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The reported High Entropy Oxides (HEOs) up to now exhibit lower ionic conductivity values than those of classical SOFC electrolytes. Multi-cations oxides, stabilized with the fluorite-type structure are investigated here in order to examine whether the high entropy is relevant to enhance the anionic conductivity of such HEOs, or not. The two synthesis routes that are used do not show significant impact on material properties. Based on configurational entropy (≥ 1.5 kB/f.u. for HEOs) and ionic radius difference calculations, new compositions are designed and prepared: i) the (Hf1/3Ce1/3Zr1/3)1-x(Gd1/2Y1/2)xO2-x/2 series in which the x ratio is increased so as to promote a high vacancy concentration, ii) the (HfxCeyZr1-x-y)0.85Yb0.15O1.93 series based on the critical radius concept. The ionic conductivity of these HEOs is slightly improved compared to previously reported data but does not exceed 4 x 10 -4 S.cm -1 at 600 °C. Possible causes of such a low ionic conductivity value are discussed.

INTRODUCTION

In solid state chemistry, the most usual way to synthesize new materials is to study solid solutions between a limited number of components (usually 2 or 3). Stable compounds with high enthalpy formation are generally obtained [START_REF] West | Solid State Chemistry and its Applications[END_REF]. New compositions can also be predicted using density functional theory calculations or combinatorial chemistry, for instance [START_REF] Jain | Computational predictions of energy materials using density functional theory[END_REF]- [START_REF] Xiang | A combinatorial approach to materials discovery[END_REF].

However, as detailed below it is also sometimes very interesting to prepare metastable compounds using alternative synthesis routes. For instance, in the field of oxides, the so-called "soft chemistry" including chemical reactions at low temperatures or even electrochemical reactions at room temperature has been widely developed with a proven efficiency [START_REF] Grenier | Electrochemical synthesis: oxygen intercalation[END_REF]. Corresponding materials with original compositions and interesting advanced physical properties have been obtained.

Based on fundamental thermodynamics principles, high configurational entropy (ΔSconfig) can be used to stabilize metastable single phases using high temperature sintering. For instance, attractive properties were found for metal alloys, so-called high entropy alloys (HEAs) [START_REF] Yeh | Nanostructured High-Entropy Alloys with Multiple Principal Elements: Novel Alloy Design Concepts and Outcomes[END_REF]- [START_REF] Gali | Tensile properties of high-and medium-entropy alloys[END_REF]. Murty et al. [START_REF] Murty | Chapter 10 -Applications and Future Directions[END_REF] showed that the ΔSconfig reaches a maximum value when all the different metals, and at least five, are present in equiatomic amount.

Following these research activities, Rost et al. in 2015 extended the high entropy concept to multicomponent oxides, the so-called High Entropy Oxides (HEOs), and prepared new mixed oxides truly entropy-stabilized [START_REF] Rost | Entropy-stabilized oxides[END_REF]. Studying an equimolar mixture of simple oxides (MgO, CoO, NiO, CuO and ZnO), they showed that a configurational disorder promotes the transition from multiple phases (at low temperature) to single phase (at high temperature) upon a cyclic heat treatment.

In parallel, improved properties compared to binary or doped oxides were sometimes observed, as for instance dielectric properties, Li + superionic conductivity, which provided motivation for extending researches to various classes of compounds [START_REF] Bérardan | Colossal dielectric constant in high entropy oxides[END_REF], [START_REF] Bérardan | Room temperature lithium superionic conductivity in high entropy oxides[END_REF]. Rare earth oxides and even more complex structures such as perovskites were investigated [START_REF] Sarkar | Rare earth and transition metal based entropy stabilised perovskite type oxides[END_REF], [START_REF] Sarkar | Multicomponent equiatomic rare earth oxides with a narrow band gap and associated praseodymium multivalency[END_REF]. Similarly, new high-entropy compounds have been found in various classes of materials, including borides [START_REF] Zhang | Dense high-entropy boride ceramics with ultra-high hardness[END_REF], carbides [START_REF] Harrington | Phase stability and mechanical properties of novel high entropy transition metal carbides[END_REF], nitrides [START_REF] Chen | Nanostructured nitride films of multielement high-entropy alloys by reactive DC sputtering[END_REF], silicides [START_REF] Qin | A high entropy silicide by reactive spark plasma sintering[END_REF], chalcogenides [START_REF] Zhang | Data-Driven Design of Ecofriendly Thermoelectric High-Entropy Sulfides[END_REF] fluorides [START_REF] Chen | High-entropy transparent fluoride laser ceramics[END_REF], [START_REF] Wang | High-Entropy Perovskite Fluorides: A New Platform for Oxygen Evolution Catalysis[END_REF] or layered hydroxides [START_REF] Miura | Synthesis and ionic conductivity of a high-entropy layered hydroxide[END_REF]. High Entropy Alloys (HEAs) and Compounds are defined by an entropy of mixing Smix higher than  1.5 kB/f.u. [START_REF] Sarkar | High entropy oxides: The role of entropy, enthalpy and synergy[END_REF], corresponding typically to an equimolar mixing of 5 elements randomly distributed in the prototype structure. More recently, a multi-atomic substitution at the anionic site was reported to enable the stabilization into single phase of carbo-nitrides [START_REF] Li | Synthesis of single-phase metal oxycarbonitride ceramics[END_REF], oxy-carbo-nitrides [START_REF] Wen | Thermophysical and mechanical properties of novel high-entropy metal nitride-carbides[END_REF], boro-carbo-nitrides [START_REF] Guan | Synthesis and thermal stability of novel high-entropy metal boron carbonitride ceramic powders[END_REF], while a dual phase segregation was always seen in boro-carbides in [START_REF] Qin | Dual-Phase High-Entropy Ultra-High Temperature Ceramics[END_REF]. The design can be generalized by multiple elements substitution on all and any (cationic and anionic) sites of the considered prototype crystal structure.

