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Improving the electrochemical performance of LaPrNiO4+δ as an oxygen electrode for intermediate temperature solid oxide cells by varying the architectural design
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Rare earth nickelate, LaPrNiO4+δ (LPNO), is one of the most suitable oxygen electrode materials for Intermediate Temperature Solid Oxide Cells (IT-SOC). By using Electrostatic Spray Deposition (ESD) and Screen Printing (SP), various architectural designs of electrodes are fabricated on Ce0.9Gd0.1O2-δ (GDC) electrolyte. Three electrode configurations are investigated based on a single Active Functional Layer (AFL), a double layer of the same composition which is an AFL topped by a current collecting layer (CCL) and a triple layer which is mainly the double layer with an LPNO/GDC composite interface.

For each configuration, the electrode response and properties are analyzed by using Electrochemical Impedance Spectroscopy (EIS), X-ray diffraction and Scanning Electron Microscopy (SEM). The electrochemical properties are discussed as a function of the electrode design, microstructure, and composition with the presence of a higher order nickelate such as (La,Pr)3Ni2O7-δ. The electrochemical performance is enhanced thanks to better adhesion of the electrode onto the electrolyte, the presence of an LPNO/GDC composite interface, a more homogeneous distribution of fine grains, and a flatter electrode surface. A significant decrease in the polarization resistance (Rpol) is measured from 0.72, 0.50, and down to 0.20 Ω cm 2 at 600 °C from single to triple layer, respectively.

Introduction

Solid Oxide Cells (SOCs), which can be reversibly operated in fuel cells and electrolysis mode, normally work at high temperature between 800-1000 °C. This high operating temperature has several advantages, such as large fuel flexibility and no need to use expensive catalysts to reduce activation overpotentials [START_REF] Badwal | Review of progress in high temperature solid oxide fuel cells[END_REF][START_REF] Yang | Perovskite Sr1-xCexCoO3-δ (0.05 ≤ x ≤ 0.15) as superior cathodes for intermediate temperature solid oxide fuel cells[END_REF]. However, the high operating temperature limits the SOCs durability by inducing some microstructural evolution, material destabilization with inter-diffusion and reactivity. Moreover, specific stainless steels are required for the metallic interconnects to limit their corrosion when they are exposed to the oxidizing atmosphere at high temperature [START_REF] Badwal | Review of progress in high temperature solid oxide fuel cells[END_REF]. Finally, the accumulation of starts and shutdowns of the complete system leads to thermal cycles that can also cause some mechanical damaging [START_REF] Wachsman | Lowering the temperature of solid oxide fuel cells[END_REF][START_REF] Brett | Intermediate temperature solid oxide fuel cells[END_REF]5].

Therefore, it is of current interest to lower the operating temperature of SOC to around 650-800 °C (intermediate temperature SOC; IT-SOC) or even lower than 650 °C (low-temperature SOC; LT-SOC).

Lowering the operating temperature means that it is necessary, to reduce the activation of cell overpotentials. As the losses at the oxygen electrode are the highest, it is of central importance to improve the electrochemical process at low temperature and hence to enhance the oxygen reduction/evolution reaction (ORR for fuel cells and OER for electrolyzer cells) kinetics [START_REF] Yang | Perovskite Sr1-xCexCoO3-δ (0.05 ≤ x ≤ 0.15) as superior cathodes for intermediate temperature solid oxide fuel cells[END_REF][5]. For this purpose, one strategy consists in the development of new materials for the oxygen electrode with improved properties in terms of oxygen transport, electronic conductivity, and electrocatalytic activity. Nevertheless, these intrinsic properties of the material are not sufficient to get an efficient electrode since its microstructure and the interface with the electrolyte play also a key role on the performances and then must be optimized [5,7].

Among different propositions, one of the most promising families of materials for the oxygen electrode of IT-SOCs is based on the K2NiF4 structure such as rare-earth nickelates Ln2NiO4+δ (Ln = La, Pr, Nd) [START_REF] Brett | Intermediate temperature solid oxide fuel cells[END_REF][START_REF] Tarancon | Advances in layered oxide cathodes for intermediate temperature solid oxide fuel cells[END_REF].

These layered perovskite-related compounds are mixed ionic-electronic conductors (MIEC) and belong to the Ruddlesden-Popper phase which has a general formula of An+1BnO3n+1 with n = 1. The oxygen transport in the bulk of the nickelates is possible thanks to their oxygen over stoichiometry which presents O 2-ions into interstitial sites [START_REF] Chroneos | Anisotropic oxygen diffusion in tetragonal La2NiO4+d: molecular dynamics calculations[END_REF].

As a type of the rare-earth nickelates, lanthanum-praseodymium compounds La2-xPrxNiO4+δ (0 ≤ x ≤ 2) exhibit an adequate oxygen transport property and good electrochemical activities even at low temperatures. Indeed, they have at 600 °C typical diffusion coefficients in the range of 4 x 10 -8 to 9 x 10 -8 cm 2 s -1 and an oxygen surface exchange coefficient in the range of 1 x 10 -6 to 9 x 10 -6 cm s -1 . Besides, they present a good electric conductivity between 50 to 100 S cm -1 at 600 o C [START_REF] Boehm | Oxygen diffusion and transport properties in non-stoichiometric Ln2-xNiO4+δ oxides[END_REF]9].

