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Layered Ruddlesden-Popper type (RP) oxides are promising cathodes for solid oxide fuel cells operating at intermediate temperature (~500 -700 °C). This thesis is focused on the synthesis of mixed ionic-electronic conducting (MIEC) materials such as pure La2-xPrxNiO4+, 0 ≤ x ≤ 2, higher order Lan+1NinO3n+1 (n= 2 and 3) RP phases and composites adding Ce0.9Gd0.1O2-δ (CGO) component. An innovative microstructure and architecture of these electrodes were successfully prepared using electrostatic spray deposition (ESD) and screen-printing (SP) processes. These materials were evaluated through structural, compositional, oxygen non-stoichiometry and microstructural characterizations using X-ray diffraction, energy-dispersive X-ray spectroscopy, thermogravimetric analysis and scanning electron microscopy. The electrochemical properties and chemical stability of these oxygen electrodes are discussed according to the architectural design and composition using electrochemical impedance spectroscopy (EIS) and X-ray diffraction, respectively. Finally, a single SOFC based on LaPrNiO4+δ cathode has been measured.
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Special thanks to the "Ministère de l'Enseignement Supérieur et de la Recherche" for providing a Fellowship for my PhD education at Grenoble INP. Energy is critical for the development as well as for the socio-economic activities of any modern society. Indeed, the growth based on energy fuels economic is of paramount concern for all countries. However, the current power generation economy is mainly dependent on the fossil fuels availability. Thus such economy is not sustainable because fossil fuels are not a renewable energy source. Moreover, energy consumption increases with the continuous increase of population whose living standards are improved, leading to a larger global demand of energy [1,2].

On one hand fossil fuels are diminishing because of the existence of finite resources (oil, coal and natural gas) [4]. On the other hand, the world energy demand has risen by approximately 50% from the year 1980 [4,5]. Therefore, with the present level of usage, fossil energy resources created over several hundred million years will be finished within just some generations. This will certainly be problematic for all countries in the future. Along with the rise in energy demand, dependence on fossil fuels also leads to high carbon emissions resulting in climate change problems. Additionally, such emissions significantly degrade the air quality all over the world [6]. Such health and climate impacts are unacceptable. Drastic natural catastrophes such as floods, droughts, heat waves, hurricanes, even earthquakes and tsunamis have occurred in the past decades as the consequence of climate change [5].

Moreover, the abundance of oil has led to negligence in the research on alternative energy topics during the 20 th century. Therefore, renewable energy sources and the development of new technologies, such as fuel cells, are crucial for enhancing the quality of life for individuals and societies [7].

A fuel cell is an electrochemical device that directly converts fuel (chemical) energy into electrical energy in a highly clean and efficient way. Fuel cells can be used for cogeneration of heat and electricity for household or industrial applications [8] or even in portable applications [9]. Cars powered by fuel cells already exist and show satisfactory performance [10]. Therefore fuel cells possess great potential to influence significantly the global energy economy based on fossil energy to a cleaner and more sustainable one. Among the different type of fuel cells, solid oxide fuel cells (SOFCs) [11] are promising devices since they present the most efficient and cost-effective utilization of a wide multiplicity of fuels such as hydrocarbons, coal gas and gasified biomass [12]. SOFC devices exist as prototypes because there are still issues related to the storage and distribution of hydrogen [13], the high costs and the technological immaturity of the high temperature technology [14]. However predictions show that fuel cells could dominate the transportation market, but only after the years 2030-2040 [15].

Motivations and objectives of this work

The operating temperature of SOFCs is very high (~1000 º C). As a consequence there are many issues such as high operation costs, durability etc. which could be resolved by lowering the operation temperature. Hence, working at intermediate temperatures (IT), i.e. at 700 º C or below, would greatly decrease operation and fabrication expenses associated with interconnect materials, while improving the overall lifetime of solid oxide fuel cells, labeled and referred as IT-SOFCs for this intermediate temperature range [16]. However, lowering the operating temperature down to 500-700 º C leads to many challenges. One of them is to develop cathode materials with sufficiently high electrocatalytic activity for oxygen reduction. Intensive research has thus been carried out to explore alternative electrodes and in particular new cathode materials are sought in order to achieve superior and stable electrochemical performance [17]. In this context, the first member of the layered Ruddelsden-Popper (Lnn+1NinO3n+1) series, Ln2NiO4+ (Ln = La, and Pr) with hyperstoichiometric oxygen, as well as higher-order RP phases (n >1), have recently attracted significant attention as promising alternatives to conventional oxygen deficient perovskites for use as promising IT-SOFCs cathode materials [18][19][20][21]. Earlier studies demonstrated that Pr2NiO4+ materials show very good electrochemical properties in comparison to La2NiO4+ [18]. In addition, the long-term stability of Pr2NiO4+ was evaluated by Vibhu et al. [18], who found that Pr2NiO4+ is not chemically stable even at 600 º C for 30 days. On the other hand La2NiO4+ is very much stable even at 700 º C for 30 days but displays poor electrochemical performance. Thus, neither of them is ideally suited for practical utilization of IT-SOFCs but their combination could be. Moreover, the higher order RP phases, La3Ni2O7+ (n=2) and La4Ni3O10- (n=3), could be of interest for their use as SOFC cathodes because of their superior electrical conductivity, and good chemical stability at intermediate temperatures (500-700 º C) [21]. Moreover, for a given composition the electrochemical properties strongly depend upon the microstructure of the cathode. In this context, electrostatic spray deposition (ESD) technique (annex A) seems to be one of the most promising fabrication techniques since various microstructures can be obtained by varying some key process parameters, as mentioned in Marinha's PhD thesis, dedicated to the preparation, microstructural and electrochemical characterization of La0.6Sr0.4Co0.2Fe0.8O3- (LSCF) cathodes on gadolinadoped ceria (CGO) [22].

The major goal of this PhD work is to elaborate new oxygen electrode materials for IT-SOFC applications based on new materials, such as La2-xPrxNiO4+, Lan+1NinO3n+1 (n=2 and 3), CGO + Ln2NiO4+(Ln = La and Pr) and CGO + Lan+1NinO3n+1 (n=2 and 3) composite films, with a special emphasis on the optimization of the microstructure, architecture and composition of the oxygen electrode to improve electrochemical electrode properties. All the cathode materials were deposited on CGO substrates, either by ESD, by screen printing or by both techniques, in order to optimize the microstructure and architecture. The particular objectives are:  to coat original porous "coral" La2NiO4+ films on CGO substrates using the electrostatic spray deposition (ESD) process; to optimize the corresponding microstructure and the architectural design by varying the ESD process parameters in order to improve the percolation of La2NiO4+ grains and their interface with the CGO electrolyte and study their electrochemical properties for IT-SOFC cathode applications;

 to study the influence of the Pr content on the microstructure, electrochemical properties and chemical stability of La2-xPrxNiO4+; evaluate the electrochemical properties of architecturally designed La2-xPrxNiO4+ cathodes by using the ESD combined with screen-printing (SP) deposition technique; study their chemical stability and compatibility with CGO substrate under OCV and polarization; to prepare and to characterize complete cells based on the composition showing the best compromise between chemical stability and electrochemical properties;

 to study the effect of the ESD process parameters on the microstructure of La4Ni3O10- and evaluate the electrochemical response as a function of microstructure;

 to increase the number of electrochemical reaction sites close to the electrolyte improving the contact between the Ln2NiO4+ (Ln = La, Pr) cathode and CGO the electrolyte, using Ln2NiO4+ /CGO composite layers located on top of the electrolyte and evaluate the functional role of the CGO + Ln2NiO4+ (Ln = La, Pr) composite on the electrochemical performance;

 to synthesize powder corresponding to the higher members (n=2 and 3) of the Ruddelsden Popper series Lan+1NinO3n+1±δ; investigate their electrochemical properties and their composites formed with CGO under the SOFC operation conditions.

Outline of the thesis

This thesis work presents the deposition, characterization, microstructure optimization, architectural design and electrochemical properties of layered RP-type materials, particularly La2-xPrxNiO4+, La3Ni2O7+, La4Ni3O10- and the composites that these oxides form with a CGO electrolyteElectrostatic spray deposition and screen-printing techniques have been used to prepare the cathodes. The organization of the manuscript is as follows:

Chapter 1 presents a literature survey on SOFC with a focus on nickelate-based cathodes.

Chapter 2 describes the synthesis and characterization of La2NiO4+films. The effect of the ESD process parameters has been presented in detail. Finally, the electrochemical properties of architecturally designed cathodes have been described. Chapter 3 presents the architecturally designed La2-xPrxNiO4+ films with the final objective to find the best compromise between the electrochemical properties and the chemical stability. La2-xPrxNiO4+ films have been prepared by ESD using the parameters optimized in chapter 2, and have been further characterized by XRD, SEM. In addition, the electrochemical properties of architecturally designed cathodes have been studied by impedance spectroscopy. The preparation and characterization of the full cell based on the composition showing the best compromise are also presented in the chapter 3.

Chapter 4 is focused on the effect of the ESD parameters on the microstructure of the La4Ni3O10-δ films. The microstructure strongly depends upon the ESD parameters. The electrochemical properties of La4Ni3O10-δ films with different microstructures have also been described. They are microstructurally dependent.

Chapter 5 describes the preparation and the structural, microstructural and electrochemical characterizations of various composite compositions with the aim to improve the electrochemical properties of LnNiO4+ (Ln = La, Pr) and Lan+1NinO3n+1 (n=2 and 3) based cathodes. The first part of this chapter is devoted to LaNiO4+and Pr2NiO4+electrodes on CGO with the fabrication of a composite interface in between the electrode and CGO electrolyte in order to improve the chemical contact between LnNiO4+ and CGO. The second part of chapter 5 also details the synthesis and characterizations of LaNi2O7+and LaNi3O10-materialswhose powders have been prepared by auto-combustion. The oxygen non-stoichiometry and thermal expansion coefficients have been calculated by TGA and dilatometry, respectively. The electrochemical properties of LaNi2O7+and LaNi3O10-based cathodes prepared by screen-printing have been evaluated in a separate section. In order to further improve the electrochemical properties, CGO + LaNi2O7+and CGO + LaNi3O10- composite cathodes have been prepared by screen-printing and characterized by XRD, SEM and impedance spectroscopy measurements. Some conclusions are given in the last part and some perspectives are proposed to reinforce the current results.

Chapter 1 Literature survey

A fuel cell is a device that directly converts the chemical energy of a fuel into electrical energy. A great advantage of this system is a higher conversion efficiency compared to conventional thermo-mechanical methods. The elementary fuel cell is composed of an electrolyte, a cathode and an anode. Gaseous fuels are fed continuously to the anode and an oxidant gas is fed continuously to the cathode. There are several types of fuel cells as shown in Fig. 1, generally classified by the chemical characteristics of the electrolyte which is a pure ionic conductor.

Fig. 1 Different types of fuel cells with their working temperature range [1].

Solid Oxide Fuel Cell (SOFC)

Solid oxide fuel cell (SOFC) is a device which operates at high temperature (~1000 o C). Unlike low temperature fuel cells, it can run without previous reforming with various fuels such as natural gas, bio-gas, and methanol [2]. SOFCs are composed of solid-state oxide materials. Different configurations are possible such as planar button cells, flat-plate cells, tubular cells or rolled tubes. Fig. 2 shows a schematic diagram of a planar cell, which is the most usual configuration. At the cathode side exposed to air, electrons dissociate and reduce adsorbed gaseous oxygen, thus forming oxygen anions. These anions diffuse through the electrolyte and oxidize the fuel at the anode side, forming steam or carbon dioxide and electrons. Electrons then flew in an external circuit towards the cathode. They can be used for running electric devices. Chemical reactions involved in a SOFC are summarized as following:

At the cathode, the formation of oxygen anion by reduction of the oxygen gas:

1 2 ⁄ O2+ 2e -→ O 2- (1.1)
At the anode, the oxidation of the fuel:

H2+ O 2-→ H2O + 2e - (1.
2)

The complete cell reactions are:

1 2 ⁄ O2 + H2 → H2O (1.
3)

The Gibbs free energy change ΔG per mole of reactions (1.3) can be directly transformed into electric energy by the SOFC.

ΔG = -zF⋅E (1.4)
where F (96485 C) is the Faraday constant, E the cell voltage and z the number of charges involved in the reaction (z =2).

The electromotive force Er, or the reversible voltage, is described by Nernst equation:

E r = E 0 + RT 2F ln ( p H 2 p O 2 1 2 ⁄ p H 2 O ) (1.5) 
where: E 0 : Standard potential, V, R: gas constant, 8.31, J mol -1 K -1 , T: temperature, K, p H 2 , p H 2 O , p O 2 : respective partial pressures of hydrogen, water and oxygen gases, bar. The real energy, E, is lower than Er. The difference is due to ohmic voltage losses in the cell components and their interfaces, and to electrodes polarization. The total polarization consists of cathode (ηc), anode (ηa) and electrolyte (IR) over-potentials. The final E of the cell is described as the following:

E = Er -IR -ηc -ηa (1.6)
Although SOFCs have demonstrated excellent efficiency, fuel flexibility and clean emission, yet they are not widely used for power generation because of the problems of longterm stability and high production cost [4]. Both problems are related to the high operation temperatures (approximately 800-1000 o C) of SOFC systems. Moreover the high temperatures also limit the choice of materials: degradation phenomena due to chemical reactions and cationic inter-diffusion, which restrict the lifetime of a SOFC. To overcome these issues, current research is focused on lowering the operating temperature to the intermediatetemperature range (500-700 o C) while retaining a high efficiency and solving the significantly restrictions for the applications of intermediate temperature SOFCs (IT-SOFC) such as material cost, long-term stability and longevity [1,5,6].

Fig. 2 Schematic diagram of transport and reaction mechanisms in a solid oxide fuel cell [3].

To optimize the performance of the cells, seeking suitable anode, electrolyte and cathode materials is therefore a critical task for the development of IT SOFCs. The requirements of each component and their current development will be briefly described as follows.