Among this literature, we noticed the pioneering work by Gild et al. who investigated fluorite-type High Entropy Oxides derived from the zirconia ZrO2, hafnia HfO2 or ceria CeO2 used as a base mixture with the addition of various oxides (Y2O3, Yb2O3, La2O3, Gd2O3, TiO2, CaO, MgO), all of them being in equal molar fractions [START_REF] Gild | High-entropy fluorite oxides[END_REF]- [START_REF] Cho | Low thermal conductivity of atomic layer deposition yttria-stabilized zirconia (YSZ) thin films for thermal insulation applications[END_REF]. In the same way, Chen et al. synthesized an equimolar ZrO2-HfO2-CeO2-SnO2-TiO2 composition [START_REF] Chen | A five-component entropy-stabilized fluorite oxide[END_REF] and Wright et al. non-equimolar (Zr1/3Hf1/3Ce1/3) based compositions [START_REF] Wright | From high-entropy ceramics to compositionally-complex ceramics: A case study of fluorite oxides[END_REF].

Such materials could be interesting as electrolytes for Solid Oxide Fuel Cells (SOFCs). However only a few ionic conductivity data were reported, with values of the order of 10 -4 S.cm -1 at 600 °C (by Gild et al. [START_REF] Gild | High-entropy fluorite oxides[END_REF], [START_REF] Chen | A five-component entropy-stabilized fluorite oxide[END_REF]) and of 5 x 10 -8 S.cm -1 at 600°C in the undoped ZrHfCeSnTiO10) [START_REF] Chen | A five-component entropy-stabilized fluorite oxide[END_REF].

For comparison, the commercial electrolyte materials used in SOFCs are the yttria stabilized zirconia (namely 8YSZ -Zr0.852Y0.148O1.93), and the gadolinium doped ceria (Ce0.9Gd0.1O1.95, 10GDC), with ionic conductivities at 600 °C, 9.2 x 10 -3 S.cm -1 and 2.37 x 10 -2 S.cm -1 , respectively, and the oxygen vacancy amounts of 3.7 % and 2.5 %, respectively) [START_REF] Skinner | Oxygen ion conductors[END_REF].

In the present study, we investigated the stability and ionic conductivity of high-entropy oxides stabilized in the fluorite crystal structure. Compounds showing some oxygen deficiency are more especially considered with the aim to induce ionic conduction. Their unit formula is AO2-, where A is a mixture of  4 metals on the cationic site, while both oxygen (O) and oxygen vacancies ( or 𝑉 𝑂 2- ⋅⋅ ) are distributed on the anionic sites. In the following, the simple notation AO2- will be used. Both cationic and anionic entropic terms were varied by compositional adjustments, with a view to answer the following basic question: "Is the high entropy a relevant parameter to likely enhance the anionic conductivity of such oxides?"

In a first part, the synthesis and characterization of these materials are described using two synthesis routes with the aim to possibly identify a preferred preparation mode, in terms of homogeneity of cation distribution at the nanoscale and of the pellet morphology. The two routes are compared through the preparation of (Hf1/3Ce1/3Zr1/3)0.6(Gd1/2Y1/2)0.4O1.80, one of the best HEOs reported in ref. [START_REF] Gild | High-entropy fluorite oxides[END_REF]. Then, new compositions of fluorite-type oxides are designed with configurational entropy, ΔSconfig, being higher than 1.5 kB/f.u. [START_REF] Sarkar | High entropy oxides: The role of entropy, enthalpy and synergy[END_REF].

In a second part, we adjust compositions based on entropy and ionic size difference considerations.

We thus design, synthesize and characterize 13 new compounds, among which 7 compounds are found stable and sorted in two composition families.

In a third part, we report on the first family of compositions, the (Hf1/3Ce1/3Zr1/3)1-x(Gd1/2Y1/2)xO2-x/2 series, in which the dopant cation ratio, x, is increased so as to promote a high oxygen vacancy concentration. The stability of the corresponding compounds is checked using X-ray diffraction (XRD)

and their ionic conductivity measured as a function of x. The fourth part is dedicated to the second family of compositions (HfxCeyZr1-x-y)0.85Yb0.15O1.93, which is designed based on the concept of critical ionic radius applied to the Yb dopant cation. Then, in the final discussion, using available results from literature and our present work, we examine the possible causes that explain the ionic conductivity evolution in high-entropy fluorite oxides so far reported.

EXPERIMENTAL

Sample preparation

Pellet samples were prepared by using a solid-state reaction or a wet chemical synthesis, respectively called S1 and S2 routes. The S1 route combined ball milling and Spark Plasma Sintering (SPS), while S2 route used co-precipitation followed by annealing in a furnace.

Sample preparation through S1 route

Dry powders with typical 1 to 10 µm grain sizes, of Y2O3, ZrO2, HfO2 and rare earth oxides (La2O3, CeO2, Gd2O3, Yb2O3, purchased from Thermo Fischer Scientific, REacton TM grade 99.9 % pure, or Sigma Aldrich, 99 % pure for ZrO2) were used as raw materials. The powders were mixed in appropriate amounts according to the designed composition. The blend powder (20 g) and ethanol (10-15 ml) were ball-milled in a Pulverisette 6 equipment (Fritsch FRANCE) using ZrO2 bowl (80 ml) and 100 g of ZrO2 balls (3 mm diameter). A milling at 460 rpm rotation speed was applied during 20 h, with one third of the time in off position. After milling, the blend was extracted with additional ethanol and dried under vacuum at 70 °C.

