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Infiltration of nickel and copper catalysts in a GDC backbone assisted by supercritical CO 2 for efficient SOFC anodes
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This study describes an original method developed for the shaping of composites Solid Oxide Fuel Cells (SOFC) anodes including either nickel or copper as metal. There are prepared by catalyst (nickel or copper nitrates) infiltration in a porous GDC (Ce 0.9 Gd 0.1 O 1.95 ) skeleton. The infiltration by classical way is compared to the original infiltration by supercritical way. Therefore, this article details the difference between these two kinds of infiltration and will explain how the infiltration using supercritical CO 2 can finally lead to improve the electrochemical performances of the corresponding cells.

Introduction

During the recent years, Solid Oxide Cells (SOC) operating at high or intermediate temperatures have attracted more and more attention [START_REF] Matsui | Comparative Study on Performance Stability of Ni-Oxide Cermet Anodes under Humidified Atmospheres in Solid Oxide Fuel Cells[END_REF]. Indeed, their efficiency is high for the chemical energy conversion (SOFC -Solid Oxyde Fuel Cell mode) as well as for the gas production (for instance, hydrogen and oxygen) when using available electricity in SOEC (Solid Oxyde Electrolysis Cell) mode [START_REF] Fu | Fabrication and evaluation of Ni-GDC composite anode prepared by aqueous-based tape casting method for low-temperature solid oxide fuel cell[END_REF][START_REF] Monaco | Degradation of Ni-YSZ Electrodes in Solid Oxide Cells: Impact of Polarization and Initial Microstructure on the Ni Evolution[END_REF]. The development of reversible devices is currently under investigation. Such devices do not produce greenhouse gases, which is of particular interest in the current environmental context and, more precisely in order to use renewable energy. For instance, when coupled to solar panels, SOEC can produce « green » hydrogen [START_REF] Jiang | A review of anode materials development in solid oxide fuel cells[END_REF][START_REF] Ye | Improvement of Cu-CeO 2 anodes for SOFCs running on ethanol fuels[END_REF].

For the SOC commercialization, the main challenge concerns the reduction of the operating temperature,which is currently too high (800-1000°C). A direct consequence of the high operating temperature is a decrease of the lifetime of the cell and correspondingly the cost is still too high. Then one of the main goal is to operate the cell at lower temperatures, typically 500-600°C [START_REF] Ding | Enhanced oxygen reduction activity on surfacedecorated perovskite La 0.6 Ni 0.4 FeO 3 cathode for solid oxide fuel cells[END_REF][START_REF] Vibhu | Structural characterization of Pr-rich phases in La 2-x Pr x NiO 4+δ series using Synchrotron and Neutron Powder Diffraction[END_REF]. Among others, the degradation of the cell at high temperature generally arised of an electrode microstructure alteration (grain coarsening, segregation, as well as a chemical reactivity between the electrolyte and the electrodes [START_REF] Lee | Degradation Mechanism of Oxygen Electrode Under Fuel-Cell and Electrolysis Mode Operations[END_REF][START_REF] Menzler | SOC Degradation: Long-Term and Small-Scale Effects[END_REF][START_REF] Mogensen | Comprehensive Hypotheses for Degradation Mechanisms in Ni-Stabilized Zirconia Electrodes[END_REF][START_REF] Monaco | Impact of Microstructure and Polarization on the Degradation of Ni-YSZ Electrode: An Experimental and Modeling Approach[END_REF][START_REF] Zhan | Lifetime Prediction of Anode-Supported Solid Oxide Fuel Cell on the Basis of Individual Components Degradation[END_REF]), especially on the hydrogen side.