Several studies on rare-earth nickelates, specifically lanthanum-praseodymium compounds, show that Larich materials exhibit better chemical stability, but less electrochemical performance compared to the Prrich nickelates [START_REF] Sharma | Design of La2-xPrxNiO4+δ SOFC cathodes: a compromise between electrochemical performance and thermodynamic stability[END_REF][START_REF] Sharma | Design of interfaces in efficient Ln2NiO4+δ (Ln = La, Pr) cathodes for SOFC applications[END_REF][START_REF] Vibhu | Influence of La/Pr Ratio on the Ageing Properties of La2-xPrxNiO4+δ as Cathodes in IT-SOFCs[END_REF][START_REF] Nishimoto | Properties of La2-xPrxNiO4 cathode for intermediate-temperature solid oxide fuel cells[END_REF][START_REF] Montenegro-Hernández | Thermal stability of Ln2NiO4+δ (Ln: La, Pr, Nd) and their chemical compatibility with YSZ and CGO solid electrolytes[END_REF]. In this work, we have reported the preparation of nickelates with La and Pr ratio of 1 (i.e. LaPrNiO4+δ, which will be abbreviated as LPNO thereafter) in order to maintain a balance between the chemical stability and the electrochemical performance. The effect of the microstructure and the architecture of LPNO on electrochemical properties and electrode performance is investigated using electrochemical impedance spectroscopy (EIS). The samples are fabricated by two different techniques, namely screen printing (SP) and electrostatic spray deposition (ESD). ESD is a thin-film deposition technique based on electrohydrodynamic laws [START_REF] Sharma | Design of La2-xPrxNiO4+δ SOFC cathodes: a compromise between electrochemical performance and thermodynamic stability[END_REF][START_REF] Sharma | Design of interfaces in efficient Ln2NiO4+δ (Ln = La, Pr) cathodes for SOFC applications[END_REF][START_REF] Marinha | Influence of electrospraying parameters on the microstructure of La0.6Sr0.4Co0.2F0.8O3-δ films for SOFCs[END_REF][START_REF] Princivalle | Microstructural investigations of nanostructured La(Sr)MnO3-δ films deposited by electrostatic spray deposition[END_REF][START_REF] Chen | Morphology control of thin LiCoO2, films fabricated using the electrostatic spray deposition (ESD) technique[END_REF][START_REF] Chen | Electrostatic spray deposition of thin layers of cathode materials for lithium battery[END_REF]. The precursor solution is injected through a needle in which a high positive voltage (few kilovolts) is applied to transform the droplet on the tip of the needle into a spray containing many smaller droplets. The spray is directed to a grounded and heated substrate and will then form a thin film deposited on the support.

Experimental

Symmetrical cell preparation

The symmetrical cells were prepared by depositing LPNO as the oxygen electrode on both sides of gadolinium-doped ceria (Ce0.9Gd0.1O2-δ; GDC) pellet, as the electrolyte. The dense GDC pellets, 1.1 mm thick and 19.6 mm in diameter, were prepared by pressing commercial powder (Praxair) followed by sintering at 1400 °C for 4 h in air. The oxygen electrodes, 14 mm in diameter, were deposited by screen printing (SP) and/or electrostatic spray deposition (ESD), depending on the architectural design of the electrode. In this work, SP was used for the deposition of both GDC and LPNO layers, while ESD was used to deposit only LPNO.

For the SP deposition, the inks were prepared by mixing powder (GDC or LPNO) and organic solvent (KD2921, Zschimmer, and Schwarz) with the mass ratio of 1:1 for LPNO ink and 2:3 for GDC ink, with an addition of 1 wt. % polyvinyl butyral (C8H14O2)n, Aldrich) as a binder. This mixture was stirred and then passed through the three-roll mill to further blend and homogenize the ink. The ink was then screenprinted on the substrate and then sintered.

The GDC powder for the ink was a commercial powder (Solvay), while the LPNO powder was prepared in the lab by auto-combustion technique. For auto-combustion, the precursor powders La(NO3)3.6H2O (Acros Organic, 98.00 %), Pr(NO3)3.6H2O (Sigma-Aldrich 99.90 %), and Ni(NO3)2.6H2O (Fischer Scientific, 99.00 %) in stoichiometric ratio, as well as 30 mol. % excess of citric acid C6H8O7 (Acros Organic, 99.5 %) as the chelating agent, were dissolved in absolute ethanol (C2H5OH or EtOH, VWR Chemical, 99.95%) in 0.02 M (total cation concentration). This solution was then heated at around 120 °C while maintaining the stirring until gel-like precipitates were formed and dried. The precipitates were manually ground and sintered in air subsequently at 1050 °C for 2 h and at 1100 °C for 0.5 h. The postsintered powder was then manually ground. In order to study the effect of the SP layer microstructure, a part of the LPNO powder was then ball-milled using a planetary ball mill for 2 h.

For the ESD technique, the precursor solution was prepared in the same way as the precursor solution for the preparation of LPNO powder by auto-combustion, but the solvent was a mixture of EtOH and H2O

(1:2). To stabilize the solution and prevent the formation of precipitates in the solution, 8 drops of nitric acid (HNO3, Chem-Lab, 65% vol.) were added for 30 mL of solution.

A systematic study of the effect of the ESD deposition parameters on the microstructure of La2-xPrxNiO4+δ had been reported recently [START_REF] Sharma | Design of La2-xPrxNiO4+δ SOFC cathodes: a compromise between electrochemical performance and thermodynamic stability[END_REF]. Based on this previous work, we had selected the coral-type microstructure obtained by ESD thanks to a deposition temperature of 350 °C, a nozzle-to-substrate distance of 50 mm, a solution flow rate of 1.5 mL/h, and a long deposition time of 4.5 hours. During the ESD deposition, the voltage was fixed to approximately 12-14 kV. The sintering after ESD deposition was carried out at 960 °C for 6 hours in the air to promote crystallization and phase formation.

Fig. 1 shows the sketches of the four investigated architectures of the LPNO oxygen electrode which are described hereafter: the single layer electrode (SL) of LPNO is deposited on the GDC electrolyte by either SP (Fig. 1a) or ESD (Fig. 1b); the double layer electrode (DL) of LPNO consists of the active functional layer (AFL) deposited by ESD associated to the current collector layer (CCL) deposited by SP (Fig. 1c); the triple layer electrode (TL) in which the AFL is composed of a porous SP interlayer of GDC sandwiched between the dense electrolyte and the ESD layer of LPNO. The AFL is topped by the CCL of LPNO deposited by SP (Fig. 1d). All the samples discussed in this paper with the description of the preparation of each of them are listed in Table 1.