The solid residue was sieved through a 150 µm sieve and then, a ~1.6 g fraction was densified into Ø15 mm pellets by Spark Plasma Sintering (FDC Dr Sinter SPS machine, Japan) under vacuum in graphite molds at 1500 °C for 5 min with a heating ramping rate of 100 °C/min and a uniaxial pressure of 50 MPa. Prior, the chamber was pumped down to 10 -3 Pa. The relative density of the prepared pellets was not lower than 95 %. The SPS processing conditions are a severely reducing environment, resulting in black-colored pellets, which were then oxidized to white or light-grey colored pellets by an oxidation annealing, e.g. during the firing step in air at 800 °C (see below).

Sample preparation through S2 route

Nitrate salts, Ce(NO3)3 

Characterization

The samples were characterized by X-Ray Diffraction (XRD using a PANalytical X'Pert Pro diffractometer) with copper radiation and X'Celerator detector. The lattice parameters were determined using the Fullprof profile matching program [START_REF]Fullprof Suite, Crystallographic tools for Rietveld, profile matiching & integrated intensity refinements of X-Ray and/or neutron data[END_REF]. The sample density was calculated with the measured mass and geometric parameters of the pellet. The relative density was obtained by dividing the experimental density by the theoretical density that was determined with the corresponding lattice parameters (Fm-3m cubic symmetry) and the formula unit.

The Scanning Electron Microscopy (SEM S2000 from Hitachi at IMRA and SEM 6700F from Jeol at ICMB) using secondary or back-scattered electrons, coupled to an Energy-Dispersive X-ray microanalysis (EDX) Noran System SIX, was used to examine the microstructure and the distribution of the elements.

The observations were performed on pellet surface (or pellet cross-sections obtained with a manual fracture). For back-scattering mode observation and for EDX analysis, samples were polished and coated with 0.5 nm sputtered Pt layer before analysis. The measurements were performed with an electron beam voltage of 15 kV. The grain size was determined by a counting over 100 grains, the median being taken into consideration.

The ionic conductivity of the samples was measured by Electrochemical Impedance Spectroscopy (EIS) using a Solartron analytical-AMETEK impedance analyzer. To perform the measurements, the sintered pellets were polished, first, with silicon carbide papers in water media, then, with diamond paste (3 µm Ø) and, finally, cleaned with ethanol to obtain two mirror surfaces. A Pt ink was then deposited with a paintbrush on the two surfaces, then, sintered at 800 °C for 2 h. This preparation is required to optimize the electrical contact with the gold grids of the EIS setup. The measurements were performed in potentiostatic mode with a 10 mA amplitude around the open circuit voltage in the frequency range of 1 MHz to 100 mHz, from 400 °C up to 800 °C. The electrical conductivities were determined by fitting the Nyquist curves thanks to Zview ® software [START_REF]ZView® For Windows[END_REF] with an equivalent circuit made of a series resistance and a combination of R-CPE equivalent elements. As the measurements were performed in air, all the cations are in their highest valences, which prevents any electronic conductivity contribution, so that the electrical conductivities are purely ionic conductivities. The Arrhenius plot was used to compare ionic conductivity values of the samples in the temperature range 400 -800 °C.

After EIS experiments, the samples were polished to remove the Pt film and again analyzed by XRD in order to check whether the microstructure had changed or not.

RESULTS

Comparison of the S1 and S2 synthesis routes

Samples with the composition (Hf1/3Ce1/3Zr1/3)0.6(Gd1/2Y1/2)0.4O1.80 (HEFO7B) -the composition with the highest ionic conductivity in Gild et al. paper [START_REF] Gild | High-entropy fluorite oxides[END_REF] -were prepared by both S1 and S2 preparation routes and noted HEFO7B#1 and HEFO7B#2, respectively. Both types of samples had a ≥ 96 % relative density (Table 1). For comparison, the reference ionic conductor 8YSZ (Zr0.852Y0.148O1.93) was also prepared using S2 route, with a relative density close to 100 %. It is labelled 8YSZ#2.

XRD analysis

The XRD patterns of all these four samples exhibit a single phase with a cubic fluorite-type structure (SG: 225; Fm-3m symmetry). The slight offset of the lattice parameters reported in Table 1 between as sintered HEFO7B#1 and #2 samples, can be explained by the SPS severe reducing conditions, which induce an increase in lattice parameter (as part of Ce +4 is reduced to Ce 3+ with ionic radius of 0.097 and 0.114 nm, respectively) [START_REF] Shannon | Revised Effective Ionic Radii and Systematic Studies of Interatomic Distances in Halides and Chalcogenides[END_REF]. Indeed, the lattice parameter of HEFO7B#1 sample is decreased after its re-oxidation at 800 °C (from 0.531 to 0.526 nm, Table 1), being finally equal to that of HEFO7B#2.

SEM observations

As illustrated in Figure 1 and reported in Table 1, the grain size of the SPS sample HEFO7B#1 is significantly smaller (about one order of magnitude) than that of the HEFO7B#2 sample: the S1 route leads to smaller grain size than the S2 route. The shorter duration of the SPS technique in S1 route could explain this difference.