Even if alternative oxydes are also developed, the material generally used as fuel electrode is a Ni-YSZ (yttria stabilized zirconia) cermet, the electronic conductivity being ensured by the nickel network, while the ionic conductivity of the electrode occurs among the percolating YSZ grains. This composite is chosen because of its stability under hydrogen at high temperature and its high catalytic activity [START_REF] Ye | Preparation and performance of a Cu-CeO 2 -ScSZ composite anode for SOFCs running on ethanol fuel[END_REF][START_REF] Boaro | Synthesis of highly porous yttria-stabilized zirconia by tapecasting methods[END_REF][START_REF] Roudeau | Nouveaux matériaux d'anodes pour piles à combustible SOFC fonctionnant à 700[END_REF]. Conventional (thick) Ni/YSZ cermets are mostly shaped by tape-casting. Commercial NiO and YSZ powders are ball -milled until obtaining a homogeneous mixture. In a second step, organic additives (solvent, binder, dispersed agent, plasticizer) are added to the powder in order to get a slurry. This one is casted to obtain a self-supported green tape after solvent removal [START_REF] Fu | Fabrication and evaluation of Ni-GDC composite anode prepared by aqueous-based tape casting method for low-temperature solid oxide fuel cell[END_REF][START_REF] Simwonis | Properties of Ni/YSZ porous cermets for SOFC anode substrates prepared by tape casting and coat-mix process[END_REF][START_REF] Gorte | Novel SOFC anodes for the direct electrochemical oxidation of hydrocarbons[END_REF]. The issues usually encountered are both segregation and evaporation of nickel [START_REF] Ye | Preparation and performance of a Cu-CeO 2 -ScSZ composite anode for SOFCs running on ethanol fuel[END_REF][START_REF] Boaro | Synthesis of highly porous yttria-stabilized zirconia by tapecasting methods[END_REF]. In particular, the nickel grain agglomeration is increased under electrical polarization and a significant increase of the mean Ni particle diameter is evidenced [START_REF] Monaco | Degradation of Ni-YSZ Electrodes in Solid Oxide Cells: Impact of Polarization and Initial Microstructure on the Ni Evolution[END_REF]. It is well known that at high temperature (800-1000°C), the nickel has a high surface mobility, causing sintering and grain growth [START_REF] Pelegrini | Process and materials improvements on Ni/Cu-YSZ composites towards nanostructured SOFC anode : a review[END_REF]. Unfortunately, the Ni coarsening is responsible of an electrode performance loss (18 to 41 % of the total performance degradation is due to the nickel coarsening) [START_REF] Faes | Nickel-Zirconia Anode Degradation and Triple Phase Boundary Quantification from Microstructural Analysis[END_REF]. When the nickel agglomerates, the percolation of these metallic particles decreases; this is the same for the TPB (Triple Phase Boundaries) density [START_REF] Hubert | Durability of Solid Oxide Cells: an experimental and modelling investigation based on synchrotron X-ray nano-tomography characterization[END_REF]. The second observed phenomenon is the nickel evaporation in its hydroxide form Ni(OH) 2 (volatile particles) by diffusion through the cermet porosity [START_REF] Hubert | Impact of Nickel agglomeration on Solid Oxide Cell operated in fuel cell and electrolysis modes[END_REF]. Therefore, changing the initial microstructure as well as decreasing the operating temperature are two ways limiting the degradation phenomena of the electrode [START_REF] Pelegrini | Process and materials improvements on Ni/Cu-YSZ composites towards nanostructured SOFC anode : a review[END_REF][START_REF] Faes | Nickel-Zirconia Anode Degradation and Triple Phase Boundary Quantification from Microstructural Analysis[END_REF][START_REF] Busawon | Ni Infiltration as a Possible Solution to the Redox Problem of SOFC Anodes[END_REF]. At the microstructure level, the cell performance can be improved by enhancing the TPB site number, i.e. when increasing the electrode surface [START_REF] Garcia-Fayos | Enhancing oxygen permeation through Fe 2 NiO 4 -Ce 0.8 Tb 0.2 O 2-δ composite membranes using porous layers activated with Pr 6 O 11 nanoparticles[END_REF]. Therefore, the catalyst impregnation into a porous ionic conducting skeleton is an adequate preparation method for the electrode shaping, because it permits to sinter the electrode at low temperature, and to increase the reaction area offered by the nanoparticle size of the final deposited oxides. With this method, only the porous backbone (same nature than the electrolyte) is sintered at high temperature, and the catalyst is annealed at low temperature, which allow limiting the reactivity phenomena [20 -24].

