ions and oxygen vacancies are introduced in the lattice (R or N configuration) which influences the local structure and the oxygen diffusivity efficiency. We think that a close inspection of the evolution of the coordination numbers and bond lengths with the temperature could bring information on the presence and the arrangement of the defect clusters.

  For their molecular dynamics study on doped ceria Huang et al.(set 3) [23] adapted in a Buckingham form the Ce-O and O-O interaction parameters proposed by Inaba et al. [21] in a Born-Mayer-Huggins form. Then, for the Gd-O and Sm-O potentials, they adjusted the parameters in order to match with measured lattice constants of Ce1-xMxO2-x/2 and energy barriers obtained using ab initio calculations.In Fig.1is presented the evolution of the CeO2 cell parameter with temperature for the three tested parameter sets along with published experimental results.

Fig. 1 .

 1 Fig. 1. Evolution of the lattice parameter with temperature for the three tested parameter sets and comparison with experimental data. α is the Coefficient of Thermal Expansion (CTE).

Fig. 2 .

 2 Fig. 2. Evolution of the lattice parameter for the different systems. (a) Molecular Dynamics, (b) X -Ray Diffraction.

Fig. 3 .

 3 Fig. 3. Fit with one lognormal distribution for the (a) Ce-O (b) Gd-O and(c) Ce-Gd pair correlation functions and with two lognormal distributions for the (d) Gd-Gd pair correlation function. Those distributions correspond to the N configuration at 773K of the Ce0.9Gd0.1O1.95 structure.

Fig. 4 .

 4 Fig. 4. Coordination number of the Ce-M and M-M pairs for the singly doped and co-doped systems. In this figure very close results are obtained for the Sm and Gd singly doped ceria, the N configuration leads to a slight diminution of the Ce-M coordination number comparing the R one while a clear increase of CN is present for the M-M bond indicating that the defect configuration modifies the M environment in a larger extent that the Ce one. Deguchi et al. [65] found using

Fig. 5 .

 5 Fig. 5. Evolution of the coordination number of the M-O pairs with temperature in the co-doped system; a) R configuration. b) N configuration.This figure reveals that the CN (M-O) and the CN (Ce-O) in a lower extent evolve with the temperature. This is the consequence of the high mobility of the oxygen ions (or oxygen vacancies) in such doped fluorite structure. The same behavior is observed for the singly doped ceria thus the discussion hereafter also concerns the singly doped ceria. For the two configurations the CN (Gd-O) is lower than the CN (Sm-O) meaning that the oxygen vacancies are more stable in the vicinity (NN position) of Gd than in the vicinity of Sm. It is interesting to note here that Nakamura[START_REF] Nakamura | New defect-crystal-chemical approach to non-Vegardianity and complex defect structure of fluorite MO2-LnO1.5 solid solution (M 4+ =Ce, Th; Ln 3+ =lanthanide) pat I: Model description and lattice-parameter data analysis[END_REF] also came to the same conclusion when he applied his new theoretical approach (non-random CN) for the description of the non-Vegardianity of defected fluorite. For the R configuration the CN (M-O) first slightly diminishes concomitantly with a low

Fig. 6 .

 6 Fig. 6. Visualization of the different bond lengths in the fluorite structure (a, c and e) and in the C-type sesquioxide structure (b, d and f). O-O bond (a,b); Ce-Ce bond (c); M-M bond (d); Ce-O bond (e); M-O bond (f). M1 and M2 correspond to the non-equivalent positions in the C-M2O3 structure.

Fig. 7 .

 7 Fig. 7. Evolution with temperature of the Ce-Ce and Ce-M bond lengths in the co-doped CeO2. a) R configuration, b) N configuration.

Fig. 8 .

 8 Fig. 8. Evolution with temperature of the O-O, Ce-O and M-O bond lengths in the co-doped CeO2. a) R configuration, b) N configuration. This contraction is more pronounced in the R configuration than in the N one where it is near zero for the Sm-O bond. The decrease of the M-O bond length in contrast with the augmentation

Fig. 9 .

 9 Fig. 9. Evolution with temperature of the Ce-Ce and M-M bond lengths in the co-doped CeO2.★ denotes for the two bond lengths detected at 673K and 773K.The location of the pair correlation first peak position in the range [873-1373K] is not very accurate. This peak is deformed due to the contribution of the two components coming from the C-type sesquioxide local structure still present at high temperature. Indeed the width w of this peak is always by far the largest observed (highest disorder). However, we note that for the R configuration the M-M bond length is close to the Ce-Ce one since 873K while for the N configuration it is necessary to reach a temperature of 1073-1173°K. Moreover, while the M-M

Fig. 10 .

 10 Fig. 10. Arrhenius plot of the oxygen diffusion coefficients (a) and activation energies for the doped and co-doped ceria (b).

Table 2

 2 Calculated and experimental oxygen diffusion activation energies (Ea) for Ce0.9Gd0.1O1.95.

	Set	1	2	3
	Calculated : Ea (eV)	0.35	0.53	0.62

Table 3 .

 3 Comparison of the calculated CTE α with experimental data.

		α (10 -6 /K) 673-1373K	experimental
	CeO2	11.75	10.7 (298-800K)[57] 11.5 (298-773K) [58]
			12.1 (298-1273K) [58]
	GdR	12.6	11-12 (373-873K) [59] 13.4 (300-1100K) [60]
	GdN	13.5	12.7 (298-773K) [61] 11.8 (298-1073K) [56]
	SmR SmN	12.6 13.5	11.2 (298-850K) [57] 13.8 (298-773K) [61] 11.85 (298-1073K) [56]
	SGR	12.6	
	SGN	13.5