Using EDX analysis, the mappings of both HEFO7B#1 and #2 samples (Supplementary Information 1)

show a uniform dispersion of Ce, Zr, Hf, Y and Gd cations: both S1 and S2 preparation routes are adapted to prepare HEOs. Furthermore, the resolution of the analysis cannot distinguish the routes in terms of cation distribution. 

Ionic conductivity measurements

The ionic conductivities of 8YSZ#2, HEFO7B#1 and HEFO7B#2 samples measured in the 400 -800 °C temperature range are shown in Figure 2. The ionic conductivities of samples HEFO7B#1 (2.8 x 10 -4 S.cm -1 at 600°C) and #2 (1.8 x 10 -4 S.cm -1 at 600°C) are of the same order of magnitude. They are also similar to that reported for #HEFO7B in ref. [START_REF] Gild | High-entropy fluorite oxides[END_REF] (1.1 x 10 -4 S.cm -1 at 600 °C, extrapolated data by linear fitting); this compound was prepared from oxide powders mixed using high-energy ball milling, grinded, densified via SPS at 1800 °C, annealed at 1500 °C for 24 h and air-quenched. Therefore, both synthesis routes yield similar materials and all HEFO7B samples are characterized by significantly lower conductivities than that of the 8YSZ#2 sample (a difference of one order of magnitude). Furthermore, and surprisingly, using the S2 preparation route does not improve the ionic conductivity, even if a larger grain size is obtained. To conclude, whatever the synthesis route S1, S2 or Gild et al. the same order of magnitude of the ionic conductivity (3 x 10 -4 S.cm -1 at 600 °C) is obtained for this high entropy compound (HEFO7B) and this value is significantly lower than the classical one (8YSZ#2).

New compositions: Mixing entropy calculations

The objective of this work was to design new compositions of high entropy oxides with a fluorite structure and to implement previous reported results. These new compositions were designed by substitution at the cationic sites and by calculating the resulting mixing entropy, or configurational entropy of the material (ΔSconfig), defined as the sum of the cationic and anionic entropies (ΔScat and ΔSanio respectively), i.e. ΔSconfig= ΔScat + ΔSanio. Regarding the high entropy condition [START_REF] Sarkar | High entropy oxides: The role of entropy, enthalpy and synergy[END_REF], the value of ΔSconfig is targeted to be ≥ 1.5 kB/f.u..

Considering the oxide AαABαB...NαNO2-δ, with αN the ratio corresponding to the N th cation and δ corresponding to the oxygen deficiency amount, i.e. to half of the 3+ cations fraction, the cationic entropy is defined as follows [START_REF] Sarkar | Rare earth and transition metal based entropy stabilised perovskite type oxides[END_REF], [START_REF] Rogal | Computationallydriven engineering of sublattice ordering in a hexagonal AlHfScTiZr high entropy alloy[END_REF], [START_REF] Ye | First-principles study, fabrication and characterization of (Zr0.25Nb0.25Ti0.25V0.25)C high-entropy ceramic[END_REF]:

and the anionic entropy as:

To cover a large range of entropy values, new compositions were designed, prepared and characterized, as reported in the selected list of Table 2. Some literature compounds are also mentioned for comparison and a full list can be found in Supplementary Information 2. To use as SOFC electrolyte, the interesting compositions are those obtained as cubic single-phase and, more important, those stable over the temperature range 400 -800 °C. In Table 2, eight prepared compositions fulfill these conditions: HEFO7B from [START_REF] Gild | High-entropy fluorite oxides[END_REF] and the HEFO7-x as well as HEFOYb-15(1), HEFOYb-15(2) and HEFOYb-15(3) designed in this work. Therefore, the following studies will focus on the characterization of these two stable compound families, namely HEFO7 and HEFOYb. * (HEFO7B in ref. [START_REF] Gild | High-entropy fluorite oxides[END_REF]) ** No s.p. = no single phase. ***The estimated standard deviations were calculated using correlated residuals : [START_REF] Bérar | s and estimated probable error obtained in Rietveld refinements with local correlations[END_REF], [START_REF] Bérar | Acc. in Pow. Diff. II[END_REF].

𝛥𝑆 𝑐𝑎𝑡 = -𝑘 𝐵 ∑ 𝛼𝑖. 𝑙𝑛(𝛼𝑖) 𝑤𝑖𝑡ℎ ∑ 𝛼𝑖 = 1 𝑁 𝑖=𝐴 𝑁 𝑖=𝐴 𝛥𝑆 𝑎𝑛𝑖𝑜 = -𝑘 𝐵 [(2 -𝛿)𝑙𝑛(2 -𝛿) + 𝛿. 𝑙𝑛(𝛿) -2. 𝑙𝑛(2)]

New compositions: influence of 3+ cation content in the HEFO7 compound family

The anionic entropy is directly correlated to the presence of oxygen vacancies (introduced by 3+ cation substitution), which are well known as mandatory to induce the ionic conduction. The amount of oxygen vacancy 𝑉 𝑂 2- ⋅⋅ is generally optimized for each composition to maximize the ionic conductivity.

The ideal 𝑉 𝑂 2- ⋅⋅ value is around 2 to 4 % for the classical fluorite-type ionic conductors AO2-δ [START_REF] Skinner | Oxygen ion conductors[END_REF]. It is also well known that for too large 𝑉 𝑂 2- ⋅⋅ values, oxygen vacancies interact with each other to form clusters, which decreases the ionic conductivity [START_REF] Skinner | Oxygen ion conductors[END_REF]. Applying this knowledge to the HEFO7B high entropy oxide, its poor ionic conductivity measured in previous section 3.1 could be explained by its comparatively large amount of 𝑉 𝑂 2- ⋅⋅ = 10 %.