Structural and microstructural characterization

The structural characterization of the powders and films was carried out with X-ray diffraction (XRD, PANalytical X'pert Pro MPD, Cu Kα radiation, λ=1.5419 Å) in Bragg-Brentano geometry. An in-situ high-temperature XRD was also performed from 25 to 1200 °C using the same instrument equipped with a high-temperature chamber (Anton Paar HTK1200N). The phases were identified based on the powder diffraction file (PDF) from Internasional Centre for Diffraction Data (ICDD) and the cell parameters were obtained by refinement using Fullprof software [START_REF] Rodríguez-Carvajal | Recent advances in magnetic structure determination neutron powder diffraction[END_REF].

The morphology of the films was analyzed by scanning electron microscopy (SEM, ZEISS Ultra 55 instrument with a field emission gun (FEG)) and energy-dispersive X-ray spectroscopy (EDX) for composition analysis. The average particle size was estimated from the SEM images by using ImageJ software.

Electrochemical characterization

The electrochemical characterization of the symmetrical cell was carried out by electrochemical impedance spectroscopy (EIS) technique using autolab potentiostat-galvanostat (PGSTAT 302N). The measurements were performed in potentiostatic mode with a sinusoidal amplitude of 0.02 V in the 0.01 Hz -1MHz frequency range. The tests were conducted in ambient air at the open circuit potential (OCP) for a temperature ranging from 450°C to 700°C. Gold grids (Heraeus, 1024 meshes cm -2 woven from 0.06 mm in diameter wire) were used as current collectors. In the reported results, all the EIS diagrams had been normalized by the surface area (S) of the electrodes, which is 1.54 cm 2 . The impedance spectra were analyzed in terms of equivalent circuits with the EC-Lab® software. The polarization resistance (Rpol) value, which was used to quantify the electrode performances, is defined as:

= . 2
where S is the surface area of the electrode. The term Relectrode was deduced from impedance plotted in the Nyquist representation by measuring the difference between the low (LF) and high frequency (HF) intercepts with the real axis. In addition, series resistance (Rs) was also extracted from the Nyquist plot which is equal to the high frequency (HF) intercept with the real axis.

Results and Discussion

Structural characterization of LPNO as a powder, SP layer and, ESD layer

Crystallization of pure LaPrNiO4+δ (LPNO) powder prepared by auto-combustion for SP layer was obtained after calcination at 1050 °C for 2 h and at 1100 °C for 0.5 h in air, as shown by XRD (Fig. 2a).

The LaPrNiO4+δ phase was indexed to an orthorhombic unit cell with the Bmab space group (N° 64). The cell lattice parameters deduced from the Rietveld refinement (a = 5. 432(2) Ǻ, b = 5.475(8) Ǻ, and c = 12.586(9) Ǻ) are also in a good agreement with literature data [9,[START_REF] Sharma | Design of La2-xPrxNiO4+δ SOFC cathodes: a compromise between electrochemical performance and thermodynamic stability[END_REF]. The prepared powder was screenprinted on GDC electrolyte and then the thermal stability of these SP films was tested by XRD after sintering firstly at 450 °C for 2 h in air to remove the organic solvent contained in the ink for SP and then followed by a sintering at different temperatures from 800 °C to 1200 °C (Fig. 2b). Up to 900 °C, the XRD patterns do not show the presence of any secondary phases. After 1100 °C, a minor contribution of a higher order nickelate such as (La,Pr)3Ni2O7-δ, referred to as (LP)3N2, can be detected. It appears that sintering at 1200 °C leads to a decrease of the (LP)3N2 content to some traces only.

The structural properties of as-deposited SL LPNO electrode by ESD on top on GDC were investigated using in-situ high-temperature XRD at a variable temperature from 25 °C to 1200 °C in order to better understand the phase evolution versus temperature (Fig. 2c). The fresh film, deposited by ESD at 350 °C, is found amorphous at 25 °C. The evolution of the XRD patterns reveals that the crystallization of the film starts at 600 °C with the appearance of broad peaks, quite difficult to index since there are a lot of possible phases in this 2θ range. From 700 to 900 °C, sharper peaks can be assigned to the most likely lanthanum-praseodymium oxide, (La,Pr)2O3. The targeted LaPrNiO4+δ (LPNO) structure starts to form at 925 °C, but at the same time, there is also the formation of a higher order nickelate such as (LP)3N2. At 950 °C, the signature of both LPNO and the higher order phase significantly increases, while the initial phase of lanthanum-praseodymium oxide significantly decreases. Above 950 and up to 1200 °C, the two phases of LPNO and higher order coexist and are quite stable, while the initial (La,Pr)2O3 phase has completely disappeared.

The difficulty to obtain single phase LPNO deposited by ESD might be explained by its fine microstructure (with a mean particle size of 130 nm estimated from the SEM image (sample 3) resulting in a more reactive material compared to the coarse SP microstructure (500 nm in sample 2) (Table 2).

Indeed, a study by Montenegro-Hernández et al. [START_REF] Montenegro-Hernández | Thermal stability of Ln2NiO4+δ (Ln: La, Pr, Nd) and their chemical compatibility with YSZ and CGO solid electrolytes[END_REF] has shown that both lanthanum and praseodymium nickelates are very chemically active if the particle size is submicronic. Also, the microstructure of the ESD layer (Fig. 3) is more 'open' with larger porosity than the SP one which may also explain the chemical reactivity (see §3.3).