Recently, the infiltration of nickel (or other elements) into a porous YSZ or GDC backbones was performed, and the electrochemical performance improved [18, 25 -28]. Indeed, when infiltrating an electronic conductor into a porous ionic conductor, the hydrogen oxidation reaction is delocalized over the whole surface of the electrode, thus increasing the TPB site number [27, 29 -33]. There is a real interest to think about innovative infiltration methods such as that assisted by supercritical carbon dioxide.

Indeed, supercritical fluids exhibit interesting properties as gas-like viscosity, liquid-like density and diffusion coefficients higher than that of liquids. Supercritical fluids (SCFs) permit to produce a large variety of functional materials [START_REF] Aymonier | Playing with chemistry in supercritical solvents and the associated technologies for advanced materials by design[END_REF], which could be used in different domains of application: battery, polymers, sensors, optics, fuels cells etc. Among the supercritical fluids-based methods to prepare materials, the supercritical fluid chemical deposition (SFCD) can be used to incorporate metallic nanoparticles into porous supports; SFCD has been used for instance to synthesize electrocatalysts in the case of proton exchange membrane fuel cells (PEMFC) at low temperature [START_REF] Barim | Review-Supercritical Deposition: A Powerful Technique for Synthesis of Functional Materials for Electrochemical Energy Conversion and Storage[END_REF]. This impregnation technique permits to get nanoparticle sizes. Likewise, the supercritical fluid utilization is environmentally-friendly (without degradation and contamination) and it is also a fast and efficient technique to infiltrate porous supports [START_REF] Türk | Synthesis of supported nanoparticles in supercritical fluids by supercritical fluid reactive deposition: Current state, further perspectives and needs[END_REF]. Nevertheless, nothing was still developed regarding the impregnation of supports for SOC applications.

In this context, this article reports an efficient anode shaping method based on the infiltration of a catalyst precursor (nickel or copper nitrates) into a porous GDC10 (Ce 0,9 Gd 0,1 O 2-δ ) skeleton assisted by supercritical carbon dioxide. The infiltration assisted by supercritical carbon dioxide is compared to the conventional infiltration. The results regarding both the microstructure and the electrochemical performance are detailed and discussed.

Experimental

Shaping of electrolyte/backbone/collecting layer

The electrolyte was prepared using gadolinium doped ceria GDC10 (Ce 0.9 Gd 0.1 O 2-δ ), here chosen because of its high ionic conductivity at reduced temperature (𝜎 i = 0.02 S.cm -1 at 600°C). A commercial GDC10 powder with an average diameter of 0.25 µm was provided by Solvay company. The powder was first uniaxially pressed at 200 bar to prepare a green pellet as support, with 25 mm and 9 mm in diameter and thickness, respectively. To obtain dense pellets (with a relative density larger than 95 %), the samples were conventionally sintered at 1500°C during 3 h in air in a tubular furnace. The pellet dimensions after sintering were 19 mm and 8 mm in diameter and thickness, respectively. Afterwards, a symmetrical GDC10 porous skeleton and a symmetrical collecting layer of nickel oxide were deposited on the electrolyte by screen-printing [START_REF] Yue | Application of infiltrated LSCM-GDC oxide anode in direct carbon/coal fuel cells[END_REF]. The diameter of these two layers is decreased from 19 mm (pellet dimension) down to 16 mm to avoid any short-circuit. The GDC10 backbone and the collecting layer thicknesses were 30 µm and 10 µm, respectively. Then, the obtained scaffold was annealed at 1150°C during 1 h under air. This architecture is shown on the Figure below (Figure 1). After sintering, the backbone porosity is around 45 % as already detailed in our own reference [START_REF] Guesnet | Shaping of ceria-based single solid oxide cells combining tape-casting, screen-printing and infiltration[END_REF], permitting the catalyst infiltration. In the next future we aim to estimate more accurately the pore morphology, i.e. the amount of closed and open pores, in particular. 

