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Impedance spectroscopy study of Nd 2 NiO 4+δ , LSM and Platinum electrodes as SOFC cathode by micro-contact technique
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The impedance spectra of Nd 2 NiO 4+δ , La 1-x Sr x MnO 3 and Platinum pin-shaped electrodes pressed on the surface of an electrolyte pellet (Yttria Stabilized Zirconia), have been recorded as a function of temperature, in air atmosphere, under zero d.c. conditions. Such an electrode configuration was used to study the characteristics of the air electrode reaction with respect to the nature of the electrode material, the geometry of the electrode-electrolyte contact being the same for all electrodes. The impedance data were analyzed and the results evidence different oxygen reduction mechanisms depending on the nature of the oxide, Mixed Ionic and Electronic Conducting (MIEC) oxide for the nickelate, bad ionic but electronic conductor for the manganite and metallic for the platinum.

-Introduction

Nowadays the Strontium-doped Lanthanum Manganite is a well established cathode material in the commercial Solid Oxide Fuel Cells (SOFC) currently under development.

However, various laboratories, mostly motivated by the goal of lowering the operating cell temperature, have proposed alternative materials as, Mixed Ionic and Electronic Conducting (MIEC) oxides [START_REF] Zipprich | Measurement of ionic conductivity in mixed conducting compounds using solid electrolyte microcontacts[END_REF], [START_REF] Mauvy | Oxygen electrode reaction on Nd 2 NiO 4+δ cathode materials: impedance spectroscopy study[END_REF]. Then, a question can be addressed: how to compare their cathodic performances? In this scope, it is needed to study the oxygen reduction mechanism from an electrochemical point of view. It is easy to measure their electronic conductivities under air, versus temperature, using the four probe technique. Concerning the ionic transport properties, the oxygen diffusion coefficient can be measured using for example the isotopic exchange technique provided that the measurements are carried out on highly densified ceramics [START_REF] Boehm | Oxygen transport properties of La 2 Ni 1-x Cu x O 4+δ mixed conducting oxides[END_REF].

Another important feature is the electrocatalytic activity of the different electrode materials.

For example, the surface exchange coefficient even measured on a compact sample depends significantly on its surface state. Furthermore, the fairly wide diversity of the performance characteristics reported for the conventional electrodes clearly shows that, beside the intrinsic properties of the electrode materials, the electrode process and the microstructure are also determining parameters. Under these circumstances, any attempt to classify electrode materials should imply an appropriate normalization based on clear assumptions regarding the extent of the electrode reaction zone.

In terms of reaction mechanisms, two types of electrodes are consensually distinguished [START_REF] Siebert | Impedance spectroscopy analysis of La 1 -xSritx MnO 3 -yttria-stabilized zirconia electrode kinetics[END_REF] :

-Triple Phase Boundary (TPB) electrodes for which the electroactive species are supplied to the reaction zone by surface diffusion. This case concerns the metallic electrodes and the electronic and poor ionic conducting oxides [START_REF] Mitterdorfer | Identification of the reaction mechanism of the Pt, O 2 (g)|yttria-stabilized zirconia system: Part I: General framework, modelling, and structural investigation[END_REF].

-Internal Diffusion (ID) electrodes which are characterized by an oxygen ion supply to the electrode interface through a bulk diffusion in the electrode material. This is the case of the MIEC oxides.

In this study, we carried out experiments using sharp micro-electrodes, the aim being to better understand the oxygen reduction mechanism at the solid electrolyte/cathode interface and to measure electrochemical parameters which can be normalized with respect to their real active surface area, independently on the electrode microstructure [START_REF] Fleig | Microelectrodes in solid state ionics[END_REF]. Using such electrodes has been previously reported by Kleitz [START_REF] Baker | Classification criteria for solid oxide fuel cell electrode materials[END_REF], Mogensen [START_REF] Juhl | Electrochemical characterization of cathode materials with pointed electrodes[END_REF], Tunold [START_REF] Jerdal | Impedance spectroscopy on perovskite cathode cones[END_REF] and their collaborators.