This in-situ high-temperature XRD gives a rough estimation of the phase evolution because the diffractogram is taken just 30 minutes after the temperature reaches the set point. In line with the in-situ high-temperature XRD, the post-sintered ESD layer at 960 °C for 6 h in air contains LPNO phase with the presence of the small amount of higher order nickelate, (La,Pr)3Ni2O7-δ, as a secondary phase (Fig. 5a (i)). This phase, which is also a Ruddlesden-Popper phase with n = 2, has been reported to be an electrochemically active material [START_REF] Takahashi | Electrode properties of the Ruddlesden-Popper series, Lan+1NinO3n+1 (n = 1, 2, and 3), as intermediate temperature solid oxide fuel cells[END_REF][START_REF] Lou | High performance La3Ni2O7 cathode prepared by a facile sol-gel method for intermediate temperature solid oxide fuel cells[END_REF][START_REF] Park | XANES study on Ruddlesden-Popper phase, Lan+1NinO3n+1 (n = 1, 2 and ∞)[END_REF]. The effect of the presence of this secondary phase on the electrochemical performance of the LPNO electrode will be explained in more details in sub-section 3.4.

The durability study of the electrode in order to see whether the presence of the secondary phase affects the degradation is currently ongoing. It is worth to mention that a good adhesion checked by a scratch test of LPNO on GDC electrolyte was reached even after sintering at only 960 °C.

Equivalent circuit model for EIS data fitting

As previously mentioned, the EIS data fitting with an equivalent electrical circuit is necessary for the accurate determination of the series and electrode polarization resistances. Besides, the EIS fitting can be also used to interpret the electrode reaction mechanism associated with the electrochemical performances.

Indeed, under the assumption that each element of the electrical circuit can be associated to a physical process with a given time constant, the analyses of the fitting results can be helpful to identify the colimiting steps of the reaction pathway [START_REF] Lai | Impedance spectroscopy as a tool for chemical and electrochemical analysis of mixed conductors: A case study of ceria[END_REF]. In this work, an equivalent circuit, which is schematically shown on the inset of Fig. 4a, 5b, 7g, was used to fit the EIS data of all the samples. The circuit consists of several elements in series and is composed of:

(1) an inductor (L) to take into account the contribution from the wire and interconnection,

(2) a resistance (Rs) corresponding to the pure ohmic contribution of the electrolyte (also called the series resistance),

(3) a resistance in parallel to a constant phase element (R1//CPE) to account for the high frequencies process (more than 10 2 Hz) ascribed to the ionic transfer at the electrode/electrolyte interface (indicated as P1). This process is also indicated by a low capacitance values (10 -5 -10 -4 F/cm 2 ) [START_REF] Adler | Factors governing oxygen reduction in solid oxide fuel cell cathodes[END_REF],

(4) a fractal Gerischer element (Gf) in parallel with a capacitor (C2) for the process arising at medium frequencies (1-100 Hz, indicated as P2) and associated with a large capacitance value (10 -3 -10 F/cm 2 ).

The fractal Gerischer element, which takes into account for a deviation from the ideal Gerischer, represents the solid-state diffusion in the bulk convoluted with the charge transfer reaction taking place at the surface of the LPNO particles [7]. It was shown in a previous study that the capacitor element allows improving the global quality of fitting for this medium frequency contribution [START_REF] Çelikbilek | Influence of sintering temperature on morphology and electrochemical performance of LSCF/GDC composite films as efficient cathode for SOFC[END_REF]. However, the underlying physical process associated with this capacitor is still not clear. It could be due to the presence of oxygen ions attached on the surface of LPNO involving a surface double layer characterized by its capacitance. In this view, the rate of oxygen incorporation/excorporation from LPNO would not be purely chemical, but described by a Bulter-Volmer electrochemical reaction as proposed by Fleig for mixed conducting electrodes [START_REF] Fleig | On the current-voltage characteristics of charge transfer reactions at mixed conducting electrodes on solid electrolytes[END_REF],

(5) a finite-length Warburg element (FLW) to account for the gas transfer that appears at low frequencies (less than 1 Hz, indicated as P3) [START_REF] Boukamp | Electrochemical impedance spectroscopy in solid state ionics: recent advances[END_REF][START_REF] Jacobsen | Diffusion and conversion impedance in solid oxide fuel cells[END_REF]. As this gas diffusional process is not thermally activated, this contribution starts to be important especially at a temperature higher than 600 o C. Indeed, the rate of oxygen incorporation/excorporation step strongly improves with increasing the temperature leading to reduce the contribution of P2 and resulting in the appearance of P3.

Influence of the electrode/electrolyte interface quality on the performance of the LPNO electrode

As detailed in Table 1, three different single layers (SL) have been deposited by either SP or ESD on GDC electrolyte (i.e. samples 1-3). Two SL electrodes have been deposited by SP and then sintered at two different temperatures in air: 450 o C for 2 h + 800 °C for 2 h (sample 1) and 450 °C for 2 h + 1050 º C for 2 h + 1100 °C for 0.5 h (sample 2). In both samples, the powder used for SP was manually ground.

Another single layer electrode is prepared by ESD and sintered at 960 °C for 6 h in air (sample 3).

The electrodes microstructure has been characterized by SEM. For sample 1, the observations have revealed that the layer is poorly bonded to the substrate. This issue is probably due to a too low final sintering temperature of 800 °C necessary to achieve good adhesion between LPNO and GDC electrolyte for the SP layer. As shown for sample 2 in Fig. 3a, a sintering temperature of at least 1100 °C is required to obtain good contact and avoid any delamination between the electrode and the electrolyte. The thickness and average particle size of sample 2 are around 38 µm and 500 nm, respectively (Fig. 3a and3b). It is worth noting the presence of large agglomerates which are certainly the consequence of a manual and heterogeneous grinding of the SP powder. Meanwhile, the thickness and average particle size of sample 3 are 27 µm and 130 nm, respectively (Fig. 3c and3d). As expected from our previous work [START_REF] Sharma | Design of La2-xPrxNiO4+δ SOFC cathodes: a compromise between electrochemical performance and thermodynamic stability[END_REF] using the same ESD conditions, the 'coral-like' microstructure is clearly observed. This unique microstructure is obtained due to the deposition parameters described in §2.1 resulting in small and drier arriving droplets on the substrate and promote the preferential landing of these droplets [START_REF] Chen | Morphology control of thin LiCoO2, films fabricated using the electrostatic spray deposition (ESD) technique[END_REF]. Close observation on the electrode/electrolyte interface shows that the LPNO is continuously deposited along with the interface. It is also clear that the ESD layer is more porous than the SP layer, especially close to the surface. That means that the ESD layer has a more 'open' surface.