Electrolyte

There are several requirements for an ideal electrolyte to be used in IT-SOFC such as high oxygen ionic conductivity (typically above 1×10 -2 S cm -1 at the operating temperature) combined with very low electronic conductivity (electronic insulating materials are required), fully-dense microstructure, good thermal and chemical stability towards both electrode materials along with a good thermal expansion coefficient (TEC) [7]. Different possible electrolyte materials are summarized in Fig. 3 [8]. Among the various electrolytes, yttria stabilized zirconia (8YSZ), 8 mol. % Y2O3 doped ZrO2, is the most widely used electrolyte in SOFCs [9][10][11]. 8YSZ has sufficient mechanical properties and excellent chemical stability over a wide range of temperatures and oxygen partial pressures (10 -22 < P O 2 (atm) < 0.2).

Other dopants such as CaO, MgO, Sc2O3 and Yb2O3 have been also used to stabilize the cubic structure of ZrO2 [11][12].

Fig. 3 Conductivity versus temperature of chosen solid electrolytes used in SOFC [8].

The doping reaction is shown in the equation below using Kröger-Vink notation where the trivalent Y 3+ cation substitutes the Zr 4+ ion, resulting in oxygen vacancies (eq.1.7), which amount depends on the nature of dopants and on the substitution level [11][12].

(1.7)

Badwal et al. [13] have shown that the ionic conductivity of YSZ is increased when the mol. % of Y2O3 is increased. The maximum ionic conductivity of 0.1 S cm -1 at 1000 °C and 0.03 S cm -1 at 800 °C is achieved for a dopant value of 8 -10 % mol. % Y2O3 [14] after which the ionic conductivity severely drops. A too high dopant concentration leads to a phenomenon of association in between punctual defects, reducing their mobility and consequently diminishing the ionic conductivity [15]. As can be seen in Fig. 4, the nature of the dopant must also be considered. Indeed it has been shown that when the dopant ionic radius has a close size mismatch to the ionic radius of the host, a larger ionic conductivity has been observed [16]. On the other hand, a larger mismatch leads to stresses lattice which can destabilize the crystalline structure leading to a phase transition. For a doping rate of about 3 mol% Y2O3 in ZrO2 (3TZP, Tetragonal Zirconia Polycrystalline), the thermomechanical properties are improved [17] with respect to 8YSZ, but the ionic conductivity is lower.

Nevertheless, 8YSZ has the disadvantage of chemically reacting at high temperature with several cathode materials such as La1-xSrxFeO3-δ (LSF), La1-xSrxCr1-yMnyO3-δ (LSCM), Ba1- As the consequence of such reactivity, the formation of insulating phases such as SrZrO3 (perovskite) and La2Zr2O7 (pyrochlore type) has been often reported at the electrode/electrolyte interface [18][19][20][21][22]. This leads to a substantial degradation in performance during operation because of larger reactivity over time at the operating temperature [23][24][25][26].

Fig. 4 Variations in ionic conductivity at 1000°C of (ZrO2)1-x(Me2O3)x (Me = metal) with different Me content [14].

The next promising material for electrolyte application is doped-ceria. Ceria crystallizes into a fluorite structure type. cations are substituted by trivalent cations (eq. 1.7). As a result, oxygen vacancies are formed which enlarge the O 2-concentration. Sm doped ceria shows the highest ionic conductivity (Fig. 5). However, substitution with gadolinium is the most preferred one because of the high cost and low availability of Sm. Moreover, a substituting level of 10 mol. % (CGO10: Ce0.9Gd0.1O1.95) shows a larger ionic conduction than 20 mol. % doping (CGO20: Ce0.8Gd0.2O1.9) [27,28]. However, both CGO10 and CGO20 are considered for the application. The advantage of CGO10 is a higher oxygen ion conductivity compared to 8YSZ

(2 x 10 -2 S.cm -1 for CGO and 8 x 10 -3 S.cm -1 for 8YSZ at 650 °C) [27,30,31]. In this case the substituted ceria can replace YSZ as electrolyte for IT-SOFC. Unlike YSZ, CGO is more chemically stable with the typical electrode materials, LSM, LSC, LSF, LSCF, LNF [32][33][34][35][36],

except some possible strontium and lanthanum diffusion as reported by Izuki et al. [37].
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Nevertheless, the major drawback of CGO electrolyte in SOFC is that it must not be used at temperatures above 600 °C due to the reduction of Ce 4+ ions to Ce 3+ observed under fuel rich conditions (reducing atmosphere) at higher temperature [28,[38][39][40]. This mixed valence Ce 4+ /Ce 3+ creates electronic mobility and hence n-type electronic conductivity, leading to short circuit in SOFC cell. There are some other candidates for electrolytes such as Mg doped-lanthanum strontium gallate, La0.9Sr0.1Ga0.8Mg0.2O3-δ (LSGM), as shown in Fig. 3 [41,42]. LSGM presents higher oxygen-ion conductivity in comparison to YSZ and can efficiently work at lower temperatures (650 -800 °C). These materials have however not been yet largely developed. A comprehensive review, published by Goodenough [43] with regard to oxygen ion electrolytes is recommended, and for the most recent development of electrolyte materials for IT-SOFCs the reader can refer to references [44,45].

Fig. 5 Evolution of the ionic conductivity of ceria (20 mol. %) at 800 °C for different trivalent dopants [29].

Anode

Anode should conduct ions and electrons and must be permeable to gas. Ni/YSZ cermet (ceramic-metal composite) is the most common anode in SOFCs [46], showing no chemical reaction with typical electrolyte materials, i.e. YSZ and CGO. About 30 vol. % Ni is required to create effective electronic paths inside the cermet material. Oxidation of hydrogen molecules at anode begins with chemisorption and dissociation processes at the electrode surface [47], therefore the catalytic activity of the anode is very important. Ni/YSZ cermet not only possesses excellent catalytic properties for fuel oxidation but also highly porous structures to facilitate the mass transport of reactant and product gas, and appropriate thermal expansion coefficient (TEC) with the common electrolytes. However, Ni/YSZ-based anode has some drawbacks; for example, sulphur poisoning and carbon deposition are observed when using natural gas as fuel due to the cracking of methane. Nickel metal is not only chosen because of its cost effectiveness but also because it can be easily produced by cosintering NiO and YSZ, followed by in-situ reduction of the nickel oxide. Other metals that may be used are copper, cobalt and noble metals. Copper could also be considered as a replacement for nickel [48,49], but has a higher propensity for carbon deposition and sulphur poisoning at lower temperature. Other materials are currently being investigated as potential replacements for the Ni/YSZ combination. Developments regarding anode materials have been extensively addressed in details in a review article [46].

Cathode

SOFC cathodes must fulfill several criteria [5,50] such as i) high catalytic activity for reduction of molecular oxygen to be dissociated into charged atoms (O 2-), which will be incorporated into electrolyte, ii) high electronic conductivity for transferring electrons from the current collector to the reaction area (in general > 100 S cm -1 at the operating temperature) [51,52], iii) sufficient ionic conductivity (even if it will be at least four orders of magnitude lower that the electronic one) iv) chemical compatibility with electrolyte and interconnect materials, v) good thermal and chemical stability in air, vi) sufficient durability when operating at high temperature and temperature cycling [53].

Cathode materials can be classified in three different types: pure electronic conductor, composite cathode mixing a pure electronic phase and a pure ionic one (such as CGO or YSZ), and single phase mixed ionic and electronic conductor (so-called MIEC).

With a pure electronic conductor as cathode, the oxygen reduction reaction (ORR) occurs at the cathode/electrolyte/gas phase boundary, known as TPB (Triple Phase Boundary), as shown in Fig. 6(a). For such type of cathode, the microstructure plays an important role in improving the performance because an optimized microstructure will maximize the TPB sites number and shape; i.e. will extend the active regions for ORR. In particular, the porosity has to be sufficient through the cathode to bring oxygen molecules in contact with the electrolyte. (La, Sr)MnO3 (LSM), which is a well-known pure electronic conducting cathode, has been widely used as a cathode in various SOFC designs [51] because it shows good stability under oxidizing atmospheres, high (p-type) electronic conductivity and close TEC with conventional YSZ-based electrolytes. LSM was during long time the classical SOFCs cathode material, in case of high operating temperature (900-1000 °C) since ionic conductivity of the cathode material is not mandatory at such high temperature. As the consequence of high operating temperature, this material reacts with the conventional YSZ electrolyte leading to the formation of La2Zr2O7 insulating phase [35].

Second type of cathode is a composite, mixing a pure electronic phase (LSM) and an ionic phase (YSZ). In this case, there are more possible reaction routes than in purely metallic electrodes [54] because the reduction of oxygen occurs not only at TPB but also at the boundary between the two phases provided porosity is sufficient, as shown in Fig. 6(b).

Third type of cathode uses MIEC-type oxides. Contrarily to pure electronic electrodes, such cathodes permit the extension (delocalization) of the ORR area over part of the surface of the cathode materials, as shown in Fig. 6(c). It means that ORR can occur all over the grains, if they are in contact with air. As a consequence, a significant improvement of the cell performance is expected at a lower operating temperature. A wide range of perovskite-based cathodes have been extensively investigated in the past [6,9,44,45,52,[55][56][57] and have been found to be appropriate for cathode operation.

Nevertheless, each of them has several drawbacks. For instance, La1-xSrxCoO3- (LSC) material possesses superior transport and good catalytic properties with respect to the oxygen reduction reaction [58][59][60] and is considered as a reference material. However, it has a high TEC which makes it difficult to be used in combination with conventional electrolytes such as YSZ and CGO. In order to address the drawback of LSC, partial substitution of iron for cobalt produces La1-xSrxCo1-yFeyO3-δ (LSCF), which exhibits good ionic and acceptable electronic conductivity, catalytic activity, and even lower TEC [55,56,[61][62][63][64]. Another disadvantage of these materials is that they easily form insulating phases such as La2Zr2O7 and SrCoO3 at the interface with YSZ electrolyte, which further degrade the performance of the cell.

In addition to perovskite-type cathode materials, there are a number of promising cathode materials such as layered double perovskite (e.g. GdBaCoO5+δ and PrBaCoO5+δ) and perovskite-related Ruddlesden-Popper (RP) phases (e.g. Ln2NiO4+, Ln = La, Pr and Nd and Lan+1NinO3n+1, n = 2 and 3). All these oxide materials have exhibited promising performance as MIECs [9,44,45,65,66]. For all three types of cathodes, the effect of the microstructure and of the composition of the cathode is very important in order to improve the efficiency of the SOFC. A detailed review on current development and properties related to nickelate based RP-phase materials associated with this work is given in the following section.

Lnn+1NinO3n+1 -type materials: state of the art

Nickelates belonging to the Ruddlesden-Popper (RP) series have recently attracted much attention as promising cathode materials for the next generation of IT-SOFCs [67][68][69].

RP phases adopt general formula An+1MnO3n+1 (typically n = 1, 2 and 3, A = rare earth, M = metal) [70]. The layered crystal structure of the RP phases, (AO)(AMO3)n, is illustrated in Cu), respectively. Such layered MIECs display diverse defect chemistry, allowing nonstoichiometric defect structures (oxygen hypo-and hyper-stoichiometry, which can also be defined as oxygen deficiency and excess, respectively) due to their oxygen content through tailoring A-and M-site. This feature makes these oxides very attractive for the fine-tuning of their electrical and electrochemical properties [68,69,[71][72][73][74][75][76][77][78][79][80][81]. For the case of oxygen hyperstoichiometry, particularly, the excess oxygen occupies interstitial sites within the AO rocksalt layers. In earlier studies, the Ln2NiO4+δ (Ln = La, Pr and Nd) materials have been extensively studied for their application as a SOFC cathode [45,[82][83][84][85]. They have been widely

synthesized by various techniques such as conventional ceramic processes (solid state and solgel methods) [65,68,69,[86][87][88], pulsed laser deposition (PLD) [89][90][91], metallorganic chemical vapor deposition [72,92,93]. As mentioned above, the crystal structure of Ln2NiO4+δ is consisted of a LnNiO3 perovskite block intergrown with LnO rock-salt blocks, as shown in Fig. 7 and Fig. 8 (for La2NiO4+δ). In general, two different crystallographic structures: tetragonal and orthorhombic (including different space groups in the latter case), have been reported in literature. Phase transitions between the two structures were evidenced in a whole range of temperature for La2NiO4+δ [94,95]. A low temperature transition occurs at ~80 K from a low temperature tetragonal (LTT) phase (P42/ncm space group) to a low temperature orthorhombic (LTO) one (Bmab or Fmmm space group) [96][97][98]. With increasing temperature up to ~ 423 K, the LTO phase transforms to a high temperature tetragonal (HTT) one (I4/mmm space group) [95]. Similar phase transition has been also reported for Pr2NiO4+δ

and Nd2NiO4+δ [99][100][101]. These transition temperatures are highly dependent on the oxygen stoichiometry of the material [94,95]. It has been well established that Ln2NiO4+δ (Ln = La, Pr and Nd) materials with K2NiF4 structure exhibit a large range of oxygen overstoichiometry [100,[102][103][104], and the additional oxygens are mainly responsible of the high ionic conductivity [66,85]. This is also dependent upon the size of rare-earth ion as well as the synthesis method for a given composition [105,106]. In general, oxygen nonstoichiometry "δ" is determined by iodometric titration and / or thermo-gravimetric analysis under an atmosphere partially or completely reductive. Table 1 shows the "δ" for Ln2NiO4+δ compounds, prepared by different methods.

Table 1. Non-stoichiometry "δ" in Ln2MO4+ compounds

Oxygen diffusion and ionic conductivity

The rate of oxygen reduction decreases with decreasing the SOFC operating temperature. The ion conduction (and the O 2-ions transfer at the interface cathode electrolyte) must be improved in order to optimize the performance. The oxygen diffusion (D*) and surface exchange (k*) coefficients of these nickelates are among the highest values available in the literature, especially at intermediate temperatures (about one order of magnitude larger than that of conventional perovskites in an intermediate temperature range, 600 < T (°C) < 800). Table 2 shows oxygen diffusion (D*) and surface exchange coefficients (k*) at 700 °C obtained by different researchers. The diffusion coefficients (D*) of the materials A2NiO4+δ are higher than those of perovskites.

The ionic conductivity of these materials is directly related to the D* value, hence the ionic conductivity is the highest for Pr2NiO4+δ [107]. The favoured mechanism is probably of intersticialcy type, involving both apical and interstitial oxygens [112,113], as shown in Fig.