The SOFC cathode materials used for the micro-electrodes are the MIEC oxides Nd 2 NiO 4+δ and the classical perovskite La 0.8 Sr 0.2 MnO 3 which is a very bad ionic conducting oxide. A platinum probe was also studied as a reference for comparison. The aim is to compare the electrochemical properties of these materials under air, the Yttria Stabilised Zirconia (YSZ) being the electrolyte. After addition of citric acid, the solution was dehydrated at 120°C and slowly heated until self-combustion of the precipitates. They were finally fired for 8 hours in the temperature range 950 -1080°C.

-Experimental -1 Preparation of the materials and pointed micro-electrodes

Pellets (20 mm in diameter and 1-2 mm thick) were then sintered in air, at 1623 K, for 2 h, which led to relative densities higher than 95 %. Then, they were cut in bar form and pointed micro-electrodes were machined like a cone tip using diamond tools. An example is reported in Figure 1. The contact radius and the electrode contact surface area were estimated after experimental series of optical and electronic micrographs of the cone tips.

The micro-electrodes (tips of the cathode materials) were pressed into contact with the surface of the YSZ pellet by a spring.

-3 Impedance spectroscopy measurements

The impedance diagrams were obtained from an Autolab Frequency Response Analyzer PGSTAT 30. The signal amplitude was 50 mV and a 0 mV dc bias was used. When required, a curve fitting was performed using the Zview software. Typical examples of Nyquist diagrams measured under air, at 550°C are reported in Figure 2.

Most of the impedance diagrams recorded in this study can be decomposed, in the frequency range 1MHz -0.01Hz, into two or three loops, namely LF (for Low Frequency), MF (for Middle Frequency) and HF (for High Frequency).

-Results and discussion -1 Relaxation frequencies:

A methodology based on the relaxation frequencies of the different contributions has been used for the identification of the different contributions observed in the spectra (ref).

Generally, a diagram showing simultaneously all the contributions is not observable over the whole temperature range and loop overlaps are usually present. Figure 3 shows the Arrhenius plots of the relaxation frequencies measured with half-cells made of YSZ pellets and micro-electrodes of the MIEC Nd 2 NiO 4+δ oxide, metallic LSM oxide and Pt, respectively.

Results previously obtained with Nd 2 NiO 4+δ porous electrodes are also reported.

According to these graphs, four different domains of relaxation frequencies can be observed: HF + and HF -, MF and LF. On the basis of previous works on porous electrodes [START_REF] Mauvy | Electrode properties of Ln 2 NiO 4+δ (Ln = La, Nd, Pr) -AC impedance and DC polarization studies[END_REF], the HF + impedance contribution is attributed to YSZ bulk properties and the HF -one to YSZ grain boundary properties. On the other hand, the MF and LF contributions are more difficult to assign because they are not well separated depending on the electrode material.

Generally, the MF contribution is assigned to the oxygen transfer at the electrode / electrolyte interface and the low frequency contribution to the electrode processes (oxygen adsorption/diffusion).

In the case of Nd 2 NiO 4+δ tip, both oxygen charge transfer and mass transfer are well deconvoluted whereas it not true for LSM tip.

At this stage, the active surface area for the oxygen reduction reaction should be discussed. When a MIEC oxide is used, the reaction can take place all over the whole sample surface whereas, when the electrode is a metal, the oxygen reduction is localized at the molecular oxygen -metal -electrolyte triple contact. Therefore one may conclude that the oxygen transfer at the nickelate oxide / YSZ micro-contact should not be a limiting step to be taken into account in the mechanism of the oxygen reduction.

Concerning the LSM micro-electrode, no MF contribution is observed, even over a large temperature range (Fig. 3) and the LF contribution can only be fitted at high temperature because of the important impedance values. These results show that in the case of dense metallic-like micro-contacts, the electrode processes are limiting steps for oxygen reduction, which is in agreement with measurements previously observed on LSM electrodes [START_REF] Siebert | Impedance spectroscopy analysis of La 1 -xSritx MnO 3 -yttria-stabilized zirconia electrode kinetics[END_REF].