To study the impact of the electrode/electrolyte interface quality on the electrode response, electrochemical characterizations by EIS have been performed on the symmetrical cells for the three samples. The Arrhenius plots of polarization resistance (Rpol, Ω cm 2 ) versus the inverse of temperature (1000/T, K -1 ) for the three electrodes are presented in Fig. 4a, while the Nyquist and Bode plots at 500, 600, and 700 °C are presented in Fig. 4b-4g. As expected, the Rpol values decrease when the temperature is increased for all samples. The frequency is also shifted to higher values as temperature increases as shown by the Bode representation which can be attributed to the faster oxygen exchange at the surface [START_REF] Li | A novel La2NiO4+δ-La3Ni2O7-δ-Ce0.55La0.45O2-δ ternary composite cathode prepared by the co-synthesis method for IT-SOFCs[END_REF][START_REF] Zurlo | La0.8Sr0.2Fe0.8Cu0.2O3-δ as "cobalt-free" cathode for La0.8Sr0.2Ga0.8Mg0.2O3-δ electrolyte[END_REF]. A significant improvement on the electrode performance is clearly observed for sample 2 as compared to sample 1. Both electrodes are deposited by SP but as mentioned previously, the electrode/electrolyte interface of sample 1 was partially delaminated in contrast to sample 2. Therefore, the high Rpol of sample 1 can be attributed to the poor adhesion of the electrode on the GDC electrolyte limiting the ionic transfer. This hypothesis is supported by the impedance diagrams plotted in the Nyquist and Bode planes. The shape of the Nyquist plots of samples 1 and 2 are different. From the Bode plots, it can be seen that there is a large contribution at high frequencies for sample 1 associated to the process P1 for all temperatures, while for sample 2 this contribution is smaller and becomes negligible at a temperature more than 600 o C. As mentioned in §3.2, this process is attributed to the ionic transfer across the electrode/electrolyte interface and is thus enlarged for the delaminated layer of sample 1.

A crossing of Arrhenius plots between sample 2 and sample 3 (Fig. 4a) can be observed at 550 °C.

Indeed, at a temperature lower than 550 °C, ESD layer (sample 3) performs slightly better than the one of the SP layer (sample 2). Above 550 °C, a reverse behavior is detected. It is primordial to consider key parameters such as the microstructure (particle size, porosity, etc.), the purity, the interfaces (the electrode/electrolyte one and the electrode surface) to compare electrochemical properties of both samples. The reasons why the ESD film is performing better at low temperature are certainly triple. First, ESD films are characterized by particles at the nanometer-length scale (Fig. 3, Table 2) which are much more electrochemically active than in the case of sample 2. Second, both samples also present good electrode/electrolyte interface as no delamination is observed on either sample. However, unlike for sample 2, the process at higher frequency (P1) is unnoticeable for sample 3 at all temperatures (Fig. 4c,4e,4g) which implies that the electrode/electrolyte interface is even better for the electrode deposited by ESD in consequence of the continuous contact formed at the interface as seen by SEM observation (Fig. 3). Thus, it appears that better adherence is reached for LPNO ESD layer and GDC electrolyte even after sintering at only 960 ºC than after sintering at 1100 ºC for the SP layer. Thirdly, another point to consider is the secondary phase of (LP)3N2, which is present in a larger content in sample 3 than in sample 2 (Fig. 2b (iii) and Fig. 5a (i)). This secondary phase is also electrochemically active and can help to improve the performance, especially at a higher temperature, as explained in more details in §3.4. If one refers to a temperature above 550 ºC, sample 2 is performing better than sample 3 (Fig. 4a). In this case, at a higher temperature, a much better contact is reached between the electrode and the gold grid of the measurement setup and especially for sample 2. Indeed, sample 2 is characterized by a flatter surface than the one of sample 3 which presents a rough electrode surface due to the coral-like microstructure of layer deposited by ESD (Fig. 3). At lower temperature, the smaller particle size, higher amount of the secondary phase, and the better electrode/electrolyte interface of the ESD layer with comparison to the SP one play key a role in the performance of the electrode. However, at a higher temperature, it seems that the better electrode surface of the SP layer becomes more important.

Influence of the secondary higher order phase on the electrochemical performance of the ESD layer

In order to investigate the effect of the secondary phase present in the ESD layer, three DL electrodes with different annealing temperatures have been prepared (samples 4-6, Table 1). The manufacturing of the double layer electrodes starts with the deposition of an AFL of LPNO by ESD which is then followed by the coating of a CCL LPNO by SP. A sintering step is required after each deposition step. The sintering after ESD has been carried out at 960 °C for 6 h in air and is referred to as the first sintering, while the one after SP is referred to as the second sintering. It is of great importance to characterize the nature of phases present in the ESD layer after the second sintering temperature. For that, the ESD layers have been annealed at three different temperatures after the first sintering and then characterized by XRD.