8.

Compared to the perovskite materials, these materials exhibit strong anisotropic ionic transport properties [81,111,114]. The corresponding k* values at 700 °C are 1.6×10 -7 , 1×10 -6 and 3×10 -7 cm.s -1 for La2NiO4+δ, Pr2NiO4+δ and Nd2NiO4+δ respectively [85]. The surface exchange coefficient "k*" of La2NiO4+, is improved when the nickel is substituted with cobalt. Recently, Vibhu et al.

have studied the thermal variation of the oxygen diffusion coefficients, D*, and surface exchange coefficients, k*, in La2-xPrxNiO4+δ (x = 0.0, 0.5, 1.0, 1.5 and 2.0) as shown in Fig. 9 [65]. The value of D* increases with increasing Pr content. The D* values of mixed phases (x = 0.5, 1.0 and 1.5) are in the range of those reported for Pr2NiO4+δ (2.5 × 10 -8 cm 2 s -1 ) and La2NiO4+δ (1.5 × 10 -8 cm 2 s -1 ) at 600 °C [85]. As a comparison, the D* values for LSCF are much smaller than the ones of the nickelates (Fig. 9a) [85]. Regarding the k* values (Fig. 9b), except at 500 °C, they are slightly higher at high temperature than those reported for La2NiO4+δ and Pr2NiO4+δ [85]. LSCF are from reference [85]. The error bars represent the deviation from the average value of the coefficients determined using three different measurements.

Electronic Conductivity

The total electrical conductivity of oxides, measured in air, comprises an electronic contribution and a very much lower ionic contribution. The electrical conductivity of Ln2NiO4+δ is characterized by a semiconductor-type electronic conductivity, which occurs via hopping of p-type charge carriers between mixed-valence nickel cations [122][123][124][125]. A maximum in conductivity is observed between 600 and 700 K, above which a smooth apparent change from semiconducting to a metallic-like behavior is observed [123,126,127].

Bassat et al. [123] presented convincing evidence for various La deficient La2-xNiO4±δ phases that the increase in resistivity with increasing temperature, previously attributed to a metalinsulator transition at T > 600 K, is actually due to oxygen loss and the associated decrease in the number of charge carriers (Ni 3+ ). The maximum reported conductivity values for polycrystalline bulk ceramics, films (maximum ≈ 80 S/cm) [68,105,[122][123][124][125][126][127][128], and on single crystal samples along the a-b plane (maximum ≈ 200 S/cm) [124,129] are acceptable for using such materials as SOFC cathodes. it is evidenced that the conductivity of the compounds in the Nd2-xNiO4+δ series (x = 0, 0.05, 0.10) at 700 º C varies within a relatively wide range on the order of 35 to 100 S cm -1 .

Fig. 10

Electrical conductivity as a function of temperature for Ln2MO4+δ [85].

Moreover, the variation of the total electrical conductivity vs. 1000/T under air for La2-xPrxNiO4+ δ compounds was recently reported by Vibhu et al. (Fig. 11) [65].

Fig. 11 Thermal variation of the electrical conductivity measured under air for La2-xPrxNiO4+ δ [65].

The mixed nickelates also present a semi-conducting behavior for T < 600 °C, with a maximum of conductivity observed in the 400-600 °C range. A small addition of Pr in La2NiO4+ δ (x = 0.5) leads to a moderate increase of the conductivity (from 50 to 70 S cm -1 at increases more largely reaching a value close to 110 S cm -1 at 600 °C for the three compositions (inset in Fig. 11).

Current development on Ln2NiO4+δ (Ln = La and Pr) for SOFC application

Therefore, on basis of these above specific features (ionic and electronic transport),

Ln2NiO4+δ has gained a large interest as cathode material for SOFC during the last few years.

Fig. 12 shows the Arrhenius plots of Rpol for Ln2NiO4+δ (Ln = La, Pr and Nd) based electrodes included in a symmetrical cell (Ln2NiO4+δ / YSZ / Ln2NiO4+δ) [130]. The Rpol values are measured by electrochemical impedance spectroscopy and defined as:

Rpol = Relectrode x S/2 (1.8)
where Relectrode is measured from the difference between the value of the low frequency and high intercept of the electrode characteristic on the real axis and S is the electrode surface area. 13 [65]. The electrochemical performance is notably improved irrespective of the temperature of measurement when La is substituted by Pr. For instance, an Rpol value of 0.93 Ω cm 2 is achieved at 600 °C for La2NiO4+ δ while after substitution of La by Pr, the Rpol values decrease down to 0.37, 0.29, 0.23 and 0.15 Ω cm 2 for La1.5Pr0.5NiO4+ δ, LaPrNiO4+ δ, La0.5Pr1.5NiO4+ δ and Pr2NiO4+ δ, respectively (Fig. 13).

Fig. 13 Composition dependence of the polarization resistance, Rp, for La2-xPrxNiO4+δ phases in the 550 °C to 800 °C temperature range [65].

Recently, the preparation of composite SOFC cathodes via the infiltration of a MIEC oxide in an ionic conductor backbone leads to increase the electrochemical performance significantly [132,133]. C. Nicollet et al. have prepared composite cathodes of La2NiO4+δ infiltrated into a Gd-doped ceria backbone itself deposited on CGO electrolyte, followed by adding a screen-printed layer of LaNi06Fe0.4O3- current collecting. They have reported polarization resistance values down to 0.15 Ω cm 2 at 600 °C [132]. They have also prepared Pr2NiO4+δ infiltrated into a Gd-doped ceria backbone deposited on 90 m thick YSZ electrolyte followed by the screen-printing of LaNi06Fe0.4O3- current collecting layer. The polarization resistance falls down to 0.075 Ω cm 2 at 600 °C [133].

Chemical compatibility and stability

Cathode materials must show both good chemical stability and compatibility with the electrolyte (YSZ, CGO, LSGM) to be used as IT-SOFC air electrode. First, the thermal expansion coefficients (TEC) of the cathode materials must be close to that of electrolyte, to ensure thermomechanical compatibility at the electrode / electrolyte interface at the required temperature during the SOFC operation. The TECs of K2NiF4-type materials are close to the ones of the most commonly used electrolytes, as given in Tables 3 and4, respectively. As a second requirement the cathode materials must not react with the electrolyte over the desired operating period of time and temperature range. Presence of secondary phases may lower the performance of the cell by affecting the conduction in particular at the cathode / electrolyte interface. Several authors have studied the compatibility of Ln2NiO4+δ (Ln = La, Pr and Nd) compounds with electrolytes such as with 8YSZ and CGO. For instance, a mixture of La2NiO4+δ and YSZ powder in the weight ratio 1/1, gives secondary phases like pyrochlore, La2Zr2O7 and perovskite, LaNiO3, after the heat treatment of 5 days at 800 ºC. The same mixture treated at lower temperature ( 700 ºC) for the same duration has not shown the formation of any secondary phases [107]. Chemical stability of Ln2NiO4+δ in air and under different partial pressures of oxygen was studied at several temperatures [135].

Decomposition of La2NiO4+δ in La2O3 and Ni at high temperature (T > 900 ºC) in a reducing atmosphere or under very low oxygen partial pressures has been reported in literature [136][137][138]. La2NiO4+δ remains stable under the operating conditions of the cathode, T ≤ 700 °C and p O 2 ≥ 0.2 atm. Recently, Vibhu et al. have studied the stability of La2-xPrxNiO4+δ (x = 0, 0.5, 1 and 2) [139]. They have reported the high thermal stability of La-rich phases (x = 0 and x = 0.5). No additional XRD peaks were observed. On the contrary, from x = 1 to x = 2, the XRD patterns of the aged La2-xPrxNiO4+δ samples show the appearance of new peaks attributed to the (La, Pr)NiO3-δ, (La, Pr)4Ni3O10+δ and Pr6O11 phases, of which amount depends on both the Pr content as well as the ageing temperature. At 600 °C, a complete decomposition of pure Pr2NiO4+δ into PrNiO3-δ and Pr6O11 was observed. Whereas at 700 °C and 800 °C, the higher order Ruddlesden-Popper Pr4Ni3O10+δ phase was also observed.

Higher order RP phases Lan+1NinO3n+1(n =2 and 3)

Higher order RP phases, La3Ni2O7+ (n = 2) and La4Ni3O10-δ (n = 3), have also attracted some attention for their possible use as SOFC cathode because of their superior electrical conductivity and good long-term stability in intermediate temperature range. For example, La3Ni2O7+δ and La4Ni3O10-δ have shown long-term thermal stability at 850 °C for 2 weeks in air contrary to La2NiO4+δ [69]. However, higher order RP phases, in particular, La3Ni2O7+ and La4Ni3O10-δ, are difficult to synthesize as pure phases because of the requirement of prolonged heating and reheating procedures at quite low temperatures [69,76]. Such compounds can easily loose or gain oxygen [71,72,76] as well as form mixed intergrowths between the different terms [72,[140][141][142]. As consequence, this leads to difficulty in synthesize them with high purity. Hence, they are very sensitive to temperature and oxygen partial pressure as already reported by Zinkevich's and Bannikov's groups [133,134,143]. However, various techniques have been used to synthesize the higher order RP phases such as: single-step heat treatment of nano-sized metal hydroxide co-crystallites [144], spray pyrolysis [145] and pulsed injection metal-organic chemical vapour deposition (PI-MOCVD) [146]. Obtaining dense bulk samples higher order RP phases is also challenging.

Normally, for a standard ceramic preparation, the as-prepared La3Ni2O7+δ and La4Ni3O10-δ samples exhibit the oxygen content of 6.93-6.95 and 9.78-9.83, respectively [69,136]. The structures of both materials, La3Ni2O7+δ and La4Ni3O10-δ, generally are considered in tetragonal or orthorhombic symmetries [72,76]. The structure of La3Ni2O7+δ was found to vary with a wide range of oxygen stoichiometry (δ = 0, -0.08, -0.16 and -0.65) from orthorhombic (Fmmm) to tetragonal structure (I4/mmm) [76,143]. For example, La3Ni2O6.92 is reported in the Fmmm space group, but the phase with δ = 0.35 is tetragonal I4/mmm [143].

A wide range of oxygen stoichiometry from 9.78 to 10.12 had been also reported for La4Ni3O10-δ (n =3) by Carvalho et al. [147] for samples prepared under various oxidation and reduction processes. It is noticeable that for the high RP terms, La3Ni2O7+δ (n = 2) and La4Ni3O10-δ (n = 3) are usually considered as predominantly oxygen-deficient compounds (dominant by oxygen vacancies) rather than oxygen-excess ones (by interstitial, compared to La2NiO4+δ (n = 1) [69,82]. The oxidation states of Ni for the oxygen stoichiometric compounds can be represented as La2(Ni 2+ )1O4, La3(Ni 2+ )1(Ni 3+ )1O7, and La4(Ni 2+ )1(Ni 3+ )2O10 [143]. It means that the nickel average oxidation state in La2NiO4+δ is predominantly Ni 2+ , then it increases with increasing n value from Ni 2+ to Ni 3+ . This variation of the average nickel oxidation state can be significantly influenced by oxygen content, and as a consequence, can presumably modify the physical properties.

Current development in higher Order RP phases for SOFC application

In higher order Lan+1NinO3n+1 (n= 2 and 3) RP phases, charge transport occurs via both holes and electrons whereas for n = ∞, only electrons are responsible of the electronic conduction [148]. Electronic transport in Lan+1NinO3n+1 depends to a large extent on the number of perovskite blocks (n) and gradually vary from a semiconducting to a metallic behavior upon increasing n [72,73,141,148].

Electrochemical properties of these materials have been studied by some researchers in symmetrical cells on various different electrolytes. For example, Amow et al. studied the symmetrical cells of these materials deposited on LSGM electrolyte. The polarization resistance (Rp) decreases with increasing n values and La4Ni3O10-δ (δ = 0.22) shows the lowest Rp value (~1 Ω cm 2 ) at 800 °C. However, it is still much higher than the desired value of 0.15 Ω cm 2 expected by Steele and Heinzel [1]. Nevertheless, the electrode performance of the higher order RP-phase Lan+1NinO3n+1 (n = 2 and 3) could be probably improved by further optimizing their microstructure.

More recently, further studies on the electrode performance of the series of RP phase have been performed. For instance, properties of the electrode/electrolyte/electrode cells with La3Ni2O7+δ deposited on a samarium-oxide-doped ceria Ce0.8Sm0.2O2-δ (SDC) + 2% Co as electrolyte has been studied by Pérez-Collet al. [77] in the 700-900 °C temperature range: The corresponding Rp value is lower than that of a La2NiO4+δ electrode. Furthermore, Takahashi et al. [67] [13], 13.8 x 10 -6 K -1 (75 -900 °C) [14] and 70 Scm -1 (700 °C), respectively [6]. In general, the electrochemical properties of the LNO cathode have been characterized through the polarization resistance (Rpol). Various efforts have been made to reduce the Rpol value. For example, Sayers [15] reported a decrease in the Rpol value from 7.4 to 1.0 Ω cm 2 at 700 °C for the cathode which consisted of a compact LNO layer (1-2m thick) on a dense CGO electrolyte, topped by a 12 m thick porous screen-printed LNO layer (particles in the range of 1-2 m). This work proved that the insertion of a thin compact LNO layer enhances the oxygen transfer to the electrolyte. Typically an improved electrode/electrolyte contact and a better connectivity between grains are the result of a higher sintering temperature. But at the same time the surface area of the electrode material decreases. Hildenbrand et al. showed that the insertion of a dense base-layer improves the LNO electrode footprint, lowers the sintering temperature and enlarges the Triple Phase Boundary (TPB) region [16]. A polarization resistance as low as 0.42 Ω cm 2 has been reported at 700 °C by Philippeau for screen-printed LNO electrode on CGO electrolyte obtained from fine LNO powders (0.5 m in diameter) [17]. In addition, Vibhu [18] has recently reported the lowest Rpol (0.3 Ω cm 2 at 700 °C) for this class of materials for a 20m thick screen-printed LNO (starting from powders of 0.6 m average particle size) on YSZ (yttria stabilized zirconia).