Similar conclusions can be drawn for the platinum metal micro-electrodes. Therefore, both can be considered as pure TPB electrodes.

-2 Resistive and capacitive contributions:

The R HF resistance values deduced from the high frequencies depressed semi circle (or by extrapolation to high frequencies) is attributed to the electrolyte resistance. We have observed a small dispersion of the values which can be assigned to small differences in the pin shapes.

Nevertheless, the activation energy values (≈ 1.0 eV) deduced from the resistance Arrhenius plots well agree with the literature data (ref) relative to the conductivity σ measured with pellet and large platinum electrodes.

Applying the Newman's relation, the contact surface area between the working electrode and the electrolyte can be determined, assuming that the electrode is a disk of radius r, according to the following relation: In Figure 4 are reported the ASR values calculated from the polarization resistance R P = R MF + R LF and ASR = (R P *S/2). For the MIEC nickelate oxide, the R P values are systematically lower than those of LSM, which confirms the interest of this type of materials for SOFC applications. Actually, LSM (as well as Platinum) electrodes show very important polarisation resistances that can be measured, on this type of micro-electrodes, only at temperatures higher than 700°C, R P being only the LF impedance contribution. Finally, the important values of the LF resistive contribution confirm the "bad MIEC" behaviour of LSM electrode and allows us to classified this material in TPB electrode-type family whereas the nickelate material shows quite different electrochemical behaviour (especially in the MF range). These results are in agreement with the ID electrode concept for the MIEC cathodes.

-Conclusion :

Impedance spectroscopy measurements have been performed on Nd 2 NiO 4+δ /YSZ, La 0.8 Sr 0.2 MnO 3 /YSZ and Pt/YSZ micro-contact electrodes and it has been noticed that the impedance spectra of the samples are significantly different. The difference in behaviour of Nd 2 NiO 4+δ and LSM has been assigned to the transport properties of these two materials. As reported in the literature, the fact that LSM is essentially electronic conductor whereas the nickelate is a mixed ionic and electronic conductor likely explain the difference between the two cathode behaviours, the reason being that the reduction kinetics is favoured on the Nd 2 NiO 4+δ compound as observed on porous electrodes. This conclusion is corroborated by the behaviour of the metallic platinum micro-electrode that is quite similar to that of LSM. 

  being the electrolyte resistance, and σ, the electrolyte conductivity value taken from the literature. The contact surface areas of the pin electrodes (S) were then calculated and found close 0.01mm 2 , in agreement with the evaluation made from the microscopic observations.
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 12 Figure 1 : Photograph of a Nd 2 NiO 4+δ tip (taken from the end of the tip).
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 3 Figure 3 : Arrhenius plots of the relaxation frequencies measured with the micro-contacts Nd 2 NiO 4+δ / YSZ ( ) and LSM / YSZ ( ) and Pt / YSZ ( ) half-cells Results obtained with a symmetrical cell Nd 2 NiO 4+δ / YSZ / Nd 2 NiO 4+δ (porous electrodes) are also reported ( ).
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 14 Figure 4 : Arrhenius plots of the ASR associated to the electrode contributions for Nd 2 NiO 4+δ ( ), LSM ( ) and Pt ( ) electrodes in contact with YSZ probes.

  Commercial submicronic powders were used for electrolyte materials (YSZ powder (8 mol % Y 2 O 3 ) Tosoh Co. Ltd.) and Lanthanum Strontium Manganite cathodes (LSM powder (20% Strontium) from Nextech Materials Co.Ltd.. The neodymium nickelate oxide Nd 2 NiO 4+δ was prepared using the nitrate-citrate route from stoichiometric amounts of Nd 2 O 3 (Strem) and NiO (Aldrich) dissolved in nitric acid.