Fig. 5a shows the XRD patterns of the ESD layer after first sintering (i) and after second sintering in air at 450 °C for 2 h + 800 °C for 2 h (ii), 450 °C for 2 h + 900 °C for 2 h (iii), and 450 °C for 2 h + 1050 °C for 2 h + 1100 °C for 0.5 h (iv). It is clear that from XRD there is no other new phase detected for all the samples after the first sintering. The second annealing at 800 o C confirms that there is no change on the composition of the phase, while the second one at temperature larger than 800 o C leads to a larger amount of the secondary phase which is the higher order nickelate, (LP)3N2. However, after 900 °C, the content of the secondary phase is reaching a maximum as seen in Fig. 5a (iii) and 5a (iv). From the literature, the higher order nickelates of Ruddlesden-Popper with n = 2 and 3 have been reported to be also active materials with higher electrical conductivity compared to the lower order nickelates [START_REF] Takahashi | Electrode properties of the Ruddlesden-Popper series, Lan+1NinO3n+1 (n = 1, 2, and 3), as intermediate temperature solid oxide fuel cells[END_REF][START_REF] Lou | High performance La3Ni2O7 cathode prepared by a facile sol-gel method for intermediate temperature solid oxide fuel cells[END_REF][START_REF] Park | XANES study on Ruddlesden-Popper phase, Lan+1NinO3n+1 (n = 1, 2 and ∞)[END_REF]. Thus, the presence of a high-order nickelate as a secondary phase may improve the electrode performance. A study shows that the composite based on a mixture of La2NiO4+δ and La4Ni3O10-δ (another Ruddlesden-Popper phase with n = 3) presents a lower polarization resistance than the one of an individual single phase, especially at a temperature higher than 600 °C [START_REF] Woolley | Novel La2NiO4+δ and La4Ni3O10-δ composites for solid oxide fuel cell cathodes[END_REF]. In another work, composite of La2NiO4+δ-La3Ni2O7δ-Ce0.55La0.45O2-δ (an ionic conductor) also shows a good performance with Rpol of 1.11 Ω cm 2 at 600 °C [START_REF] Li | A novel La2NiO4+δ-La3Ni2O7-δ-Ce0.55La0.45O2-δ ternary composite cathode prepared by the co-synthesis method for IT-SOFCs[END_REF]. Therefore, the impact on the electrochemical performance of the different amount of the higher thick and shows an average particle size of 150 nm, which means that the layer is more densified and has slightly bigger particle size than the ESD layer after the first sintering (Fig. 3c and3d). There are no SEM images for the ESD layer of sample 4, but it can be expected that there is less densification and grain growth compared to the ESD layer of sample 5 due to the lower second sintering temperature. Thus, despite its unfavorable microstructural coarsening, it can be concluded that the improvement of the performance of sample 5 is mainly due to the presence of a higher amount of the (LP)3N2 secondary phase. Secondly, as shown in Fig. 5b, sample 6 exhibits a different thermal behavior as sample 5 even though both of them have a similar amount of the secondary phase in the ESD layer. Sample 6 has the highest Rpol between the three samples at low temperature, then the Rpol becomes smaller than sample 4 at a temperature higher than 600 o C, while its value is similar to sample 5 at 700 o C. From the cross-section images (Fig. S1c andS1d), the ESD layer of sample 6 has a thickness of 10 μm and an average particle size of 200 nm, indicating quite a severe densification and grain growth. Thus, the electrode is less performing at low temperature due to the low specific surface area which reduces the number of sites where the reaction of oxygen incorporation can take place. However, as the temperature increases, the presence of the higher order secondary phase in this electrode helps to significantly improves the electrode performance. It can be safely deduced that the impact of the higher order phase on the electrode performance is sufficiently thermally activated to overcome the effect of the microstructure densification.

The different behavior of the three samples is also evident from the activation energy values which are 0.95, 1.08, 1.21 eV for samples 4, 5, and 6, respectively (Table 2). From the Nyquist and Bode plots in Fig. 5c-5h, there is no detectable contribution of P1 for the temperature range which is in agreement with the results of sample 3 in the previous sub-section. In other words, the first layer of samples 4 to 6 deposited also by ESD ensures a very good contact in such a way the ionic transfer at the electrode/electrolyte interface is not limiting. The process P3 assigned to the gas diffusion starts to be important at 600 °C for all three samples. The shapes of the Nyquist plots as well as the frequency distribution are also similar for all samples.

Influence of the CCL microstructure on the performance of the electrode

In both DL and TL electrode configurations, a CCL of LPNO was deposited by SP. As discussed in subsection 3.3, the cross-section of the single SP layer (Fig. 3a) shows that the LPNO particles form big agglomerates which are detrimental especially for the DL and TL electrodes. Indeed, these agglomerates may compress the AFL deposited by ESD beneath and consequently, deteriorate its fine microstructure.

Therefore, a part of the LPNO powder for SP was previously ball-milled in a planetary ball mill for 2 h to reduce the particle size and then used in the preparation of the ink for screen-printing the CCL. The microstructure, as well as the electrochemical performance, were then compared to the powder without ball-milling. The SEM images of the LPNO powder before and after ball-milling are shown in Fig. 6a-6b and 6c-6d, respectively. Qualitatively, it is clear to see that the particles of the ball-milled powder are significantly well-separated rather than clumped together in agglomerates as in the non-ball-milled powder. The average agglomerate size of the non-ball-milled powder is 13.75 μm with an average particle size of 300 nm. After ball-milling, the average particle size is decreased to 160 nm. The effect of the smaller and well-separated particles of the LPNO powder is also clearly evident on the final microstructure of the DL electrode. In Fig. 6e, non-ball-milled powder is used as the CCL. The big agglomerates are clearly compressing the 'coral-like' microstructure of the ESD layer beneath which makes it difficult to distinguish both layers. On the other hand, the much smaller particle size of the ballmilled powder preserves the microstructure of the ESD layer as shown in Fig. 6f.

The EIS results further validate that the ball-milled powder does not only improve the quality of the microstructure but also the electrochemical performance of the electrode. The EIS study was carried out by comparing sample 4 to sample 7. Both electrodes were prepared following the same manufacturing protocol except that the ball-milled powder was used for the CCL deposit of sample 7. The Arrhenius plot in Fig. 7g shows that the polarization resistance of sample 7 is smaller whatever the operating temperature. From the Nyquist and Bode representations at 500, 600, and 700 °C in Fig. 7a-f, the contribution of P2 is significantly decreased and the frequency is slightly shifted to higher values for sample 7, indicating the improvement on the oxygen incorporation with a faster oxygen exchange on the surface. These improvements must be attributed to the combination of smaller particle size of the CCL layer and the preserved microstructure of the AFL layer prepared by ESD. Both factors ensure the large specific surface area as well as the porosity to promote a more efficient reaction to take place. For both samples, the contribution of P3 starts to be visible at 600 °C.