2.2.1) Conventional infiltration method

In a second step, the catalyst precursor was infiltrated in one step at the same time in the backbone and the collecting layer [36 -38]. Two catalyst precursors were chosen: nickel and copper nitrates. A concentrated solution of nickel (copper) nitrate was infiltrated several times until the mass ratio of the infiltrated material over the backbone one reaches about 60 wt. % before reduction under hydrogen (to replicate the metal amount in Ni-GDC or Cu-GDC cermets). For this purpose, a drop of the solution was deposited on the sample, then let a couple of minutes under primary vacuum to facilitate the infiltration of the solution till the heart of the backbone. The cell was wiped with paper to remove the excess. Therefore, a large part of the deposited mass is unfortunately lost using this process (4 wt. % is infiltrated during one infiltration cycle instead of approximately 15 wt. %, which is the maximum that could be infiltrated from the deposited droplet). Hence, the utilization of supercritical carbon dioxide could be a solution to avoid this matter lost. The infiltrated samples were finally annealed at 450°C during 20 min to remove nitrates. NiO and CuO were obtained after annealing in air as expected and checked by XRD.
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In a last step, the symmetrical hydrogen cells were annealed at 600 °C, under H 2 /3%H 2 O gas flow to obtain the desired metal catalysts: metallic nickel or copper.

2.2.2) Infiltration assisted by supercritical CO 2

In parallel, a second and more innovative (at least regarding this application) infiltration way was developed in this publication: the infiltration assisted by supercritical carbon dioxide (scCO 2 ). Here, scCO 2 is used as a diffusion solvent of a solution into the porous skeleton. ScCO 2 was chosen because it is non-polluting, abundant, inexpensive, non-flammable and its critical coordinates can be easily reached (T c = 31 ° C and P c =7.38 MPa) [START_REF] Quilfen | Supercritical fluids synthesis, characterization and test of HDS catalysts : Assessment of criticality of metals contained in HDS catalysts[END_REF]. ScCO 2 has a low viscosity and high diffusivity, then it can easily enter inside such highly porous structures [START_REF] Oishi | Fabrication of an Anode-Supported Gadolinium-Doped Ceria Solid Oxide Fuel Cell and Its Operation at 550[END_REF]. The solubility of a solute in a supercritical fluid is adjustable by modifying the fluid density through pressure for example; by depressurizing CO 2 , the CO 2 density will decrease and consequently, the catalyst precursor will precipitate into the pores.

The sample was, first, infiltrated according to the classical infiltration route previously described, before being positioned in the high pressure reactor (Figure 2). The CO 2 was filled in a preheater (p ≈ 6 Mpa at 25°C), then heated up to 200°C to reach the supercritical conditions (the reached pressure is 140 bar).

The reactor was positioned in a hot water bath (50°C) to keep a supercritical temperature. The valve after the preheater is opened in order to fill the reactor with preheated CO 2 . The pressure in the reactor is regulated by a back pressure regulator (BPR) at 100 bar. Then, the CO 2 is in continuous flux during 30 minutes to dry the solvent.

Then, the samples were annealed at 450°C during 20 min to remove the nitrates. The nitrate solution was infiltrated by supercritical way several times to obtain the same oxide quantity than in the case of classical infiltration (60 wt. %). Finally, the symmetrical hydrogen cells were annealed at 600 °C, under H 2 /3%H 2 O gas flow to obtain the desired metal catalysts. -SEM images of each sample were recorded using a SEM-FEG HR (JEOL 6700F). High resolution images were obtained, while EDX leads to record mapping of sample area to evaluate the infiltration homogeneity. The samples were fractured and the images were recorded along the cross section. Before the analysis, the samples were coated with palladium/gold plasma to avoid any charge issue.
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-The electrical resistances of the symmetrical cells were determined by impedance spectroscopy with the help of a Solartron Modulab. The symmetrical cells were placed between two gold grids supported by alumina ceramics; a weight was applied to improve the current collection.

The impedance diagrams were recorded under H 2 /3%H 2 O each 50 °C between 400 °C and 600 °C in the frequency range 0.1 Hz -1 MHz. The data were drawn using the Zview software.

From the experimental data the two series and polarization resistances R s and R p were determined as detailed below.

The series resistance R s mainly characterizes the ionic conductivity of the electrolyte  I , according to the relation ( 1):

(1) R s = 1 σ i ⋅ ⅇ S
In addition to the O 2-ions migration, the resistance series also includes a (normally very small) part corresponding to the electrons migration in the electrode, as well as a the resistance of the interfaces between the different parts of the symmetrical cells (electronic or MIEC / ionic conductors for instance).