In SOFC operation, the ORR is likely to occur in the vicinity of TPB points. The microstructure of the cathode is therefore crucial to enhance the electrode performance by enabling the access of oxygen and improving the electronic and ionic percolation, as well as expanding the number of TPB sites by increasing the total cathode surface area. SOFC electrodes are particularly sensitive to microstructural properties such as porosity, surface area; particle size, percolation path and tortuosity. Various deposition techniques such as radiofrequency magnetron sputtering [19], chemical vapor deposition [20][21][22], microwave plasma coating [23] and electrostatic spray deposition (ESD) [24][25][26] have been used for the deposition of the cathodes. Among these techniques, ESD has several advantages such as a simple set-up, low cost, the use of non-toxic precursors, high deposition efficiency, direct deposition under ambient atmosphere and easy control of surface morphology of the deposited layers. A wide range of microstructures can be obtained by just varying few key process parameters [27].

This paper reports, for the first time, the effects of several ESD deposition parameters on the final microstructure of La2NiO4+δ deposited on gadolinium-doped ceria (CGO)

substrates in order to obtain an optimized cathode with enhanced ORR and charge transfer from the electrode to the electrolyte. The ESD parameters studied include the deposition time, the nozzle-to-substrate distance, the substrate temperature, the flow rate of the precursor solution and the solvents used. The polarization resistance of La2NiO4+δ electrodes with different optimal microstructures prepared on Ce0.9Gd0.1O2-δ (CGO) by ESD and screenprinting (SP) have been investigated in air by electrochemical impedance spectroscopy (EIS) from 450-750 °C on symmetrical cells. In addition, the chemical stability of LNO and its chemical reactivity with CGO have been also studied after heat treatments of 10 days duration in air at 700, 800 and 1100 °C. ESD under ambient atmosphere using a vertical set-up configuration [27,28]. The ESD technique is a method for coating films based on the principle of electrostatic atomization. A positive high voltage is applied to the stainless steel nozzle from which positively charged droplets are then generated and directed to the grounded substrate. It is basically a simple three-step process. The first step consists in the creation of an aerosol from the precursor solution at the needle tip by applying a high dc voltage between the tip and the substrate. The second step is the transportation of the aerosol from the needle to the surface of the substrate in the electric field. The third and last step is the formation of the coating due to the impact of the droplets on the substrate. The last two steps play a major role on the microstructure of the coating since the droplet size has to be well controlled versus the ESD process parameters.

Experimental Section

Films preparation

The ESD process parameters used in this work for all coatings are given in Table 1.

First, in order to evaluate the growth rate, the deposition time was increased from 1.33 to 6.67 h. Next, the influence of the nozzle-to-substrate distance on LNO microstructure was evaluated between 20 and 50 mm. In addition, the substrate temperature was varied between 300 and 450 °C. A syringe pump (KDS scientific) was used to control the flow rate of the precursor solution in the range from 0.5 to 1.5 mL/h. Finally, the effect of solvents (pure EtOH, EtOH: H2O (1:2, 2:1) was also evaluated. During the ESD deposition, the voltage was fixed to approximately 8.5, 10-11 and 14 kV for the solution with EtOH, EtOH: H2O (2:1)

and EtOH: H2O (1:2), respectively. The prepared films were subsequently calcined at 950 °C in air for 6 h. For the electrodes prepared by screen-printing, LNO powder (for the ink preparation) was synthesized by auto-combustion (at 150 °C) using the same precursor solution as for the ESD process (in pure EtOH) and was then sintered at 950 °C for 6h in air.

For the screen-printing, LNO ink was prepared by mixing the LNO powder into a solvent with a commercial dispersant (terpineol) and binder (ethylcellulose). Two CGO/LNO half cells were prepared: one which was consisted of symmetrically screen-printed LNO on both sides of the CGO electrolyte and another one based on symmetrically screen-printed LNO on Chapter 2: An innovative architectural design to enhance the electrochemical performance of La2NiO4+δ cathodes for solid oxide fuel cell applications Page 57

the LNO cathode functional layer (CFL) prepared by ESD. After the screen-printing step, the samples were sintered at 1050 °C for 2 h in air followed by a sintering of 1100 °C for 0.5 h in air. 

Characterization

The crystal structure was determined by X-ray diffraction (XRD, Philips X'Pert-MPD system, Cu K radiation, λ =1.54056 Å) for 2θ in the range from 20° to 60° at a scanning rate of 0.017° per second. The phase identification was carried out using International Centre for Diffraction data (ICDD). The positions of the X-ray diffraction peaks as well as the cell parameters were obtained by refinement using Fullprof software [29]. Scanning electron microscopy (ZEISS Ultra 55) instrument with field emission gun (FEG) and energydispersive X-ray spectroscopy (EDX) analyzer were used for morphology evaluation of the film surfaces and cross-sections, the determination of particle size, and the composition analysis, respectively. The symmetrical cells were analyzed by impedance spectroscopy between 500 and 700 °C in air with PARSTAT 302N, in the frequency range from 0.05 Hz to 100 kHz. Measurements were performed with an ac signal amplitude of 0.02 V at open circuit Chapter 2: An innovative architectural design to enhance the electrochemical performance of La2NiO4+δ cathodes for solid oxide fuel cell applications Page 58 potential (OCP), using Au grids (Heraeus, 1024 meshes.cm -2 , woven from 0.06 mm dia. wire) as current collectors. The data were fitted with equivalent circuits using the ZView ® software (Scribner Associates) to study separately the different electrode contributions involved in the ORR.

Results and discussion

Microstructural control of La2NiO4+ coating by ESD

Crystallization of pure La2NiO4+was obtained after calcination at 950 °C for 6 h in air for all the as-deposited films prepared by ESD, as shown by X-ray diffraction (Fig. 1). EDX quantitative analysis confirms the presence of La, Ni and O elements in the film with a La/Ni ratio of 2.09 ± 0.05, as expected from the starting precursor solution composition (Fig.

S1).

In order to qualitatively optimize the electrode microstructure, including the particle size along with the particle connectivity and the electrolyte-electrode interface contact, with the aim of designing an improved cathode architecture that enhances the electrochemical performance, the influence of the ESD deposition parameters (deposition time, nozzle-tosubstrate distance, substrate temperature, flow rate of the precursor solution and nature of the solvents) have been investigated in detail.

Influence of the deposition time

To assess the evolution of the morphology, LNO films with deposition times of 1.33, 2.17, 4 and 6.67 h were prepared. The substrate temperature, nozzle-to-substrate distance and flow rate were fixed to 300 °C, 30 mm and 1.0 mL.h -1 , respectively (Table 1). Pure ethanol was used as solvent in the precursor solution. The surface morphology of these films after calcination at 950 °C for 6 h in air is shown in Fig. 2a-2d. By increasing the deposition time, a larger area coverage as well as better connected particles are obtained; these results are in good agreement with previous studies on other oxide films [30]. By increasing the deposition time, the sintering rate increases without affecting the initial morphology, as shown in the large magnification micrographs in Fig. S2. The particle diameter, obtained from SEM micrographs (Fig. S2) was of approximately 100 nm in average whatever the deposition time.

Consequently the particle connectivity through the LNO grains in the layer is improved. No crust or hollow particles have been detected when ethanol is used as the solvent. This suggests that the evaporation of ethanol and the precipitation of the solutes proceed homogeneously in each droplet. From the cross-section of the film deposited for 6.67 h (Fig. 2e) a uniform open tree-like 3-D microstructure, referred to as "coral-type", can be observed. The average thickness was measured and its variation with the deposition time is shown in Fig. 2f. As previously reported [31], the observed non-linear growth is caused by a time-dependent morphological evolution of the ESD coatings. The coral microstructure originates from the preferential landing and agglomeration of droplets when impacting the hot substrate. Under the strong electrostatic field, induced charges exist on the surface of the grounded substrate, with a sign opposite to that of the droplets and the nozzle. The droplet charge distribution is generally not uniform but depends on the position relative to the nozzle and, in particular, on the local curvature of the surface. The charge concentrates more at the places where the curvature is greater, making the electric field the strongest there.

Therefore, when a charged droplet approaches the surface, it will be attracted more towards these more curved areas. It is only the case if there is a negative curvature. This is referred to as "preferential landing". It becomes more pronounced at higher temperatures, at larger distances or for longer deposition times because the smaller the particles are, the easier they are diverted. This action usually causes agglomeration of the particles and then the formation of a coral like microstructure, resulting in a drastic increase of the thickness as soon as enough [27, 28], Neagu et al. [30], Lintanf et al. [31].

Influence of the nozzle-to-substrate distance

To study the influence of the nozzle-to-substrate distance on the morphology of the layer, LNO films were deposited at distances of 20, 30 and 50 mm. The solution flow rate, substrate temperature and deposition time remained constant at 1.0 mL.h -1 , 300 °C and 1.33 h, respectively (Table 1) using pure ethanol (EtOH) as solvent. The resulting micrographs are shown in Fig. 3a-3c. nozzle to substrate distance 30 mm and deposition time 1 h; -and at a flow rate of (g) 0.5 mL.h -1 (h) 1.0 mL.h -1 and (i) 1.5 mL.h -1 , and at fixed substrate temperature T = 300 °C, nozzle to substrate distance 30 mm and deposition time 2 h.

Q = 0.5mL.h -1 Q = 1.0mL.h -1 Q = 1.5mL.h -1 T = 450°C T = 400°C T = 300°C d = 50mm d = 30mm d = 20mm
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The deposited films are composed by a network of interconnected round-shaped particles that have successively agglomerated on the substrate, creating a porous layer with an homogeneous microstructure over large areas. By increasing the nozzle-to-substrate distance, drier and smaller droplets reach the substrate due to the increase in the droplet flight time from nozzle-to-substrate. As a consequence a larger solvent evaporation is taking place. Drier droplets lead to the deposition of smaller particles, decreasing from 400 to 150 nm with better packing, as well as an increase in the film density as previously reported by Marinha et al. for

LSCF cathodes [27]. This can be observed in Fig. 3c for the film deposited at the largest distance (50 mm) and in the surface micrographs at high magnification (Fig. S3a-S3c). In all three cases, the microstructure can be described as a porous network of LNO particles, with internal submicron-sized pores.

Influence of the substrate temperature

Fig. 3d-3f

show the morphological evolution of the films deposited at different temperatures (300, 400 and 450 °C). The nozzle-to-substrate distance, solution flow rate and deposition time were fixed to 30 mm, 1.0 mL.h -1 and 1 h, respectively and pure EtOH was used as solvent (Table 1). At the deposition temperature of 300 °C (Fig. 3d), the evaporation of the droplets before landing is incomplete, giving rise to wet droplets. When they reach the substrate, the droplets spread rapidly, evaporate and boil at the same time creating strains which lead to voids between the particles. Due to the temperature gradient, the evaporation rate of the droplets during the flight between the nozzle and the substrate increases by increasing the substrate temperature. At 400 °C (Fig. 3e), a larger area coverage is obtained with the presence of discrete agglomerates of smaller particles. The temperature increase from 400 to 450 °C led to the formation of rapidly dried particles. At 450 ºC a complete solvent evaporation is expected to occur during the flight. The particle agglomeration results from the preferential landing of fine and charged aerosol droplets and the lack of wetting on the substrate, as previously observed by Chen et al. [32] Solidified finer particles accumulate more easily at the preferred landing sites and form large agglomerates (Fig. 3f). This leads to the formation of branched structures resembling corals, in good agreement with results obtained by Princivalle et al. [33] and Marinha et al. [27] Using larger magnification (Fig.

S3d-S3f

), a decrease in particle size (from 100 to 80 nm) as the temperature increases and the formation of the tree branches at 450 °C can be observed. The fast evaporation of ethanol occurring when the droplets impact the substrate at a high flow rate proceeds simultaneously to the precipitation of the solutes which form hollow aggregates.

Influence of the flow rate

The influence of the flow rate was studied by varying its value from 0.5 to 1.5 mL.h -1 using pure EtOH as solvent and keeping the other parameters constant: nozzle-to-substrate distance, deposition time and substrate temperature of 30 mm, 2 h and 300 °C, respectively (Table 1). According to the Gañan-Calvo's relationship [34], specified in Equation ( 1),

6 / 1 3 0 ~        K Q d   Equation (1)
which correlates the droplet size, d, to the density , the vacuum permeability Ɛ0, the flow rate Q, the surface tension  and the electrical conductivity of the solution ; the droplet size mainly varies with the flow rate and less strongly with the conductivity and surface tension of the solution. The increase in flow rate from 0.5 to 1.5 mL.h -1 is expected to lead to the generation of larger droplets and, consequently, larger particles. In this set of data, it is not observed from Fig. 3g-3i and Fig. S3g-S3i since both substrate temperature and nozzle-tosubstrate distances values are quite low and thus favor the formation of large droplets. In the process of electrohydrodynamic atomization in the cone-jet mode, the shape of a liquid droplet is transformed by electrical forces into a conical shape. However, it is worth to notice that an addition of citric acid, at mM concentration, which behaves like a surface-active agent, leads to a decrease of the surface tension of the aqueous solutions from 0.072 to 0.065 N m -1 [35]. In these conditions, radial electric forces will surpass the surface tension during the droplets formation at the top of the needle [36]. These larger electric forces should mainly control the break-up of the liquid cone-jet into much smaller droplets. Thus modified properties at the solution/air interface due to citric acid addition are essential for the smaller droplets formation. In these conditions, flow rate is not affecting the particle size for a given substrate temperature and nozzle-to-substrate distance. Since the surface where the droplets impact becomes rough, a reticulated microstructure can be observed evolving towards a larger agglomeration of particles (Fig. S3i). Hollow aggregates can also be detected, particularly at high flow rates. This can be explained by a fast evaporation of ethanol and precipitation of the solutes which proceed simultaneously. As shown in Fig. 3g-3i, the droplets covered the surface more readily.
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Influence of the nature of the solvent

The microstructural features of the LNO films deposited by ESD also depend on the physico-chemical properties of the precursor solution and particularly on the nature of the solvents. In this study, three solutions based on EtOH and H2O were tested fixing the other ESD parameters: T = 300 °C, deposition time 1.33 h, nozzle to substrate distance 30 mm and flow rate1.0 mL.h -1 (Table 1). According to Equation 1, the droplet size also depends upon the conductivity and the surface tension of the precursors' solution [35]. So when changing the solvent from ethanol to the ethanol:water (1:2) mixture, the solution conductivity (of concentration 0.02 M) and surface tension increase from 3.1 x 10 -4 to 2.5 x 10 -3 S cm -1 (values measured with a CDRV 62 conductimeter) and from 0.022 to 0.073 N m -1 , respectively [37].