The same study was also performed for the TL electrode. The cross-section of the AFL of a TL electrode, which comprises of GDC deposited by SP and LPNO deposited by ESD, is presented in Fig. 6g and6h.

The thickness of the GDC SP layer is 6 μm with the average particle size of 150 nm. Since this SP layer is porous and the particle size is slightly larger than LPNO ESD layer, it was expected that the particle of LPNO would penetrate into the SP layer to form a composite of LPNO and GDC. This proposition is confirmed by the EDX analysis carried out across the thickness of GDC SP layer, in which the LPNO particles penetrate into the GDC SP layer as deep as 3 μm from the LPNO ESD/GDC SP interface. As in the study of DL electrodes previously discussed, two electrodes were prepared. Sample 8 was prepared with the non-ball-milled powder and sample 9 with the ball-milled powder. The EIS results are also presented in Fig. 7a-g. Similar results as the DL electrodes are obtained. Sample 9 exhibits the lowest polarization resistances with the smallest P2 contribution for all the temperature range. As expected, the frequency distribution is also shifted towards higher values. Besides, the contribution of P3 also starts to be more important at 600 o C. However, for the TL electrodes configuration, a high frequency contribution associated with the ionic transfer process P1 arises at low temperatures (T ≤ 600 °C). The appearance of such a high frequency process cannot be ascribed to the CCL and must be related to the quality of the electrolyte interface dependent on the GDC SP layer for this electrode configuration. It will be further explained in the next sub-section.

Influence of the various architectural designs on the performance of the electrode

Three LPNO electrodes which have been discussed separately in sub-sections 3. Compared to the single layer (sample 3), the improvement of the performance for the DL electrode (sample 7) could be attributed to a better electrode surface. Indeed, although the ESD layer has a good electrode/electrolyte interface, its surface is very rough (as mentioned in sub-section 3.3). Thus, by depositing an SP coating on top of the ESD layer, the electrode surface is flatter promoting a better contact and current collection with the gold grid of the measurement setup.

The performance is then further improved on TL electrode in which a layer of GDC is deposited by SP prior to the deposition of LPNO by ESD (sample 9). As mentioned in the previous sub-section, this configuration results in the formation of an LPNO-GDC composite interlayer. The composite is expected to improve the mechanical contact between the LPNO and the GDC. Moreover, the oxygen solid-state diffusion must be favored thanks to the GDC backbone leading to the extension of the reaction in the electrode thickness and hence increasing the performances. This mechanism has been already proven in a previous study dedicated to TL electrode configuration with La2NiO4+δ and Pr2NiO4+δ nickelates [START_REF] Sharma | Design of interfaces in efficient Ln2NiO4+δ (Ln = La, Pr) cathodes for SOFC applications[END_REF].

Thus, it can be reasonably proposed here that the same phenomenon could explain the better performances of the TL electrode with LPNO. As shown in the Bode plots in Fig. 7b, 7d, 7f, this proposition is in good agreement with the smaller contribution of P2 for the TL electrodes as compared to the DL configurations. Finally, the contribution of P1 associated to the GDC/LPNO interface, which was not noticeable on both SL ESD and DL electrodes, becomes detectable for TL electrode at the intermediate and low operating temperatures (T ≤ 600 °C). Even if the explanation is still unclear, the detection of P1 for the TL electrodes could come from a co-limitation arising at low temperatures for the oxygen bulk diffusion and the ionic transfer in the thickness of the composite. Moreover, a contribution of triple phase boundary lines according to a surface path could not be excluded for this kind of LPNO/GDC composite electrode. Nevertheless, further investigations are still needed to better understand the precise reaction pathway for this kind of electrodes.

Conclusions

In this work, the influence of microstructure and architectural design on the electrochemical performance of LPNO as an oxygen electrode material for IT-SOCs have been studied. Firstly, it has been shown that the good adhesion between the electrode and the electrolyte plays a key role in the global performances.

This property can be achieved by optimizing the sintering condition for the SP electrode or by using alternative manufacturing processes, such as ESD, which are well-suited to make a continuous electrode/electrolyte interface. For the LPNO electrode, it has been found that a sintering temperature as high as 1100 o C is required to obtain good adhesion for the SL SP layer while a sintering temperature at only 960 °C is sufficient for SL ESD. Secondly, it has been highlighted that the quality of the CCL is also crucial since it can affect the final microstructure of the active functional electrode for the multi-layer configurations. A ball-milling step on the LPNO powder for SP prepared by auto-combustion is proven to improve the final microstructure as well as the performance of the electrode. Then, the performance of the electrode can be also further improved by improving the electrode/electrolyte interface and electrode surface as indicated by the decrease of Rpol from 0.72, 0.50, and down to 0.20 Ω cm 2 at 600 º C for SL ESD, DL, and TL electrodes, respectively. Lastly, the presence of secondary higher order phase nickelates, (LP)3N2, evidently help to improve the performance especially at a higher temperature. 
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LaPrNiO4+δ (LPNO) oxygen electrode for intermediate temperature solid oxide cells is designed using screen printing (SP) and electrostatic spray deposition (ESD). The electrode performance is improved as the configuration evolves from single layer deposited by ESD to double layer and then triple layer. The triple layer electrode presents an excellent performance with the polarization resistance of 0.20 Ω cm 2 at 600 ºC. DL [START_REF] Sharma | Design of La2-xPrxNiO4+δ SOFC cathodes: a compromise between electrochemical performance and thermodynamic stability[END_REF] SL SP [9] SL ESD [START_REF] Sharma | Design of La2-xPrxNiO4+δ SOFC cathodes: a compromise between electrochemical performance and thermodynamic stability[END_REF] 

  order nickelates (LP)3N2 in the ESD layer for the DL electrodes has been investigated by EIS. For this purpose, three double layer symmetrical cells have been prepared which are called sample 4 (second final sintering at 800 o C), sample 5 (second final sintering at 900 o C), and sample 6 (second final sintering at 1100 o C). As shown in Fig.5b, the three electrodes show different electrochemical behavior depending on the temperature. Firstly, sample 5 presents lower Rpol compared to sample 4 for all the temperature range, while the difference is enhanced when the temperature is increased. From the cross-section image obtained by SEM (cf. Fig.S1aand S1b in the supplementary), the ESD layer of sample 5 is only 20 μm-