Here, the objective was to study the influence of the oxygen vacancy content in high entropy oxides,  = x/2 = 𝑉 𝑂 2- ⋅⋅ /50, defined as the number of oxide ions missing in the prototype fluorite structure AO2-. For this purpose, the x value of 3+ cation content was varied in HEFO7B-derived family of compounds (Hf1/3Ce1/3Zr1/3)1-x(Gd1/2Y1/2)xO2-δ , with x ranging from 0.16 to 0.60. The corresponding samples were named HEFO7-16 (x = 0.16), up to HEFO7-60 for x = 0.60. This x range was selected to cover a large range of 𝑉 𝑂 2- ⋅⋅ , varying from 4 % (corresponding to the value of the classical ionic conductor 8YSZ) up to 15 %. As shown in Figure 3, the cationic entropy ΔScat is almost constant, which allows considering ΔSanio to be the main contribution to the increase in ΔSconfig. The six HEFO7 samples were prepared by S1. The color of the pellets was dark after the SPS-quenching and became lighter (light yellow) after being annealed at 800 °C in air.

The characterization results of these six samples are detailed in the following sections and gathered in Table 2.

XRD analysis

The XRD results show that a minimum value of the 3+ dopant amount, i.e. x ≥ 0.25, is needed to stabilize the cubic fluorite-type single phase in the (Hf1/3Ce1/3Zr1/3)1-x(Y1/2Gd1/2)xO2-δ solid solution.

Indeed, for x = 0.16 (HEFO7-16), two cubic phases were obtained (Figure 4a). As expected, the lattice parameter increases with x (as indicated by a shift towards larger 2 angles in Figure 4a, which agrees with the larger ionic radii of the Gd 3+ and Y 3+ dopants with respect to those of the 4+ host cations (Table 2) [START_REF]Fullprof Suite, Crystallographic tools for Rietveld, profile matiching & integrated intensity refinements of X-Ray and/or neutron data[END_REF]. Furthermore, from Figure 4b, the five compositions obtained as cubic single-phase, remained stable after being annealed in air at 800 °C. We also noticed that this oxidation treatment was accompanied with a slight decrease of the lattice parameters, especially for small x values, which is likely related to a smaller ionic radius of Ce 4+ ions, when fully oxidized. 

* The additional reflection in the pattern for the HEFO7-25 is attributed to the tungsten diffraction, present on the copper anti-cathode at the end-of-life tube.

Ionic conductivity measurements

As shown in Figure 5, the ionic conductivity is the lowest (e.g. 2.5 x 10 -5 S.cm -1 at T = 600 °C) for the highest value of x (x = 0.60); it increases upon decreasing x down to 0.40 and remains of the same order of magnitude for x ranging from 0.40 down to 0.25 (i.e. 6.3 % < 𝑉 𝑂 2- ⋅⋅ < 10.0 %). The highest ionic conductivity values are obtained in the dopant range of 0.25 < x < 0.4 (i.e. for 6.3 % < 𝑉 𝑂 2- ⋅⋅ < 10.0 %), and are never exceeding 3.7 x 10 -4 S.cm -1 (at T = 600 °C). Unfortunately, for this particular compound family, the 𝑉 𝑂 2- ⋅⋅ content cannot be decreased down to the classical ionic conductor value of 4 % because of the instability of the cubic phase (Figure 4a) with x = 0.16). Therefore, lower 𝑉 𝑂 2- ⋅⋅ values could not be evaluated for the HEFO7 series.

In addition, the ionic conductivity of these (Hf1/3Ce1/3Zr1/3)1-x(Y1/2Gd1/2)xO2-δ compounds is still significantly lower than the 3 x 10 -3 S.cm -1 (at 600 °C) achieved for 8YSZ#2 reference fluorite ionic conductor.

New compositions regarding the ΔScat (HEFOYb-15(1), (2) and (3))

In the following, we expose the design rules and the characterization results of the HEFOYb-15 As a first design rule for these three compounds, a 3+ cation substituent content of 15 % was selected, then setting an oxygen vacancy amount at 3.5 % of anionic sites, i.e. in the typical range of classical ionic conductors (4 %) was chosen; thus, the variation of ΔScat could be evaluated. A second design rule for this family was to select host 4+ cations as non-radioactive, non-toxic, relatively abundant and having close ionic radii, which resulted in Hf, Ce anf Zr elements. In order not to significantly disturb the structure with the increase of the ΔScat, an additional feature was to select a 3+ cation with an ionic radius as close as possible to the so-called "critical ionic radius". This consideration originates from D.J.

Kim [START_REF] Kim | Lattice Parameters, Ionic Conductivities, and Solubility Limits in Fluorite-Structure MO2 Oxide [M = Hf4+, Zr4+, Ce4+, Th4+, U4+] Solid Solutions[END_REF], who defined the critical radius (rcrit) of the 3+ dopant for which the host structure formed by Zr 4+ /Ce 4+ /Hf 4+ would be not disturbed. By selecting such a 3+ cation, the stress brought by the size difference between 3+ and 4+ cations is minimized. D.J. Kim's experimental fittings lead to the linear relation: 𝑟 𝑐𝑟𝑖𝑡 = 𝑝 + 𝑞. 𝑟 𝑖𝑜𝑛 ℎ𝑜𝑠𝑡 with p = 0.034, q = 0.72 and rcat host (in nanometer) corresponding to the ionic radius average of the cations host (Ce, Hf, Zr)O2. For instance, considering the equimolar oxide host Hf1/3Ce1/3Zr1/3O2, and the cationic radii of Ce 4+ (VIII), Zr 4+ (VIII) and Hf 4+ (VIII) (0.097, 0.084, 0.083 nm, respectively [START_REF] Shannon | Revised Effective Ionic Radii and Systematic Studies of Interatomic Distances in Halides and Chalcogenides[END_REF]), a rcrit can be calculated as 0.0974 nm. As a result of this 3 rd design rule, we selected Yb 3+ as the substituting cation dopant, being the 3+ with the closest ionic radius (0.0985 nm).