In these conditions a decrease in the droplet size is expected. In agreement with equation ( 1), the droplet size was roughly estimated to be reduced by less than a factor 2 when water is added. Moreover, as the boiling point of H2O (100 °C) is larger than that of EtOH (78 °C), a lower droplet evaporation rate is expected and consequently larger droplets can be present.

Thus, two competitive processes controlling the droplet size occur when the H2O content in EtOH is increased. From an experimental point of view, we observe the presence of less porous coatings, as shown in Fig. 4c and Fig. 4e in comparison to Fig. 4a. This denser microstructure is the result of predominant smaller droplets which are more packed when 33 vol. % of H2O is added (Fig. 4c) in comparison to pure EtOH (Fig. 4a). When the H2O content is increased up to 67 vol. % (Fig. 4e), the droplets will contain more water. So, when they impact the hot substrate, stresses occur during the fast drying process leading to the formation of cracks and larger voids (Fig. 4e) than when only 33 vol. % H2O is used (Fig. 4c). Regarding the cross-sections (Fig. 4b, Fig. 4d and Fig. 4f), for solutions with higher water percentages, a 3-D coral microstructure can be observed like porous trees originated from the water drying. Such modification of the coating microstructure is strongly dependent on the solvent composition. These 3-D coral type microstructures differ qualitatively from each other in terms of percolation path inside the electrode and in the quality of the contact at the LNO /CGO interface. For example with pure ethanol, a discontinuous interface between the cathode and the electrolyte is always observed (inset of Fig. 4b) irrespective of the ESD conditions, whereas a continuous and adherent interface was obtained for both coatings starting with water addition in the precursors' solution (inset of Fig. 4d and Fig. 4f). This good adhesion was verified by a scotch-test. Indeed when a charged liquid droplet containing some water approaches the polished flat surface of the grounded substrate, it spreads much more than a finer droplet containing EtOH which evaporation rate is faster. In this way, these droplets form a continuous electrode layer on top of the substrate and that is why the adherence of the electrode to the electrolyte is improved when water is added without Chapter 2: An innovative architectural design to enhance the electrochemical performance of La2NiO4+δ cathodes for solid oxide fuel cell applications Page 66

the need of using high sintering temperatures. Indeed a calcination temperature of 950 °C for 6 h in air has been proved to be sufficient.

Architectural design of the LNO cathode

The electrochemical properties of the electrodes are influenced not only by their microstructure (percolation path between grains, particle size and porosity) and by the electrolyte-electrode interface contact for oxygen ion transfer, but also by an adequate current collection to enhance the electronic conductivity on the top layer. For the selected microstructures (shown here after in Fig. 5) the chosen ESD conditions were: nozzle-tosubstrate distance, substrate temperature and flow rate, 50 mm, 350 °C, 1.5 mL.h -1 , respectively (Table 1), using a deposition time of 3 h to obtain thicker films. In order to study the effect of the LNO architectural design on its electrochemical properties, four different symmetrical cathodes have been prepared as shown schematically in Fig. 5d, 5h, 5i and 5p:

(i) cathode 1 (sample 1, Fig. 5a-5d) consists of a porous 3-D coral microstructure of 20 m thickness with small particle size (~ 100 nm, Fig. S2). This cathode, calcined at 950 °C for 6 h, was fabricated by ESD using EtOH based solution using the ESD conditions given in Table 1. However, the cathode/electrolyte interface is not continuous (Fig. 5c) and the contact between the top cathode and current collecting grid is rather rough. (ii) Cathode 2 (sample 2)

has been fabricated with objective of improving the cathode/electrolyte interface, which plays a crucial role in the charge transfer process from cathode to electrolyte. As can be observed in Fig. 5e-5h a continuous thin dense layer is present, topped by a 3-D coral microstructure with larger particles (~ 150 nm), better density, better connectivity and better contact between cathode and grid. This cathode, 20 m thick, was prepared by ESD using similar deposition conditions as those for cathode 1 (see Table 1) but from an EtOH-water solution (1:2). (iii) Cathode 3 (sample 3) has been fabricated by screen-printing (SP) only with the aim obtaining a flat surface to improve the contact between the grid and the cathode as shown in Fig. 5i-5l.

This 20 m thick cathode, calcined at 1050 °C for 2 h followed by 1100 °C for 0.5 h in air, (Fig. 5j), is characterized by discontinuous electrode/electrolyte interface. The average particle size is very large (~ 400 nm) in comparison to cathodes 1 and 2. Moreover, the total active surface with respect to cathode volume will be lower than for previous samples and hence less ORR is expected. (iv) A fourth innovative architecture was designed in cathode 4 porous SP). The aim was to further improve the contact between the cathode and the grid of sample 2 by depositing a LNO current collecting layer (average particle size ~400 nm) by SP.

(
This cathode was calcined at 950 °C for 6 h after the ESD in air and then 1050 °C for 2 h followed by 1100 °C for 0.5 h in air after the SP. As shown in Fig. 5n, the screen-printed layer is partially penetrating the ESD functional layer (average particle size ~ 150 nm) in a depth of approximately 8 m. 

Electrochemical properties of the selected LNO cathodes

Typical experimental and fitted impedance diagrams, plotted in the Nyquist plane, recorded on symmetrical cells at 600°C in air for the four investigated electrodes (Table 2)

are shown in Fig. 6. All experimental diagrams were fitted using a combination of several resistance-constant phase element parallel circuits, connected in series with an inductance L.

This electrical element, appearing as a high-frequency (HF) tail below the real axis, represents the contribution of the connecting leads, measuring device and connecting wires to the measured total impedance [38]. The HF intercept of the diagrams on the real axis corresponds to the overall ohmic resistances (Rs), Table 2, including the resistive contributions of the electrolyte, electrode, leads and current collectors. At 600°C, Rs varies from 176.3 Ω cm² (sample 1) to 14.58 Ω cm² (sample 2) (Fig. 6). This variation corresponds to a much better contact at the electrolyte/electrode interface (sample 2) as shown in SEM micrographs (Fig.

5g compared to Fig. 5c). Consequently, the current constriction is lowered at the CGO/LNO interface leading to a reduction of the series resistance. This resistance also depends on the contact area with the gold grid. Indeed, Rs is further reduced to 7.58 Ω cm² at 600°C thanks to the flatness of the SP LNO layer (sample 3, Fig. 5i-5j) compared to the ESD coating (sample 2, Fig. 5f). For the double layer architecture (sample 4), when LNO ESD coral-type layer is topped by SP LNO (Fig. 5n), Rs is equal to 5.28 Ω cm² at 600°C (Fig. 6d), indicating that the screen-printed LNO actually acts as a current collector layer (CCL).

The electrode performance can be quantified by the polarization resistance Rpol = Relectrode x S/2 (Table 2) where Relectrode is measured from the difference between the value of the low frequency intercept of the electrode characteristic on the real axis and Rs. The surface area of each symmetrical electrode is referred to as S (Table 2). Regardless of both electrode microstructure and architecture, the electrode response is composed by two main elementary contributions at HF and low frequency (LF). For sample 4, an additional very small LF response was detected. Adding the LNO CCL (sample 4) decreases the relative contribution of the HF response to the total electrode impedance. Indeed, the frequency distribution of EIS spectra is shifted towards lower frequencies when a double LNO layer is used (Fig. 6).

Moreover, the largest contribution to the polarization resistance is shifted from the HF to the LF response of the electrode when both sample contacts, at the electrode surface and at the electrode / electrolyte interface, are improved. At this stage, it is worth noting that the frequency distribution of the electrode characteristic for sample 4 is similar to that of sample 2
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but remains different from that observed for sample 3 (Fig. 6). This suggests that the ORR is likely to occur mainly through the LNO layer deposited by ESD. As expected Rpol decreases as the temperature increases (Fig. 7, Table 2). Rpol is also reduced by improving the cathode/electrolyte interface (from sample 1 to sample 2) or/and the contact between the grid and the cathode (samples 3 and 4). Indeed, the Rpol value for sample 1 was found to be 40.73 Ω cm² at 600 °C (20.3 Ω cm² at 700 °C) whereas for sample 2 and 3, 3.33 and 3.53 Ω cm², respectively, at 600 °C (1.26 and 0.58 Ω cm² at 700 °C). For a single LNO layer deposited by ESD (sample 2) with an optimized electrode/electrolyte contact, Rpol decreases by a factor of 12 at 600 °C in comparison to sample 1, where this interface is not continuous (Fig. 6). When a single LNO layer is deposited by SP (sample 3), the surface planarity of the electrode leads to a good current collection, as also suggested by the corresponding decrease of Rs. The frequency distributions of the electrode characteristic for samples 1 and 2 are different: for sample 2 it is shifted towards lower frequencies, which suggests that the active volume of the ESD deposit increases in good agreement with the microstructures (Fig. 5a and5e). As can be observed in Fig. 5a and5e, there is a larger coverage in the case of sample 2. Moreover the contact between cathode and grid is much better in sample 2. As a consequence, sample 2 provides larger surface for electronic conduction and this can lead to faster ORR kinetics and hence shift towards lower frequency.

Rather surprisingly, the polarization resistance for sample 3 is close to that recorded for sample 2 and even lower at higher temperatures (Fig. 7). Indeed, the average particle size of LNO is higher in the former electrode but the current collection is likely to be improved, as suggested by the lower corresponding series resistance. Since the microstructure of sample 3 is different (Fig. 5), the frequency distribution of the electrode characteristic varies.

Moreover, as can be observed in Fig. 6d, a significant improvement in the Rp value as low as 0.42 Ω cm² at 600 °C (0.08 Ω cm² at 700 °C, Fig. 7, Table 2) has been obtained by further improving the current collecting efficiency of sample 2 by adding a SP layer on top, which favors a better contact between the sample and the gold grid (Fig. 5n). This is also in good agreement with of the Rs values.

This huge and significant decrease in polarization resistance of the LNO double-layer (sample 4), roughly 8 times lower than sample 2 at 600 °C (~16 times of Rp at 700 °C) can be attributed to the simultaneous presence of a CCL providing good contact between the grid and the cathode, a porous cathode functional layer (CFL) with a fine particle size (~150 nm) of large surface area and good connectivity and of a continuous thin and dense LNO layer providing the oxygen transfer to the electrolyte. The role of the CCL is to homogenize the current distribution in the whole volume of the CFL, by avoiding any current constrictions and by increasing the lateral percolation. To the best of our knowledge the obtained Rpol value (as low as 0.08 Ω cm² at 700 °C for sample 4) is far better than the minimum Rpol values reported in the literature for pure La2NiO4+δ cathode. For example R. Sayers et al. [15] reported Rpol values of 1.0 Ω cm² at 700 °C (SP) after the addition of a thin and dense LNO contact layer at the CGO/LNO interface. Vibhu et al. [18] have recently reported a Rpol value of 0.3 Ω cm² at 700 °C for a screen-printed LNO electrode (average particle size equal to 400 nm) on YSZ electrolyte, which is the reference in the literature at the moment for the pure LNO. Further improvement in the cathode performance has been recently reported by Nicollet et al. [39] when LNO was infiltrated inside the CGO backbone. A Rpol value as low as 0.05 Ω cm² was found at 700 °C for this LNO/CGO composite. The activation energies deduced from the Arrhenius plots of the polarization resistance (Fig. 7) are reported in and performant data obtained (Rp= 0.08 Ω cm² at 700 °C) indicates that an architectural design of LNO cathode with a controlled microstructure plays a major role in improving its performance. 

Stability and reactivity

The long-term chemical stability of an LNO film grown on a CGO electrolyte and prepared by ESD starting from an EtOH-H2O solution (1:2) and its reactivity with CGO have been studied by X-ray diffraction after heat treatments in air at 700, 800 and 1100 °C for 10 days (Fig. 8). In this study, we have selected sample Montenegro-Hernandez [41] in the case of La2NiO4+δ with CGO and by Figueiredo et al. [45] in the case of LaCoO3 on YSZ where the film porosity may promote the chemical reactivity. Indeed porosity is expected to improve the diffusion of molecular O2. As a consequence, it can enhance the reactivity of LNO with CGO. In this architecture, the dense and thin LNO film could be acting as a barrier layer preventing the direct contact of the gaseous oxygen with the CGO electrolyte, and thus limiting the undesired chemical reactions.

One can notice that the heat treatment at 800 °C in air for 10 days is not a sufficient criterion for stability of the electrode for use in SOFCs. However this study is important to mention as preliminary results, 800°C being a relatively high temperature, which increases the chemical reactivity. Since our objective is to reduce the operating temperature of the SOFC, this LNO material should be a good candidate to be used at 600 °C or 700 °C. Such experiments will be continued using longer annealing times.

Conclusions

Different architectural designs based on electrostatic spray and screen-printing deposition were investigated to improve the electrochemical properties of LNO cathodes at moderated temperatures, improving the percolation, the cathode/electrolyte interface adhesion and the contact between the cathode and the current collecting grid. For this purpose various porous nanostructured La2NiO4+δ films were successfully coated by ESD on CGO substrates, from which two different microstructures were selected. The films consist of a 3-D coral-like microstructure with or without a thin (~200 nm) dense and continuous cathode/electrolyte interface layer and with a further difference in coverage, average particle size and percolation.

A calcination step at only 950 °C for 6 h in air is sufficient for the crystallization of the films (in a pure orthorhombic LNO structural type) with fine particle sizes (100-150 nm) and a good adhesion on CGO. The Rpol decreases due to the presence of a thin dense LNO layer between the electrolyte and the porous LNO cathode, which was prepared by ESD in a single step. This thin dense contact enhances the oxygen ion transfer to the electrolyte. When this LNO film, formed by a thin dense interlayer covered by a 3D coral microstructure layer, is topped by a screen-printed porous LNO current collector film, a drastic reduction of the Rpol down to 0.08 .cm 2 at 700 °C was obtained, which to the best of our knowledge is so far the lowest value reported in the literature for the pure La2NiO4+δ cathode. This substantially improved electrochemical performance is related to a decrease of the ohmic and polarization resistances due to an improved electric contact between the cathode and the current collector.