  3-3.5 are selected for comparison in order to study the influence of various architectural designs on the electrochemical performance. The samples are the SL ESD (sample 3), DL (sample 7), and TL (sample 9), all sintered at a maximum temperature of 960 °C. The SL SP was excluded from this study since the electrode/electrolyte interface was discontinuous. The details of the Nyquist and Bode plots comparison between the three electrodes are provided in Fig. S2. The Arrhenius plot of the three electrodes is presented in Fig. 7h. The Rpol of sample 7 is lower than sample 3 whereas the best performances are achieved with sample 9.

Fig. 1

 1 Fig. 1 Schematic diagrams of different architectural designs of LPNO electrode: (a) single layer (SL) LPNO deposited by screen printing (SP), (b) single layer (SL) LPNO deposited by ESD (ESD), (c) double layer (DL) of LPNO AFL deposited by ESD topped by LPNO CCL deposited by SP, and (d) triple layer electrode (TL) in which the AFL is a GDC interlayer deposited by SP topped by LPNO deposited by ESD and the CCL is LPNO deposited by SP.

Fig. 2 Fig. 3

 23 Fig. 2 XRD of (a) LPNO powder prepared by auto-combustion and calcined at 1050 °C/2 h + 1100 °C/0.5 h in air and (b) screen-printed layers of LPNO on GDC sintered in air at (i) 450 o C/2 h + 800 °C/2 h, (ii) 450 o C/2 h + 900 °C/2 h, (iii) 450 o C/2 h + 1050 °C/2 h + 1100 o C/0.5 h, and (iv) 450 o C/2 h + 1200 °C/2 h; (c) In-situ high temperature XRD from 25 to 1200 °C of the as-deposited SL LPNO electrode by ESD.

Fig. 4

 4 Fig. 4 (a) Arrhenius plots of polarization resistance (Rpol) versus temperature of samples 1, 2 and 3; (b), (d), (f) Nyquist plots and (c), (e), (g) Bode plots of Sample 1, 2, and 3 at 500, 600, and 700 °C, respectively. The Nyquist plots are plotted by subtracting the contribution of the series resistance and the numbers on the Nyquist plots indicate the logarithmic of the frequencies.

Fig. 5

 5 Fig. 5 (a) XRD patterns of the ESD layer (i) as-sintered at 960 °C for 6 h in air, post-second-sintered in air at (ii) 450 º C/2 h + 800 ºC/2 h, (iii) 450 º C/2 h + 900 ºC/2 h, and (iv) 450 º C/2 h + 1050 ºC/2 h + 1100 ºC/0.5 h ; (b) Arrhenius plots of polarization resistance (Rpol) versus temperature for samples 4, 5, and 6; (c), (e), (g) Nyquist plots and (d), (f), (h) Bode plots of Sample 4, 5, and 6 at 500, 600, and 700 °C, respectively. The Nyquist plots are plotted by subtracting the contribution of the series resistance and the numbers on the Nyquist plots indicate the logarithmic of the frequencies.

Fig. 6

 6 Fig. 6 SEM images of (a), (b) LPNO powder before ball-milling; (c),(d) LPNO powder after ball-milling; the cross-section of the double layer electrodes (e) with non-ball-milled LPNO powder and (f) with ballmilled LPNO powder as the CCL; and (g),(h) the cross-section of the triple layer electrode at two different magnifications. The dashed white line indicates the interfaces.

Fig. 7

 7 Fig. 7 (a), (c), (e) Nyquist plots and (b), (d), (f) Bode plots of Sample 4, 7, 8, and 9 at 500, 600, and 700 °C, respectively. The Nyquist plots are plotted by subtracting the contribution of the series resistance and the numbers on the Nyquist plots indicate the logarithmic of the frequencies. Arrhenius plots of polarization resistance (Rpol) versus temperature for (g) Sample 4, 7, 8, and 9; and (h) Sample 3, 7, and 9 as well as values from several references.

•

  GDC = Ce 0.9 Gd 0.1 O 2-δ • = Electrostatic Spray Deposition • SP = Screen Printing • AFL = Active Functional Layer • CCL = Current Collector Layer

  

  

  

  

  

  

Table 2

 2 Summary of the thickness, particle size, polarization resistance (Rpol) and activation energy values at 600 °C for all the samples.

				Rpol (Ω cm²)	
	Sample #	Thickness (μm)	Particle size (nm)	at 600 o C	Ea (eV)
	Sample 1	N/A	N/A	2.51	1.06
	Sample 2	38	500	0.63	1.17
	Sample 3	27	130	0.72	1.06
	Sample 4	50 (total ESD+SP)	N/A	1.02	0.95
	Sample 5	20 (ESD layer only)	150 (ESD layer)	0.69	1.08
	Sample 6	10 (ESD layer only)	200 (ESD layer)	0.95	1.21
	Sample 7	38 (total ESD+SP)	N/A	0.50	1.08
	Sample 8 6 (GDC SP), 25 (GDC SP+LPNO ESD)	150 nm (GDC SP)	0.23	1.14
	Sample 9 6 (GDC SP), 25 (GDC SP+LPNO ESD)	150 nm (GDC SP)	0.20	1.12
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