In this work, the experimental R s (Figure 3) was compared to that determined on a reference cell (R s ref ), electronic conductivity level, ii) for which the resistance of the interfaces is minimized. For this purpose, the evolution of the ratio ΔR s (R s -R s ref ) / R s ref versus temperature was plotted and discussed. The R s value was easily determined, from an experimental point of view, by the interception of the diagram with the real axis (see Figure 3 for example).

In addition, the R p resistance characterizes the electrode efficiency with respect to the involved reactions, on the hydrogen side in our study. The sum of the series and polarization resistances (R s and R p , respectively) were calculated from the impedance diagrams fitted using an equivalent circuit made of a series resistance and R-CPE equivalent elements. In some cases the experimental cycle (R s + R p ) do not cross the real axis (see Figure 3.a as an example) and we used the fit to determine properly the required sum, then the R p value itself after the substraction of R s . Obviously this procedure gives rise to a (limited, however) uncertainty of the absolute R p value. 

Results and discussion

We aimed to improve the infiltration process, i.e. to decrease the infiltration cycles number by using supercritical CO 2 .

So, in this part, the following experiments were performed :

-Classical and supercritical infiltration of nickel, -Classical and supercritical infiltration of copper.

In the case of the classical infiltration route, the catalyst amount was modified in a previous work (between 30 and 70%), and the best result was obtained whan using 60% of infiltrated catalyst, both for nickel and copper. It corresponds to the metal amount used in the usual cermet Ni(Cu)-GDC, and 15 cycles were involved to reach this metal amount. For the supercritical infiltration route, the infiltration rate was then fixed at 60%, and our purpose was to vary the experimental conditions of the infiltration (nature of the solvent, process of the infiltration, as detailed below).

Table 1 sums up the results obtained after the infiltration steps regarding the material characteristics via XRD and SEM/EDX measurements.

Table 1. Main characteristics of the used catalysts

Material characterizations

For the classical infiltration, regarding nickel (ICNi1) and copper (ICCu1), 15 cycles were needed to reach the required 60wt. % of infiltrated metal, therefore corresponding to long experiment times.

For the nickel infiltration assisted by supercritical carbon dioxide, the solution concentration and the solvent nature were the adjusted parameters. By changing the ethanol:water ratio, the solvent wettability as well as its solubility in CO 2 are modified.

Consequently, three samples were prepared:

(1) the first sample was washed with supercritical CO 2 before infiltration (to remove carbon or other possible contamination), then classically infiltrated with nickel nitrate concentrated at 3 mol.L -1 under primary vacuum. The used solvent was ethanol:water 1:1 (ISCNi1);

(2) the second sample was infiltrated with the help of supercritical CO 2 , using nickel nitrate concentrated at 3 mol.L -1 and ethanol:water 1:3 as solvent (with a vacuum pre-step) (ISCNi2);

(3) the third sample was infiltrated with the help of supercritical CO 2 , using nickel nitrate concentrated at 3 mol.L -1 and ethanol:water 1:3 as solvent (without a vacuum pre-step) (ISCNi3).

In each case, 7 infiltration cycles are necessary to reach the required rate instead of 15 with the conventional infiltration method.

Finally, copper nitrate, with a concentration of 2 mol.L -1 and pure water as solvent, was infiltrated in a GDC backbone by the supercritical way (ISCCu1). Using such method, only 6 cycles were needed to reach an infiltration rate of 60 %wt. of CuO (again instead of 15 with the conventional infiltration method).

3.1.1. Impregnated material nature and cell parameters XRD analyses were performed on four different samples (ICNi1, ISCNi1, ICCu1 and ISCCu1); the corresponding crystallographic cell parameters are summed-up in Table 2. No major difference between the lattice parameters was observed if comparing the samples infiltrated by classical and supercritical routes (either for nickel and copper). Therefore, the supercritical method has not a major impact on the material crystallographic structure.

Oxide

Infiltrated material characteristics

The SEM images and EDX analyses recorded according to the different infiltrations processes are gathered on Figure 4. On another hand, the homogeneity of the particle infiltration already observed using classical infiltration is kept.