As highlighted throughout this work, the cathode architecture is of great importance for obtaining a good electrochemical performance, as the gas/solid and solid/solid interfaces are crucial for the ORR to take place. Moreover, La2NiO4+δ films are chemically stable and no reactivity between them and CGO electrolyte has been observed after a heat treatment at 800 °C in air for 10 days. In summary, this double layer (ESD + SP) La2NiO4+δ cathode is very promising and it seems that it is an optimistic strategy to enhance the cathode electrochemical properties for further research towards lowering the operating temperature of SOFCs. 300°C (e) 400°C (f) 450°C and at fixed 1.0 mL.h -1 , 30 mm and 1 h ; at flow rate of (g) 0.5 mL.h -1 (h) 1.0 mL.h -1 and (i) 1.5 mL.h -1 , and at fixed 300 °C, 30 mm and 2 h.

Introduction

Solid oxide fuel cells (SOFCs) convert chemical energy directly into electric power in a highly efficient way. The main objective of SOFC devices is to reduce the operating temperature from 1000 °C to intermediate temperatures (500 -700°C). However, the electrochemical activity of the cathode deteriorates dramatically with decreasing temperature.

Thus there has been considerable attention on the investigation of efficient oxygen electrodes or cathodes which show good cathodic performance in the intermediate-temperature range. 1, 2 In this context, mixed ionic-electronic conductors (MIEC), particularly, A2MO4 oxides (A = rare earth, alkaline earth; M = transition metal) with K2NiF4-type structure have attracted much attention 3, 4 due to their interesting structure, transport and catalytic performance. 5, 6 The K2NiF4-type structure consists of a combination of AMO3 perovskite and AO rock-salt layers arranged alternately. 7 They can accomodate hyperstoichiometric oxygen in interstitial lattice sites in the rocksalt layers of the structure. Ni-based K2NiF4-type oxides present high oxygen diffusivity and surface reaction rate 5, 8 and also show higher thermochemical stability than perovskite-type oxide based cathodes. 9 Dailly et al. have reported that the Ruddlesden-Popper-type nickelate compounds such as Ln2NiO4+δ (Ln = La, Nd and Pr) are promising cathode materials for IT-SOFC. 10 The polarization resistance (Rpol) value at 700 °C, was found to decrease from 5.2 to 1.5 and 0.6 Ω cm 2 for La2NiO4+δ, Nd2NiO4+δ and Pr2NiO4+δ, respectively. However the Rpol value is still too high since the targeted value is expected to be around 0.15 Ω cm 2 for a good cathode. 11 There are several strategies to minimize it, such as the control of the microstructure and the design of the electrode's architecture. 12 For instance, it is possible to maximize the electrocatalytic activity by adding a dense base-layer with small particle size adjacent to the electrolyte. 13 This thin dense layer has been shown to improve the electrolyte/electrode contact and hence enhance the oxygen transfer to the electrolyte. Sayers et al. have reported a decrease in the Rpol value of La2NiO4+δ cathode from 7.4 to 1.0 Ω cm 2 at 700 °C when a compact La2NiO4+δ (~1-2 m) has been used prior to porous SP electrode. 14 Hildenbrand et al. have also shown that the insertion of a dense base-layer improves the La2NiO4+δ electrode footprint, lowers the sintering temperature and enlarges the triple phase boundary (TPB) region. Consequently a decrease of Rpol of ~ 30 % at 600 °C (from 1.2 to 0.85 Ω cm 2 ) has been reported for La2NiO4+δ cathode. 15 Recently, Sharma et al. 12 reported the lowest Rpol values down to 0.42 and 0.08 Ω cm 2 at 600 °C for La2NiO4+δ and Pr2NiO4+δ, respectively. The cathodes consisted of an architecturally designed 3D coral-like microstructure grown on Ce0.9Gd0.1O2-δ (CGO) electrolyte with a thin (~100 nm) dense and continuous cathode/electrolyte interface layer. Another approach to improve the electrochemical performance is to increase the surface area of the bulk electrode to enhance the number of active surface sites. 16 The most promising Pr2NiOelectrode has been obtained for a mean particle size of ~ 0.4 m (Rpol value down to 0.08 Ω cm 2 at 600 °C). 17 Although Pr2NiO4+δ exhibits excellent electrochemical properties at intermediate temperatures 17 , it has a rather poor chemical stability in comparison to La2NiO4+δ. 18 In fact Pr2NiO4+δ decomposes to Pr4Ni3O9 and PrO1.71 at 800 °C. 19, 20 The preparation of efficient oxygen electrode materials which present very low degradation rates is still a challenge. A little attention has been paid to the substitution on the A-site of the A2BO4 oxides in order to find the best electrochemical and stability properties. 21, 22 So this work aims to investigate Pr doped lanthanum nickelates, La2-xPrxNiO4+δ with 0 ≤ x ≤ 2 by controlling the architecture as single and double layered electrode using electrostatic spray deposition (ESD) and screen-printing (SP). The phase structure, microstructure, chemical stability and electrochemical properties are discussed with the aim of finding the best compromise between chemical stability and electrochemical performance.

Experimental

Film preparation and powder synthesis

Pr doped La2NiO4+δ films (La2-xPrxNiO4+δ with x = 0, 0.5, 1 and 2) have been deposited

on CGO (Ce0.9Gd0.1O2δ) substrates by electrostatic spray deposition (ESD) in a vertical setup configuration 23, 24 films for 0 ≤ x ≤ 1 were annealed in air at 950 °C for 6 h while a heat treatment at 1100 °C for 4 h was required to get crystallization of the Pr2NiO4+δ films. For the ink preparation for the electrodes prepared by SP, La2-xPrxNiO4+δ powders with x = 0, 0.5, 1 and 2 have been synthesized at 150 °C by the auto-combustion method using the same precursor solution as for the ESD process but using pure ethanol as a solvent. The crystallization of the powders was obtained by sintering using the same conditions as for corresponding ESD films. The La2-xPrxNiO4+δ ink was prepared by mixing this crystalline powder into a commercial dispersant (KD2921, Zschimmer and Schwarz).

Symmetric and single cell preparation

Single layer (ESD) and double layer (ESD+SP) cathodes were fabricated on CGO electrolyte as symmetrical cells (electrode//CGO//electrode) and their electrochemical performance has been evaluated by electrochemical impedance spectroscopy (EIS). Dense pellets of CGO, made by pressing discs (Ø = 19.6 mm in diameter, 1.2 mm thick) of commercial powder (Solvay) and subsequently fired at 1400 °C for 4 h, were used as the electrolyte. The double layer cathode was prepared in two different steps: i) in a first step, a single layer cathode was deposited on both sides of CGO substrate by ESD and sintered and ii) in a second step, a screen-printed current collecting layer (CCL) was coated on the single layer ESD cathode and sintered in air for 2 h at 1050 °C in air followed by 0.5 h at 1100 °C.

The cathode area is 2.0 cm 2 for the single layer and 1.54 cm 2 for the double layer architecture.

In layered LaPrNiO4+δ cathode (active area = 1.54 cm 2 ) was deposited by ESD followed by SP in the same way as the double layer symmetric cell.

Physico-chemical characterization

The crystal structure of the powders and films was determined by X-ray diffraction (XRD, Philips X'Pert-MPD system, Cu K radiation, λ =1.54056 Å) in the Bragg-Brentano configuration. The ageing test of the La2-xPrxNiO4+δ films was performed in air at 700 °C and 800 °C up to 30 days and the stability was checked by XRD. Each X-ray pattern was refined by profile matching using the Fullprof software 26 in order to determine the lattice parameters.

Scanning electron microscopy (ZEISS Ultra 55 instrument) with a field emission gun (FEG)

and energy-dispersive X-ray spectroscopy (EDX) analyzer, using an acceleration voltage of 20 keV, were used for the evaluation of the film surface and cross-sectional morphology, and for the composition analysis, respectively. The particle size of the electrodes was estimated from the SEM images using an image analysis tool (Image J software). Inductively coupled plasma mass spectroscopy (ICP-MS) was also used for more precise composition analysis.

The oxygen overstoichiometry () of the La2-xPrxNiO4+δ samples (powder scratched from the ESD films) was determined by thermogravimetry measurements (TGA-Q50 thermogravimetric analyzer) under flowing 5% H2-Ar gas. Data were collected from 20 to 800 °C at 30 °C h -1 . The oxygen content was determined by the weight change of La2-xPrxNiO4+δ after reduction in appropriate ratio into La2O3, Pr2O3 and Ni.

Electrochemical measurements

Symmetrical cells characterization

The electrochemical properties of the symmetrical cells were characterized by Electrochemical Impedance Spectroscopy (EIS). EIS measurements were carried out using an out at 700 °C in OCV condition as well as under polarization (195 mA cm -2 ) at 600 °C over 500 h in air.

Single cells characterization

The single cell was mounted into the measurement setup (supplied by Fiaxell), with flows of Ar on the cathode and anode sides, respectively. Prior to the single cell measurements, the anode was reduced using the following procedure: after heating in Ar (100 mL min -1 ) up to 800 °C, the anode side was progressively flushed with hydrogen gas at a flow rate of 80 mL min -1 . After 10 h, 3 % water vapor was introduced on anode side along with the hydrogen. On the cathode side, synthetic air was supplied as oxidant at a flow rate of 200 mL min -1 . The electrochemical measurements and ageing study were carried out using an autolab potentiostat-galvanostat (PGSTAT 302N) and current booster. The impedance diagrams were recorded at OCV from 550 °C to 800 °C in 50 °C steps. The ageing of the single cell at 700

°C was performed at a potential of 0.7 V.

Results and discussion

Structural properties of La2-xPrxNiO4+δ (0 ≤ x ≤ 2) films

The XRD patterns of the La2-xPrxNiO4+δ (0 ≤ x ≤ 2) films deposited by ESD on the CGO pellet (Fig. 1 and Fig. S1-S3) show the presence of two single phases: Ce0.9Gd0.1O2- (ICDD # 04-013-6577) from the substrate and La2NiO4 (ICDD # 01-074-9394) from the film without any impurities. All La2-xPrxNiO4+δ (0 ≤ x ≤ 2) compositions could be accurately fitted with a single orthorhombic Fmmm space group as shown in Fig. 1 for LaPrNiO4+δ and for the remaining compositions in Fig. S1-S3.This indicates that the substitution of La by Pr results in a complete solid solution. The lattice parameters and space group for the different compositions are given in Table 1. This substitution leads to a linear decrease of the cell parameters and cell volume due to the smaller ionic radius of praseodymium (r(Pr 3+ ) = 1.126 Å) with comparison to the one of lanthanum r(La 3+ ) =1.16 Å. 27 However other authors 22 have

shown the existence of two different space groups, both with orthorhombic structure for the La2-xPrxNiO4+δ solid solution, namely a La-rich one from x = 0 to 0.5 with Fmmm space group, and a Pr-rich one from x = 1.0 to 2.0 with Bmab space group. In the composition range 0.5 < x < 1, the authors have reported the coexistence of both space groups. Moreover, both space groups, Fmmm and Bmab have been reported for Pr2NiO4+δ in the literature. 22, 28 This work reports for the first time the presence of a complete solid solution. This is probably the consequence of very reactive fine grains (~200 nm, Fig. S4), 

Microstructural properties of the La2-xPrxNiO4+δ (0 ≤ x ≤ 2) films

For the ESD process, the microstructure of the obtained films strongly depends on the size of the spray droplets impacting the substrate. It is possible to control the droplet size through the ESD deposition parameters, such as the solution flow rate the distance between the substrate and the nozzle and substrate temperature. 29 This thin dense layer appears due to the spreading of the first ESD droplets of precursor solution arriving on the CGO substrate, as reported previously. 12 A large spreading is obtained on a smooth surface and then a rough surface is progressively appears with time. Indeed, as time deposition is increases, the charges on the substrate surface induced by the strong electrostatic field applied concentrate more where the curvature is larger. 31 So, the charged droplets arriving at the surface will be more attracted towards these more curved areas and a coral-type growth appears. This is referred to as ''preferential landing''. A porosity of approximately 84 ± 2 vol. % was estimated for all electrodes by comparing the apparent film density with the theoretical density. The apparent density was obtained by weighing the CGO substrate before and after the film deposition and measuring the film thickness and diameter.

These values are in good agreement with the ones estimated (from 67 to 87 vol. %) by 3D volume reconstruction using X-ray nanotomography for a CGO/LSCF (La0.6Sr0.4Co0.2Fe0.8O3-δ) film with a similar coral microstructure, as previously reported by 

Compositional properties of La2-xPrxNiO4+δ (0 ≤ x ≤ 2) films

Inductively coupled plasma mass spectrometry (ICP-MS) and EDX, used for the quantitative analysis, confirm the presence of only La, Pr and Ni elements (Table 2). Table 2 also shows that the La/Ni, Pr/Ni and La/Pr ratios are in good agreement with the theoretical values. 

----- ----- 1.0 ----- Experimental ICP- MS ----- 3.17 0.99 ----- EDX ----- 3.28 1.08 -----
The oxygen over-stoichiometry (δ), determined by TGA, was determined from the TGA curves (Fig. 3). Fig. 3 TGA curves of the four solid solution samples. As previously reported 33 , two weight changes are observed: the first one occurs around 350 °C, corresponding to the reduction of Ni 3+ into Ni 2+ (the oxygen over-stoichiometry being reduced down to δ = 0). The second weight loss is assigned to the complete reduction of La2-xPrxNiO4 into La2O3, Pr2O3 and Ni. The δ value has been calculated from both weight change values using the mole conservation principle. The oxygen over-stoichiometry, δ, was found to be 0.16, 0.18, 0.22 and 0.24 for La2NiO4+δ, La1.5Pr0.5NiO4+δ, LaPrNiO4+δ and Pr2NiO4+δ, respectively. These values are in good agreement with the ones previously reported in the literature. 22 

Effect of praseodymium content on the stability and compatibility of La2-xPrxNiO4+δ with CGO

In order to study the effect of the Pr content on the stability and compatibility of the La2-xPrxNiO4+δ single layers on CGO substrates, heat treatments have been performed for 30 days in air at 700 °C (Fig. 4a) and 800 °C (Fig. 4b). Interestingly, two types of behavior were observed depending on the composition. La-rich phases with x = 0 (La2NiO4+δ) and x = 0.5 (La1.5Pr0.5NiO4+δ) are highly stable at 700 °C and 800 °C in air. No structural modification was found in the detection limit of XRD which, in agreement with Solis et al. 34 who reported no decomposition of La2NiO4+δ and La1.5Pr0.5NiO4+δ powders after 2 weeks at 750 °C in air.