To perfectly match the critical radius and the Yb 3+ radius, the ratio between Hf/Ce/Zr was adjusted:

𝑟 𝑌𝑏3+ = 𝑟 𝑐𝑟𝑖𝑡 => 𝑟 𝑐𝑎𝑡 ℎ𝑜𝑠𝑡 = [𝑟 𝑌𝑏3+ -𝑝] 𝑞 ⁄
The obtained relation results in multiple possible compositions, which were discriminated using a final rule consisting in reducing the cationic size difference (among the three host 4+ cations only), defined as Where 𝑟𝑖 corresponds to the ionic radius of the 𝑖 th cation with cationic fraction 𝛼𝑖 [START_REF] Gild | High-Entropy Metal Diborides: A New Class of High-Entropy Materials and a New Type of Ultrahigh Temperature Ceramics[END_REF]. Thus, αHf was set equal to 0.327, leading to the host structure ratio: (Hf0.327Ce0.456Zr0.217)O2 and the resulting (Hf0.327Ce0.456Zr0.217)0.85Yb0.15O1.93 compound (noted HEFOYb-15 [START_REF] West | Solid State Chemistry and its Applications[END_REF]. Afterwards, in order to evaluate the possible influence of Hf 4+ cation on the ionic conductivity, the Hf 4+ cation ratio αHf was first reduced by half, leading to the (Hf0.163Ce0.442Zr0.395)Yb0.15O1.93 compound (HEFOYb-15(2)), and finally eliminated, leading to the (Hf0Ce0.429Zr0.571)Yb0.15O1.93 compound (HEFOYb-15(3)).

These compounds prepared by the S2 route, were dark colored after the 1500 °C air-quenching and became light yellow after annealing at 800 °C in air. The obtained relative density was > 87 %. Table 2 summarizes the characteristic properties of the samples.

XRD analysis

All three HEFOYb-15(1), ( 2) and (3) compounds were found single-phase with the fluorite cubic structure and, as expected, each being characterized by almost identical lattice parameter (a = 0.524

𝛿𝑟 𝑐𝑎𝑡 = √∑ 𝛼𝑖 (1 - 𝑟𝑖 ∑ 𝛼𝑗 . 𝑟𝑗 𝑁 𝑗=1
) ²

𝑁 𝑖=1

Equation 3

nm, a = 0.523 nm, a = 0.523 nm, respectively). These compositions designed in accordance with the critical ionic radius theory allowed forming the cubic fluorite-type single-phase for a low value of 𝑉 𝑂 2- ⋅⋅ (3.8 %) (Figure 6). These HEOs phases occurred even with noticeably smaller entropic contributions (both ΔScat, ΔSanio and ΔSconfig) than those of the not-stable HEFO7-16 compound. Furthermore, the phase was still stable after an annealing at 800°C, despite the lower ΔSconfig (esp. for e.g. HEFOYb-15 [START_REF] Yoon | A Combinatorial Chemistry Method for Fast Screening of Perovskite-Based NO Oxidation Catalyst[END_REF] with Hf0Ce0.364Zr0.485Yb0.15O1.93 composition). 

Ionic conductivity measurements

The measured ionic conductivity is similar for the three samples of the HEFOYb series (Figure 7) and is similar to that measured for the HEFO7 series (Figure 5); it is not significantly improved and is of the same order of magnitude as that of the high entropy oxides previously reported [START_REF] Gild | High-entropy fluorite oxides[END_REF]. To conclude on these results, taking into account the critical radius of the host structure allows the thermal stabilization of the cubic fluorite-type single phase, Hf 4+ presence being irrelevant.

Furthermore, neither improvement nor degradation of the ionic conductivity was evidenced by respecting the critical ionic radius and by decreasing Hf 4+ cation amount.

DISCUSSION

Regarding the cubic fluorite-type phase formation of the HEOs, based only on the composition of a

given HE compound, one can easily calculate the above parameters δrcat and ΔSconfig (ΔScat + ΔSanio) (cf.

Table 2).

Compounds considered in this work are displayed in Figure 8 depending on their ΔSconfig as a function of their δrcat. A similar plot can be found in Supplementary Information 3, which includes all data points for the HE fluorite compositions reported in the literature as stable (or not) in the bulk form (i.e. pellets with micrometer-size grains, and excluding nanopowders prone to metastability). () single phase, after annealing at 800 °C; () not single phase, after annealing at 800 °C.

Introducing a new cation by partial substitution on a given cationic site results in two opposite effects:

1) an expected increase in configurational entropy ΔSconfig -a priori favorable to stabilize a new phase (stable only above a given temperature and metastable below-see HEFO9A) and 2) a correlated increase in cationic size differences rcat because the choice is limited and extended towards extreme sizes (as nearest neighbors were first selected). As a result, and based only on both δrcat and ΔSconfig criteria, High-Entropy Fluorite oxides that one can design, are found roughly along a diagonal dotted line in Figure 8. Among them, the stable ones are found mainly in a narrow range of the cationic size difference, 7 < rcat < 10 %. Nevertheless, some exceptions can be found not stable, as some relevant factors, such as thermodynamic enthalpy terms, are missing in the present simple picture.