For the copper infiltration, using the classical way the SEM image recorded on this electrode (Figure 4.e) evidences an agglomeration of copper nanoparticles which sizes are between 15 and 50 nm, then smaller compared to that of nickel (Figure 6). The EDX analysis (Figure 4.f) evidenced that the infiltration is heterogeneous. Finally, for the supercritical infiltration of copper (Figures 4.g and 4.h), an improved homogeneity compared to the conventional infiltration is evidenced and the grain size is decreased (less than 10 nm for the supercritical infiltration). In this case, it is difficult to determine the (very low) particles size and their amount, then the size distribution was not included in Figure 6. To conclude on this part, the supercritical infiltration allows significantly reducing the infiltration cycles number and is especially efficient for the infiltration of copper, which is not really possible with the conventional method.
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Discussion

With the help of the Ellingham diagram, when comparing the respective data for CuO and NiO one can conclude that the formation of metallic Cu and Ni is possible, from a thermodynamic point of view, in both cases and in the experimental reducing conditions we used in this work. It is validated by TGA analyses, indeed CuO and NiO oxides are rapidly and fully reduced under H 2 at 600°C, only after about 150 min (see Figure 7).

However, we can not at this stage easily explain the larger size of the obtained metallic nickel particles compared to the copper one, because kinetics factors would have to be taken into account. They can differ in both cases. Moreover, to this purpose it would be necessary to perform a careful SEM images comparison between the infiltrated CuO and NiO particles, obtained after the nitrate annealing, which was not the goal of the present work. 3.

For all infiltrations, the objective was reached and, at low temperatures, R s cell is even lower than R s ref (Figure 8.a). We can conclude that i) the electronic conductivity brought by either metallic nickel or copper is sufficient, and ii) the interfaces between the different components of the cells are efficient, because not blocking the transfer of electrons (between the collecting layer and the catalyst) and ions (between the backbone and the electrolyte). In particular, the decoration of the GDC10 backbone with nano-particules of nickel / copper infiltrated by supercritical leads, in our opinion, to a large number of triple point boundaries and an improved oxygen charge transfer. For the classical nickel infiltration, the R p values measured are very low: R p = 0.009 Ω.cm 2 at 600 °C, then a R p = 0.15 Ω•cm 2 was obtained at low temperature (T  500 °C).

The electrochemical performances of the three samples prepared by the supercritical method for nickel are measured, while the R p values determined at T = 500 and 600°C are gathered in Table 4 for all samples. No major R p difference is observed between classical and supercritical infiltrations. However, in the second case the experimental process involving nickel nitrate concentrated at 3 mol.L -1 and ethanol:water 1:3 as solvent, without a vacuum pre-step (ISCNi3) seems the most efficient one to improve the polarization resistance. The number of infiltration cycles is about half compared to the infiltration process by classical way, but at the same time this new shaping method permits to obtain a tighter particles size distribution. Moreover, let us indicate that the (composite) electrode has the expected porosity with a well defined interface with the dense electrolyte part.

Finally, whatever the infiltration process (with the same catalyst loading amount), the Ni-based electrode is very efficient. However, the supercritical way enables to largely decrease the number of infitration cycles, which was the expected goal. For the copper infiltration by classical way, the R p values determined on symmetrical infiltrated cells are, again, very low (R p ~ 0.02 Ω.cm 2 at 600 °C) as plotted on Figure 8.b. However, the copper infiltrated cell is a bit less efficient, regarding the electrochemical performances, compared to the nickel one: for instance, at 500°C, R p (ICCu1) = 0.26 Ω.cm 2 while R p (ICNi1) = 0.14 Ω.cm 2 . At 500°C, the target R p (ICCu1) = 0.15 Ω.cm 2 is reached using the nickel infiltration but not for the copper one.

For the supercritical infiltration, as shown on Figure 8.b and Table 5, the electrochemical performances of the corresponding cell are significantly improved compared to the cell prepared using conventional infiltration. Indeed, the R p resistance decreased from 0.26 Ω•cm² down to 0.12 Ω•cm² at 500°C (and from 0.019 Ω•cm² down to 0.008 Ω•cm² at 600°C, Table 5). At the same time, again the number of impregnation cycles (in order to reach the same amount of catalyst loading) is divided by two compared to the infiltration by classical way. The corresponding huge decrease of the (un-agglomerated) copper particules size is here involved.