This was also confirmed recently by Vibhu et al. who reported no decomposition after one month at 700 °C and 800 °C in air. 35 However Vibbhu et al. have reported a decomposition of LaPrNiO4+δ phase into (La, Pr)4Ni3O10+δ, (La, Pr)NiO3 and Pr6O11 phases at 700 °C after 30 days. 35 In this work, LaPrNiO4+δ phase is found to be stable at 700 °C after 30 days since no secondary phases can be observed by XRD (Fig. 4a). The decomposition has been also observed but at 800 °C after 30 days (Fig. 4b). In the case of Pr2NiO4+δ, the decomposition in air takes place at both temperatures giving rise to PrNiO3-δ, Pr6O11, NiO phases (which amount increases with annealing temperature) along with some residual traces of Pr2NiO4+δ .

No traces of Pr4Ni3O10+δ phase was detected contrary to the literature. 35 These results reveal that La2-xPrxNiO4+δ films (x = 0, 0.5 and 1) present a good chemical compatibility with CGO electrolyte for the intermediate operating temperature and particularly at 700 °C. LaPrNiO4+δ oxide, which presents a long term chemical stability at 700 °C, has been selected as the optimized composition. It requires to be electrochemically investigated as oxygen electrode and then tested in a full cell.

. Fig. 4 XRD patterns of the single layer La2-xPrxNiO4+δ films on CGO electrolyte; after heat treatments for 30 days in air at (a) 700 °C and (b) 800 °C

Electrochemical properties

In this section, the electrochemical properties of single layer and double layer cathodes were studied by EIS. These measurements have been performed as a function of temperature and the results are discussed comparing the sets of data obtained for the single layer and double layer cathodes. Finally, single cell measurements for LaPrNiO4+δ cathode (i-V curves were performed recording at operating temperatures between 600 °C and 750 °C, in the steps of 50 °C).

Symmetrical cells performance

The impedance diagrams were fitted using ZView ® software with an equivalent circuit, consisting of a combination of several resistances (R)-constant phase element (CPE) parallel circuits, connected in series with an inductance (L). This electrical element (L), appearing as a high frequency tail below the real axis, represents the contribution of the connecting leads, measuring device and connecting wires to the measured total impedance. 36 The high frequency intercept of the diagrams on the real axis corresponds to the overall ohmic resistance (Rs), including the resistive contributions of the electrolyte, electrode, leads and current collectors. The ohmic resistance (Rs) has been subtracted in order to facilitate comparison between the resistance polarization values (Rpol) of the investigated electrodes.

According to the selected analysis, the electrode response is composed by two or three main elementary contributions located at high frequency (P1), medium frequency (P2) and low frequency (P3) depending upon the composition of the cathodes and temperature. For the single layer electrodes, two processes for 500 °C  T  650 °C (P1 and P2) and three processes (P1, P2 and P3) at 700 °C are distinguishable. As far as the double layer cathodes are considered, there are two processes (P1 and P2) for 500 °C  T < 600 °C and three processes for 600 °C  T  700 °C (P1, P2 and P3) for La2NiO4+δ and La1.5Pr0.5NiO4+δ whereas for LaPrNiO4+δ and Pr2NiO4+δ, there are two processes (P1 and P2) for 500 °C  T < 600 °C and two processes (P2 and P3) for T ≥ 600 °C. At higher temperatures, T ≥>650 °C, as all processes are shifted toward higher frequencies, the process P1 is hidden by the inductance of the wires and hence could not be distinguished from P2 and P3.

The processes P1 (high frequency arc) and P2 (middle frequency arc) were fitted using three parallel R//CPE elements. The origin of process P1 is likely due to the charge transfer at the electrode/electrolyte interface whereas the process P2 is can be associated with various electrode processes such as adsorption of gaseous oxygen O2, dissociation of O2 and charge transfer-diffusion (O 2-) in the electrode. 36-38 The process P3 (low frequency arc, fitted by R//CPE) is due to a gas impedance due to either porous electrodes or the experimental setup. 39-40 As can be seen in Table 3 the addition of a SP layer leads to a significant decrease in the series resistance (from single layer to double layer) regardless of the composition of the electrode. For instance, at 600°C, the Rs value decreases from 14.58 down to 5.43 Ω cm²when a screen-printed layer is added on the top of the single layer La2NiO4+δ (Table 3). Indeed, Rs depends upon the intimate contact at the electrode/electrolyte and current collector/electrode interfaces. Due to the presence of a thin dense layer (Fig. S4), the electrode -electrolyte contact area is of 100 % for the single layer cathode but the contact between electrode and current collector gold grid is poor. Therefore, when a gold grid as a current collector (single layer), the current lines are not well distributed through the electrode volume, leading to a significant current constriction effect in the vicinity of the electrode/electrolyte interface. As a consequence, the Rs values of the single layer cathodes are large. Once the screen-printed layer is added (Fig. 3), a much better contact area between grid and electrode is achieved, which results in a homogeneous distribution of the current lines within the electrode. Thus, a decrease of the current constriction effect in the vicinity of the electrode/electrolyte interface is expected. An argument that further supports this assumption is the decrease in the series resistance when a screen-printing layer is added (Table 3).

The total Rpol, calculated for all temperatures (500 -700 °C range) in air for the single and double layer electrodes are shown in Fig. 6a. Regardless of the temperature, the Rpol value decreases by substituting La by Pr. Indeed, the Rpol values at 600°C for La2NiO4+δ, La1.5Pr0.5NiO4+δ, LaPrNiO4+δ and Pr2NiO4+δ were 3.33, 2.37, 1.63 and 0.83 Ω cm², respectively. As the microstructure for all single layer cathodes, is similar (Fig. S4), the decrease in Rpol is related to an improvement in transport properties (electronic and ionic conductivity) of La2-xPrxNiO4+δ over La2NiO4+δ. 22 It can also be noticed that the P1 and P2 contributions also decrease when the Pr amount is increased. Despite the favorable microstructural parameters (thin dense layer, smaller grain, large porosity), a relatively poor performance is obtained for the single layer electrode. As mentioned above there is large current constriction effect due to very low contact area between Au grids and highly porous 3D coral microstructure. When the contact between the gold grids and electrode is improved by adding screen-printed CCL of same composition (Fig. 2 and Fig. S5), the current constriction effect is minimized. As a consequence, a drastic reduction in Rpol has been obtained for the double layer cathodes with values equal to 0.42, 0.23, 0.12 and 0.08 Ω cm² for La2NiO4+δ, La1.5Pr0.5NiO4+δ, LaPrNiO4+δ and Pr2NiO4+δ, respectively, at 600 °C. As shown in Fig. 5, the frequency distribution of the electrode impedance is not modified by adding the CCL, indicating that the ORR remains the same. This enhancement can be related to the use of a CCL which homogenizes the current distribution along the cathode functional layer (CFL), activating a larger cathode volume.

The activation energies deduced from the Arrhenius plots of the polarization resistance Rpol (Fig. 6a) and given in Table 3 and are in good agreement with the values reported in literature. 14, 15, 22 To the best of our knowledge, the Rpol values obtained for the double layer cathodes, as low as 0.42, 0.23, 0.12 and 0.08 Ω cm² at 600 °C for La2NiO4+δ, La1.5Pr0.5NiO4+δ, LaPrNiO4+δ and Pr2NiO4+δ,respectively, are much lower than the minimum
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Rpol values previously reported for pure La2NiO4+δ (0.93 Ω cm² at 600 °C) and Pr2NiO4+δ (0.15 Ω cm² at 600 °C) based cathodes by Vibhu et al. 22 In order to identify the origin of the difference in the Rpol values, the thermal variations of the resistances R1, R2 and R3, related to the three processes P1, P2 and P3, are plotted in Fig. 6a-d, respectively. Interestingly, Rpol, R1 and R2 for both the single and double layer cathodes decrease by increasing the Pr amount and the temperature, while the R3 for the double layer cathodes remains almost constant. The activation energies corresponding to the three processes (R1, R2 and R3) are given in Table 4. One can notice (Table 4) that activation energy values corresponding to R2 process, decreases with the increasing amount of Pr especially for the double layer cathode. This could be due to better transport properties of La2-xPrxNiO4+δ over La2NiO4+δ. 22 However, for larger Pr contents, the R1 and R2 values for the double layer decrease much faster with temperature compared to the single layer resistance values. The relaxation frequency and capacitance related to the different processes involved for both architectures (single layer and double layer) are compared in Fig. 7a-f. The capacitance associated to process P1 is nearly temperature independent (Fig. 7a) which is in good agreement with the behavior of an interfacial capacitance coupled with a charge transfer process. 41 Since current constriction effects occur at the current collector/electrode interface (for single layer electrodes), the existence of a contribution due to this interface in the high frequency region is expected. 42 Nevertheless, elementary impedance responses are similar for all investigated electrodes as shown by the evolution of the apex frequencies as a function of the reciprocal temperature (Fig. 7d-e).

The R2 values are always larger than the R1 ones, suggesting that the oxygen desorption or adsorption process is the rate-limiting step for the ORR. 43-45 As shown in Fig. 6d, the magnitude of the process P3 (R3) observed at low frequency (~1 Hz, Fig. 7f) does not vary with temperature significantly. Moreover, the P3 contribution is characterized by high capacitance values, of the order of F cm -2 (Fig. 7c). Such contribution has been attributed to the O2 gas diffusion process through the porous electrode. 46-47 This is further in agreement with the small activation energy corresponding to this process, as shown in Table 4 even if these values are very scarce with respect to literature.

Finally, the long term aging has been carried out on LaPrNiO4+δ cathode for 500 h at 700 °C in air at OCV followed by 600 °C for 500 h in air under polarization, -195 mA cm -2 .

The polarization resistance does not show a significant variation at OCV indicating no significant thermal degradation of the studied assembly. Whereas under polarization a slight decrease with time, particularly for the first 250 h, has been observed (Fig. 8) probably, suggesting an enhancement of the electrochemical properties. 

LaPrNiO4+δ single cell performance

The open circuit voltage (OCV) was around 1.06 V, in good agreement with the Nernst's law. The i-V characteristic was measured from OCV down to 0.2 V at 600 °C, 650 °C, 700 °C and 750 °C. Fig. 9 shows the cell voltage as a function of the current density, as well as the resulting power density at 600 °C, 650 °C, 700 and 750 °C. The cell performance is reaching maximum power densities of 323 mW cm -2 at 650 °C and 438 mW cm -2 at 700 °C.

Fig. 9 Performance of a single cell consisting in a commercial half-cell (Ni-3YSZ/Ni-8YSZ/8YSZ/CGO) and LaPrNiO4+δ as the cathode; i-V curves and resulting power densities.

Moreover, this performance is very close to the best performing cell based on Pr2NiO4+δ cathode (250 -400 mW cm -2 at 600 °C). 17 Nevertheless, the performance of the anode-supported cell can be affected by several factors, such as the electrode and anodesupport microstructures, electrolyte thickness and nature. 48-51 Indeed a thinner electrolyte has been reported to improve cell performances. 48 For instance, a maximum peak power density was obtained at 500 °C surpassing 500 mW cm -2 , for the YSZ-based anode-supported SOFC

(1 m YSZ/ 200 nm CGO). 51 In the future, a more efficient fuel cell based on this LaPrNiO4+δ cathode could be obtained by incorporating a ~1 m thick CGO electrolyte.

Following the i-V measurements, the cell was aged for 408 h at 700 °C at a voltage 0.7

V (current density of 0. followed by a decrease, and after 408 h the current density was around 0.60 mA cm -2

(degradation rate ~ 20%).

Conclusions

This work reports the structural, microstructural, electrochemical properties and chemical stability of La2-xPrxNiO4+δ films as a function of Pr content (x mol. %) for their use as SOFC cathodes. Original 3-D coral type La2-xPrxNiO4+δ (x = 0, 0.5, 1 and 2) films were successfully prepared on Ce0.9Gd0.1O2-δ (CGO) substrates by electrostatic spray deposition.

Single-phase solid solution with orthorhombic structure (Fmmm space group) is obtained in the entire range of compositions. An over-stoichiometry  value equal to 0.16, 0.18, 0.22 and 0.24 is obtained under air for x = 0, 0.5, 1 and 2, respectively. The chemical stability decreases with increasing Pr content, as detected by XRD. For the first time, La2-xPrxNiO4+δ films were stable for 30 days at 700 °C up to x = 1 and, as expected, they were also stable at 800 °C, in this case for a lower Pr content (x = 0 and 0.5). A decrease in Rpol is recorded at 600 °C from 3.33, 2.37, 1.67, to 0.83  cm 2 by increasing the Pr content from x = 0, 0.5, 1 to 2 in the La2-xPrxNiO4+δ solid solution. A further improvement in Rpol is obtained for architecturally designed La2-xPrxNiO4+δ cathodes (ESD + SP), reaching values down to 0.42, 0.21, 0.12 and 0.08  cm 2 for x = 0, 0.5, 1 and 2 at 600 °C, respectively. These values are the lowest available in the literature for each composition, to the best of our knowledge. Finally, the LaPrNiO4+δ phase is quite stable in symmetrical cell during long term operation (after 500 h at 700 °C in OCP and after 500 h at 600 °C under polarization, -195 mA cm -2 ). An anode supported single cell (Ni-3YSZ/Ni-8YSZ/8YSZ/CGO) with LaPrNiO4+δ double layer cathode produced maximum power density of 438 and 323 mWcm -2 at 700 °C and 650 °C, respectively. It has shown a degradation rate of 20 % for 408 h at 700 °C. It can be then concluded that the LaPrNiO4+δ is the optimized composition to be used as a very promising oxygen electrode since it shows the best compromise in between electrochemical behavior and chemical stability. 