To evaluate the effect of high entropy on ionic conductivity, compounds with small δrcat and with ΔSconfig > 1.5 kB/f.u. (in the upper-left area, directly above classical ionic conductors in Figure 8) would be most suitable, but such compounds do not exist, yet. The closest-related ones in this work are the HEOYb-15(1), ( 2) and (3) compounds. Obviously, compounds with the highest ΔSconfig cannot be obtained with the cubic fluorite structure, likely because of rcat is too large (Table 2).

Concerning the ionic conductivity of the HEOs, based on our results as well as on those previously reported, it was interesting to try to determine the origin or even possible reasons for the low ionic conductivity, sion. Actually, the ionic conductivity of these compounds does not seem to be significantly dependent on the configurational entropies.

Thus, to interpret the results, the average cationic-size difference (δrcat) defined in equation 3 was considered. The characteristics of the studied samples are reported in Table 2. Figure 9 shows the variation of the ionic conductivity of the studied compositions as well as of the classical electrolytes depending on the three relevant parameters δrcat, ΔSconfig (= ΔScat + ΔSanio) and ΔSanio. It is evidenced that the highest values of the ionic conductivity for the HEOs (HEFOYb-15(1), HEFO7-25, -30 and -40) stand in a rather small range (Figure 9a-b); the difference between the HEO Fluorite samples being not significant, one can conclude that the δrcat and ΔSconfig parameters do not have the expected impact on the ionic conductivity. As already reported in section 3.3, Figure 9c highlights the negative effect of an excess of oxygen vacancy content on the ionic conductivity for the HEFO7-40, -50 and -60 compositions.

Finally, it should be pointed out that the classical ionic conductors exhibit the highest conductivity values, which does not play in favor of HEOs. Therefore, why does the ionic conductivity in HEOs seem to be inhibited? This limitation could be due to oxygen mobility issues. Indeed, the disorder could induce local crystal network perturbations, which would probably lessen the oxygen transport.

Going further in the interpretation should probably imply to carefully consider parameters such as the defects association as well as the migration energies, while the previous discussion takes into account only geometrical factors or thermodynamics. For this purpose, Kinetic Monte Carlo (KMC) or Density Functional Theory (DFT) calculations would be required, as reported for example by Koettgen et al.

using DFT regarding doped ceria oxides [START_REF] Koettgen | Understanding the ionic conductivity maximum in doped ceria: trapping and blocking[END_REF]. The association energy between defects on regular lattice sites (trapping) and migration energies for the activation barriers of symmetric jump environments (blocking) could then be discussed on this basis. In particular, the blocking determines the dopant fraction that yields the highest ionic conductivity, while trapping limits the maximum ionic conductivity value. Koettgen defined a general model for the migration energy with a limited number of parameters and only for a two-cations system. With respect to the number of cations and the highly doped oxides considered in this work, this approach could be useful. It could help to better understand the result that the conductivity reaches a maximum for a high dopant content (x  0.35), while it usually occurs at much lower content in conventional materials.

In previous publications, mixtures of classical ionic conductors were studied to improve the ionic conductivity. Indeed, Tsoga [START_REF] Tsoga | Total electrical conductivity and defect structure of ZrO2-CeO2-Y2O3-Gd2O3 solid solutions[END_REF] combined GDC and YSZ (two 3+ cations and two 4+ cations) to obtain multiple stable compositions, including the Gd0.11Y0.04Ce0.40Zr0.45O1.925 (called 50YSZ/50GDC in Figure 9)

with an oxygen stoichiometry close to our designed compounds. Ananthapadmanabhan et al. [START_REF] Ananthapadmanabhan | Structure and Ionic Conductivity of Solid Solutions in the System 0.9{(ZrO2)1-x -(CeO2)x}-0.1(Y2O3)[END_REF] also added Ce 4+ to YSZ to obtain multiple compositions mixing two 4+ cations and one 3+ cation. The Y0.18Ce0.41Zr0.41O1.91 composition (called 0.18YSZ/Ce in Figure 9) is chosen for comparison, again because of the oxygen stoichiometry. But all these compositions led to poorer ionic conductivities compared to their parent ionic conductors. By comparing their ionic conductivity values (e.g. 2.45 x 10 - 4 S.cm -1 for 50YSZ/50GDC and 7.95 x 10 -5 S.cm -1 for 0.18YSZ/Ce at 600 °C, cf. Figure 9) with those measured for our HEOs, one can conclude that adding more 4+ and 3+ cations does not significantly increase the ionic conductivity but does not degrade it further.

CONCLUSION

In previous studies of High Entropy fluorite-type Oxides, reported values of their ionic conductivity were low compared to those of classical ionic conductors (8YSZ and a fortiori 10GDC) and useless for applications. Then, on the basis of some relevant parameters such as 𝑉 𝑂 2- ⋅⋅ , δrcat, ΔSconfig, we designed new compositions showing high configurational entropy as well as oxygen deficiency. We kept the (Hf/Ce/Zr) basic network substituted by (RE) cations and used two different synthesis routes, which were found to yield the same results.