Table 5. R p values of the copper infiltrated samples, at 500 and 600°C

As a partial conclusion, the electrochemical performances are the most improved when involving the supercritical infiltration of copper. Likewise, it is more interesting to use copper instead of nickel, the latter being highly toxic to humans. Moreover, nickel is much more expensive than copper.

Correlations between the microstructure of the electrodes and their electrochemical performances

We established here a link between the microstructure of the electrodes and their electrochemical performance:

 Between nickel and copper infiltration using classical routes:

The copper particles are agglomerated, there is therefore a limited exchange surface thus affecting the electrochemical performances of the cell. Moreover, the particle sizes of nickel are bigger than that of copper, due to the reduction kinetics: CuO is reduced faster than NiO, so the copper particles are smaller. In each case, the infiltration is homogeneous. However, the supercritical conditions leads to get particles less dispersed in size than the classical infiltration. This phenomenon generates a slight improvement of the electrochemical performance and could allow reducing the infiltrated nickel amount.

Samples

 Between copper infiltration using classical and supercritical routes:

In this case, the classical infiltration is heterogeneous because of the agglomeration of copper particles.

When involving the supercritical route, the infiltration becomes more homogeneous and the particles are no longer agglomerated, in link with the large decrease of their size. Using this innovative method, the electrochemical performances are drastically improved, the surface exchange being increased.

However, further works are still necessary to obtain a fully homogeneous infiltration.

Conclusion

At the present time of the SOC development, it is mandatory to address the ageing anode problems (mainly the nickel agglomeration and its volatilization). A decrease of the operating temperature is a first way to overcome this issue and, in this frame, the shaping of electrodes has to be modified to keep the best performance at lower temperatures.

The infiltration of a catalyst in an ionic backbone, for instance in a gadolinium doped ceria GDC10, was already used to prepare efficient SOC oxygen electrodes [START_REF] Nicollet | An innovative efficient oxygen electrode for SOFC: Pr 6 O 11 infiltrated into Gd-doped ceria backbone[END_REF]. In this work we aim developing the concept to prepare hydrogen electrodes. Two different catalyst precursors were infiltrated in a GDC10 backbone: nickel and copper nitrates, with the goal to obtain, after reduction under hydrogen flow, metallic nickel and copper highly dispersed in the ionic conducting backbone in order to increase the triple point boundaries concentration and then the electrode efficiency. For this purpose we compared in this work two infiltration routes : 1) a « classical » infiltration (of a nitrate solution) into a porous support, and 2) an original way which is the infiltration assisted by supercritical (SC) carbon dioxide.

Two catalysts were infiltrated: metallic nickel and copper, obtained after a final thermal treatment of the nitrates performed under Ar/5%H 2 flow.

Using the classical infiltration route, the infiltration cycles number is high [START_REF] Roudeau | Nouveaux matériaux d'anodes pour piles à combustible SOFC fonctionnant à 700[END_REF] for both copper and nickel in order to reach the target (a weight mass ratio of the infiltrated material over the backbone one of 60 wt. % before reduction under hydrogen). Likewise, for the classical infiltration of copper, the infiltration is heterogeneous, that alters the electrochemical performance. Then, CO 2 was selected as the supercritical fluid to assist the infiltration process because it is non-polluting, abundant and its critical coordinates can be easily reached.

Thanks to the infiltration method performed in SC conditions and applied to such porous electrolytes, the infiltration cycles number was largely decreased (by a factor of two for both nickel and copper), it is the most important positive effect brings by this route. Moreover, the nanoparticle size distribution became narrower in both cases, resulting in improved electrochemical performances : 1) regarding the infiltration of nickel, the best result is obtained when using a nickel nitrate solution concentrated at 3 mol.L -1 and ethanol :water 1 :3 as solvent, without a vacuum pre-step (ISCNi3). In that case R p = 0.12 Ω•cm² at 500°C compared to R p = 0.14 Ω•cm² for the classical infiltration route (0.007 / 0.009 Ω•cm² at 600°C); 2) for copper, the infiltration assisted by scCO 2 permits to improve i) the infiltration homogeneity, which was very limited using the conventional infitration, and ii) at the same time drastically the electrochemical performance (R p = 0,12 Ω•cm² at 500°C instead of 0,26 Ω•cm² with the conventional infiltration for copper (0.008 / 0.019 Ω•cm² at 600°C). In that case, we used a copper nitrate solution of 2 mol.L -1 and pure water as solvent, Finally, this original shaping method was validated, and the next step is now to integrate it to prepare complete cells to measure them in SOFC and EHT modes.
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 1 Figure 1. Scheme of a symmetrical hydrogen electrode before catalyst infiltration
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 012 Figure 2. Schematic diagram of the full device used to infiltrate the SOFC electrodes assisted by scCO 2 treatment
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Figure 3

 3 Figure3shows some examples of impedance diagrams recorded at 500°C plotted in Nyquist form. At this temperature, two semi-circles corresponding to the electrolyte (left semi-cercle) and electrode (right semi-cercle) are obtained. The empty green cercles were estimated values, and they permitted to obtain the intercept between the semi-cercle and the real axis. Each semi-cercle intercept with the real axis permits to determine i) the series resistance (left extremity of the electrode semi-cercle) and ii) the sum R s + R p (right extremity of the electrode semi-cercle). The whole experimental results will be gathered and discussed in the next section.

Figure 3 .

 3 Figure 3. Example of impedance diagrams (Nyquist plot) recorded at 500°C on symmetrical half-cells (evolution of the imaginary part of the impedance as a function of its real part) with each frequency (red filled circles or squares) : (a) Classical Nickel infiltration (ICNi1), (b) : Classical Copper infiltration (ICCu1), (c) Supercritical Nickel infiltration (ISCNi1) and (d) : Supercritical Copper infiltration (ISCCu1). The diagrams are normalized with a thickness of 0,1 cm and fitted with an equivalent circuit.
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 45 Figure 4. Cross section SEM images and EDS analyses, respectively, recorded on i) GDC-Ni composite anodes prepared by: conventional infiltration (ICNi1) (a and b); infiltration performed in supercritical conditions (ISCNi1) (c and d); ii) GDC-Cu composite anodes prepared by : conventional infiltration (ICCu1) (e and f) ;infiltration performed in supercritical conditions (ISCCu1) (g and h)
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 016 Figure 6. Histograms of the particles size distribution for each infiltration route

Figure 7 .

 7 Figure 7. TGA analysis of CuO and NiO under H 2 at 600°C as a function of time

Figure 8 .

 8 Figure 8. Arrhenius plots of series (a) and polarization (b) resistances measured on symmetrical cells (nickel or copper nitrate infiltration in a porous GDC10 backbone)

  

Table 2 .

 2 Cell parameters (cubic structure) determined on the different infiltrated samples

		Number of infiltration cycles	Infiltration	Structure	Grains size (nm)
	Classical Ni (ICNi1)	15	Homogeneous	Cubic	20 -170
	Supercritical Ni (ISCNi1)	7	Homogeneous	Cubic	40 -110
	Classical Cu (ICCu1)	15	Heterogeneous	Cubic	15 -50
	Supercritical Cu (ISCCu1)	6	Homogeneous	Cubic	≤ 10

Table 3 .

 3 ΔR s / R s ref values recorded on the nickel and copper infiltrated samples, at 500 and 600°C Published on 01 March 2022. Downloaded by RSC Internal on 3/7/2022 5:15:29 PM.

	Samples Classical infiltration of Ni (ICNi1) Supercritical infiltration of Ni (1) (ISCNi1) Supercritical infiltration of Ni (2) (ISCNi2) Supercritical infiltration of Ni (3) (ISCNi3) Classical infiltration of Cu (ICCu1) Supercritical infiltration of Cu (ISCCu1)	ΔR s /R s ref at 500°C -0.21 0.04 0.14 0.24 -0.12 -0.07	ΔR s /R s ref at 600°C -0.09 0.19 0.24 0.32 -0.19 -0.10	Sustainable Energy & Fuels Accepted Manuscript

Table 4 .

 4 R p values of the nickel infiltrated samples, at 500 and 600°C
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