The challenge was to find a compromise between these three parameters, ΔSconfig  1.5 kB/f.u., a minimized value of δrcat (at least < 10 %) to stabilize the cubic fluorite-type phase and, in addition, an oxygen vacancy content, 𝑉 𝑂 2- ⋅⋅ , close to 3 % (as in the classical electrolytes). The measured values of the ionic conductivity did not currently exceed 4 x 10 -4 S.cm -1 at 600 °C, one order of magnitude lower than the target value of σ = 3 x 10 -2 S.cm -1 at 600 °C, required for a solid oxide fuel cell application.

The literature reports an increasing number of high entropy oxides, many combinations of cations are possible and this work reports only a few possibilities. The geometric parameters may be not sufficient to be only considered but allows underlining the interdependence of the ionic radius and the entropy regarding the ionic conductivity. It certainly exists a compromise between various parameters; future work will take them into account. 
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 1 Figure 1. Cross-section SEM observations of (a) HEFO7B#1, (b) HEFO7B #2 and (c) 8YSZ#2 ceramics.

Figure 2 .

 2 Figure 2. Arrhenius plots of ionic conductivities measured by EIS, for High-Entropy Fluorite Oxide HEFO7B#1, HEFO7B#2 and for 8YSZ#2 reference sample. Data from Gild et al. for HEFO7B are reported for comparison from 800 °C to 650 °C.

Figure 3 .

 3 Figure 3. Dependence of the anionic, cationic and configurational entropies on the oxygen vacancy content  = x/2 in (Hf1/3Ce1/3Zr1/3)1-x(Gd1/2Y1/2)xO2-δ .

Figure 4 .

 4 Figure 4. X-ray diffraction patterns of (Zr1/3Hf1/3Ce1/3)1-x(Y1/2Gd1/2)xO2-δ samples with x ranging from 0.16 to 0.60 prepared by S1 route (a) as prepared and (b) after annealing at 800 °C and EIS from 800 to 400 °C.

Figure 5 .

 5 Figure 5. Arrhenius plots of the ionic conductivity of the (Hf1/3Ce1/3Zr1/3)1-x(Y1/2Gd1/2)xO2-δ samples with x ranging from 0.16 to 0.60 prepared by S1 route. In the insert, the composition dependence of σion at 600 °C.

  compounds family. Three compositions were investigated: The (Hf0.327Ce0.456Zr0.217)0.85Yb0.15O1.93 (labelled HEFOYb-15(1)), the (Hf0.163Ce0.442Zr0.395)0.85Yb0.15O1.93 (labelled HEFOYb-15(2)) and the (Hf0Ce0.429Zr0.571)0.85Yb0.15O1.93 (labelled HEFOYb-15(3)) samples.

Figure 6 .

 6 Figure 6. X-Rays Diffractograms of the HEFOYb-15(1), HEFOYb-15(2) and HEFOYb-15(3) samples (a) as sintered and (b) after annealing at 800 °C and EIS measurements from 800 to 400 °C. * Some Pt remains after polishing on the surface of the HEFOYb-15(3) sample.

Figure 7 .

 7 Figure 7. Arrhenius plots of the ionic conductivity of the HEFOYb-15(1), HEFOYb-15(2) and HEFOYb-15(3) samples prepared by S2 route compared to that of HEFO7-40 prepared by S1.

Figure 8 .

 8 Figure 8. Representation of the ΔSconfig as a function of the cationic size difference (δrcat), which defines the HE fluorite bulk single-phase formation criteria.

Figure 9 .

 9 Figure 9. Dependence of the ionic conductivity on (a) σrcat (b) ΔSconfig (c) the ΔSanio.

  

Table 1 . Main results for comparison of the preparation routes for the HEFO7B composition.

 1 

	Sample	Prepa-	Lattice parameter	Relative	Grain size (µm)	Ionic conductivity (S.cm -1 )
		ration	(nm)		density	(median			
			Before EIS After EIS		SEM count)	800 °C	600 °C	400 °C
	HEFO7B [28]	-	0.528	-	95.8 %	-	1.5 x 10 -3	-	-
	HEFO7B #1	S1	0.531	0.527	100 %	0.3	4.0 x10 -3 2.8 x 10 -4 2.9 x 10 -6
	HEFO7B #2	S2	0.526	0.526	96 %	1.5	3.0 x10 -3 1.8 x 10 -4 1.4 x 10 -6
	8YSZ #2	S2	0.514	0.514	100 %	> 5	4.6 x10 -2 5.2 x 10 -3 8.3 x 10 -5

Table 2 . Calculated entropies of compounds newly designed (this work). HEFO7B from Gild et al [28] is included.

 2 

	Notations	Compositions	ΔSconfig	ΔScat	ΔSanio	𝑽 𝑶 𝟐-⋅⋅	Cubic lattice parameter (nm)*** σion at 600 °C	δrcat
			(kB/f.u.)	(kB/f.u.)	(kB/f.u.)	(%)	As sintered	After annealing	(S.cm -1 )	(%)
								at 800°C	
	HEFOYb-15(3)	(Hf0Ce0.429Zr0.571)0.85Yb0.15O1.93	1.32	1.00	0.32	3.8	0.52334(5)	0.52323(9)	3.8 x 10 -4 7.41
	HEFOYb-15(2)	(Hf0.163Ce0.442Zr0.395)0.85Yb0.15O1.93	1.61	1.29	0.32	3.8	0.5233(1)	0.52337(3)	4.7 x 10 -4 7.56
	HEFOYb-15(1)	(Hf0.327Ce0.456Zr0.217)0.85Yb0.15O1.93	1.64	1.32	0.32	3.8	0.52411(1)	0.52394(9)	3.1 x 10 -4 7.72
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Supplementary Information 1: EDX analysis of both HEFO7B#1 and #2 samples.