Introduction

The main objective of the current research on solid oxide fuel cells (SOFCs) is the lowering of the operating temperature from above 900 °C down to 700 °C (intermediate temperatures) in order to increase their lifetime and reduce the overall cost. However, the fuel cell performance degrades at lower temperature because of the larger overpotentials generated at the cathodic side and the larger ohmic losses in the electrolyte. Hence, the search for new mixed ionic-electronic conducting(MIEC) cathode materials is key, especially for improving the performance of Intermediate Temperature Solid Oxide Fuel Cells (IT-SOFCs) working at 500-700 °C. 1-5 The Ruddlesden-Popper (RP) family compounds with general formula (Lan+1NinO3n+1; n=1, 2, 3) have been suggested to be promising candidates for cathode materials [6][7][8]. The total conductivity of RP phases has been found to increase with n. 6, 7, 9-11 In particular, the La3Ni2O7-δ and La4Ni3O10-δ compounds possess higher conductivity compared with La2NiO4+δ and also higher relative stabilities, which potentially could make them more suitable cathode materials for IT-SOFCs. 6, 7, 12 As an example, the La4Ni3O10-δ electrode performance of symmetrical cells with La.9Sr.1Ga.8Mg.2O3- electrolyte was found the lowest one of the series (1 Ω cm 2 at 1073 K). Nickelates have also received much attention because they exhibit high kinetics with a surface exchange coefficient of 1.3 x 10 -7 cm.s -1 measured at 700°C. 13 Moreover, it is worth to mention that the thermal expansion coefficient of La4Ni3O10-δ (13.2 x 10 -6 K -1 ) has been reported to be close to the common SOFC electrolyte materials such as the ceria based electrolytes (CGO) (13.4 x 10 -6 K -1 ) in air. 6 The similar TEC values guarantees the thermo-mechanical compatibility between cell components.

Despite of the fact that several methods have been used for the synthesis of La4Ni3O10δ: Pechini routes 6 , nitrate and citrate routes 15, 16 , solid-state routes 7, 17 , and continuous hydrothermal flow synthesis method 18 ; the higher members of the Lan+1NinO3n+1series, particularly n=2 and 3 are difficult to synthesize as a pure phase because they normally require prolonged homogenization and reheating procedures. 6, 15, 17 For example Amow et al. prepared the same composition by calcinations at 1100 °C for 4 ~ 5 days in air, also with several grinding processes. 16 This article reports, for the first time, the facile preparation of pure La4Ni3O10-δ films on CGO substrate by electrostatic spray deposition (ESD) followed by sintering in air. A systematic study of the effect of the ESD process parameters, such as deposition time, nozzleto-substrate distance, substrate temperature, and the precursor solution, on the film microstructure is presented in order to optimize the La4Ni3O10-δ electrode microstructure, required to improve the electrochemical performance. The electrochemical properties in air are investigated by electrochemical impedance spectroscopy (EIS) versus the microstructure for high performance IT-SOFCs applications.

Experimental

To prepare the solutions containing precursors with a La:Ni mole ratio of 4:3 stoichimetric amounts of nickel nitrate hexahydrate (Ni (NO3)2 6H2O, 99.9%, Aldrich) and lanthanum nitrate hexahydrate (La(NO3)3 6H2O, 99.9%, Alfa Aesar) were added to citric acid (C6H8O7, 99.9%, Alfa Aesar) and ethanol (CH3CH2OH, >99.9%, prolabo, referred to as EtOH) into a 30 mL ethanol, ethanol-butyl carbitol (C4H9(OCH2CH2)2OH, Acros Organics, 99+%, referred to as BC) (1:2), and ethanol-distilled water (1:2) solution with vigorous stirring over 3h. The total concentration of metal ions was varied from 0.005 M to 0.02M. The conductivity of each of the prepared solution was measured and is included in Table 1 together with the boiling points and surface tension. 20 Electrostatic spray deposition (ESD), with several advantages over conventional deposition techniques such as a simple set-up and the use of inexpensive precursors, has been used to deposit La4Ni3O10-δ films on Ce0.9Gd0.1O2-δ (CGO) substrates (~19 mm in diameter) in a vertical set-up configuration 19, 21 under ambient atmosphere. ESD is based on electrohydrodynamic laws where a precursor solution is pumped through a metallic nozzle at a controlled flow rate. The solution is then atomized by applying a high voltage that generates an electrical field between the nozzle and the substrate. The electrical field generates the aerosol and directs it towards the substrate where the droplets spread, dry and decompose to form the film. The ESD raw coatings are amorphous. To crystallize the films a calcination step at 950 °C for 8 h in air was carried out after the deposition. The effect of the ESD process parameters (Table 2) such as deposition time, concentration, nature of the solvent, substrate temperature, nozzle to substrate distance and solution flow rate were investigated to control the film microstructure.
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X-ray diffraction (XRD, Philips X'Pert-MPD system, Cu K radiation, λ=1.54056 Å) was used to determine the crystal structure.The phase identification was carried out using International Centre for Diffraction data (ICDD). The positions of X-ray diffraction peaks as well as the cell parameters were obtained by refinement using Fullprof software. 22 Field emission scanning electron microscopy (ZEISS Ultra 55 instrument with field emission gun (FEG) was used for the morphology evaluation of the film surfaces and cross-sections and Energy-dispersive X-ray spectroscopy (EDX) for the composition analysis. Four symmetrical cells, cathode/ CGO electrolyte / cathode, were used for the electrochemical studies. Ink for the screen-printing of the current collecting layer (CCL) was prepared using the KD2921 (Zschimmer and Schwarz) solvent and nickelate powder, previously synthesized by sintering (950 °C/ 8 h in air) of amorphous powder obtained by the heating of the ESD precursor solution at 150 °C. For the double layer cathode, the La4Ni3O10-δ-based CCL was screen printed (SP) on the ESD films deposited on the CGO electrolyte (see Table 3) and then sintered under air at 1050 °C for 2h followed by 1100 ° C for 0.5 h. The cathode area of each ESD prepared cathode was of 2.0 cm 2 whereas for the double layer (ESD + SP) of 1.54 cm 2 .

Electrochemical Impedance Spectroscopy (EIS) measurements were carried out with a PARSTAT 302N in a symmetrical two-electrode configuration in air between 500 and 800 ºC.

The measurements were performed in the frequency range from 50 mHz to 100 kHz with Chapter 4: La4Ni3O10-δ as an efficient solid oxide fuel cell cathode: electrochemical properties versus microstructure
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signal amplitude of 0.02 V at open-circuit voltage, using Au grids (Heraeus, 1024 meshes/cm 2 woven from 0.06 mm dia. wire) as current collectors. The impedance diagrams were fitted to equivalent circuits using the ZView ® software (Scribner Associates).

Table 2. ESD process parameters investigated to control the film microstructure

Results and discussion

Structural characterization and elemental analysis

All the films were sintered at 950 °C for 8 h in air and a pure orthorhombic cell, structure which was maintained after sintering at 1100ºC, as confirmed by XRD. 

Microstructural characterization

In a first step, ESD was systematically investigated for the preparation of various microstructures depending on five process parameters (see Table 2).The microstructure of the film deposited by this technique highly depends on the size of the droplets impacting the heated substrate. The droplet size is determined by the substrate temperature, the droplet flight time between the needle and the substrate during transport of the aerosol spray, and the precursor solution flow rate. Therefore the size of the droplets can be easily tuned in a controlled manner by changing the deposition parameters. Several studies have modelled how the solution properties and the deposition parameters determine the droplet size formed at the nozzle, 23, 24 being the Gañan-Calvo's relationship the most consensual one 25 :

6 / 1 3 0 ~        K Q d   (Equation 1)
where d is the droplet diameter, ρ the density, ε0 the vacuum permeability, Q the flow rate, γ the surface tension and K the electrical conductivity of the solution.

Influence of the deposition time

To study the evolution of the film growth and microstructure, La4Ni3O10-δ films have been prepared at 350 °C varying the deposition time from 0.5 to 3 h while maintaining a pure EtOH solution, a nozzle to substrate distance of 50 mm, a flow rate of1.5 mL/h and a concentration of the precursor solution of 0.02 M (see Table 2). A significant evolution of the surface morphology is evidenced over time (Fig. 3), especially between 0.5 h (Fig. 3-c) and 1.5 h (Fig. 3-f). As the deposition time was raised, an increase in particle agglomeration resulted from preferential landing of the aerosol droplets and from the lack of wetting on the substrate 26 due to the nearly dry aerosol droplets. With increasing time, a larger number of droplets arrive on the substrate changing the smooth surface of the original substrate and creating some irregularities with higher curvature. The charges on the substrate surface induced by the strong applied electrostatic field concentrate more where the curvature is greater. 27 So the charged droplets arriving at the surface will be more attracted towards these more curved areas. This is referred to as ''preferential landing''. This action will cause particle agglomeration, especially when the droplets are small and light. Hwang et al. 27 have shown that when the substrate roughness is increased, preferential landing is promoted Chapter 4: La4Ni3O10-δ as an efficient solid oxide fuel cell cathode: electrochemical properties versus microstructure Page 120

leading to particle agglomeration. In our case, several agglomerates are clearly visible after 0.5 h of deposition due to the preferential attraction (Fig. 3a) and this agglomeration increases with increasing time as shown in Fig. 3d, 3g and 3j.The thickness was found to be about 6 µm in average after 0.5 h (Fig. 3c), 15µm after 1.5 h (Fig. 3f), 18 µm after 2 h (Fig. 3i) and 26 µm after 3 h (Fig. 3l). surface, (f) cross section; 2 h (g, h) surface, (i) cross section; 3 h (j, k) surface, (l) cross section.
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Influence of the precursor solution concentration

The influence of the precursor concentration on the film morphology was studied for different salt concentrations of 0.005, 0.01 and 0.02 M (Figure 4). The other ESD deposition parameters were maintained constant at a flow rate of 1.5 mL.h -1 , substrate temperature of 350 °C, 3 h deposition time, nozzle-to-substrate distance equal to 50 mm and using pure ethanol as the solvent (see Table 2). The measured electrical conductivity of the precursor solution decreases with the precursor concentration as shown in Table 1, in good agreement with previous observations. 11 Having considered capillary equilibrium, liquid continuity and moment and charge continuity at the jet, Gañan-Calvo deduced the following relation for polar liquids:

3 / 1 6 / 1 ~      K Q d r 
(Equation 2)

where Ɛr, d and Q are the relative permittivity of the solution, the diameter of the droplets emitted at the jet (the primary droplet size) and the flow rate of the solution, respectively. As a result, the primary droplet size depends on these 3 parameters. Thus for a given flow rate (in this case, 1.5 mL.h -1 ), the droplet size depends only on the conductivity of the solution provided that the permittivity of the solution is kept constant. For the ethanol solution, the permittivity is approximately 2 x 10 -10 F m -1 . 20 As evidenced in Fig. 4a-d, a similar "cauliflower" like microstructure has been observed for the solution of concentration 0.005 and 0.01 M. Since the conductivity of the solution is quite similar (Table 1), a closed morphology with primary particle size of ~ 100 nm can be observed. When the concentration of the solution is increased to 0.02 M, some large, very porous and connected agglomerates are visible (Fig. 4e,4f). These round-shape agglomerates consist of finer particles of an approx. 50 nm diameter size. According to equation 2, a higher concentration and hence a higher conductivity (passing to 0.26 mS.cm -1 )

will result in a smaller droplet size. They are smaller and lighter so their movement direction can be changed considerably by the attraction of induced charges at the substrate surface to form agglomerates. mm and a flow rate of 1.5 mL.h -1 and after deposition time of 3 h.

Influence of the solvent composition

The physico-chemical properties of the precursor solution also play an important role in the ESD process and especially on the droplet size, which determines the morphology of the coating. In particular, the boiling point, conductivity and surface tension are crucial factors affecting both the evaporation of the solvents during the transport and the spreading of the droplets that impact the substrate. By changing the solvent composition, the layer morphology may also be modified. referred to as SA, SD and SE (Table 1) have been selected to study their effect on the evolution of the La4Ni3O10-δ film morphology. In this study, the other process parameters: substrate temperature, solution flow rate, nozzle-to-substrate distance and deposition time were fixed at 350 °C, 1.5 mL.h -1 , 50 mm and 3h, respectively (Table 2). The resulting microstructures are shown in Fig. 5. A larger particle size (~200 nm) can be observed (Fig. 5a,5b) when BC is added to EtOH (SA) in comparison to our previous investigation with SD (Fig. 5c,5d) (~50 nm). According to equation 1, since the conductivity has been drastically reduced to 0.06 mS.cm -1 and the surface tension is of the same order of magnitude (Table 1), the droplet size is expected to be larger in SA, being mainly proportional to K -1/6 . These larger particles also originate from the higher boiling point of the EtOH:BC (1:2) solution (SA, Table 1). Considering that the evaporation rate for SA is slower than that of SD (pure EtOH), a slower drying process is expected. The large liquid droplets of SA are expected to spread much more on the heated substrate than the smaller and drier droplets of SD. Consequently, the coating obtained from SA (Fig. 5a,5b) presents a porous connected net with larger particles than the net of round shape agglomerates with finer grains in SD (Fig. 5c,5d). The addition of H2O in EtOH (SE) leads to a higher conductivity of the precursor solution and larger surface tension (Table 1)

than in SD and SA and, consequently, to a decrease in the droplet size (see Equation 1).

However, the particle size observed in Figures 5e and 5f (150 nm) is not as small as the one in SD (50 nm, Fig. 5d). Indeed, we also have to consider the boiling point of SE which is larger than in the case of SD (93 °C against 78 °C, Table 1). This is the factor which is countering the effect of conductivity and surface tension parameters and may lead to intermediate final particle sizes (~150 nm) for SE (Fig. 5f). In these conditions, a porous reticulation is observed with particle size ranging from ~200 nm (SA) (Fig. 5b), ~ 50 nm (SD) (Fig. 5d) and ~ 150 nm (SE) (Fig. 5f).

Influence of the substrate temperature

The substrate deposition temperature has been reported to be a main parameter, since the entire pyrolysis processes take place at or near the substrate surface. 28 The temperature plays a role in conditioning the drying rate of the droplets during the flight, the rate at which they dry once deposited on the substrate, the way in which the droplets spread on the surface have an effect in the resulting microstructure. As observed by Nguyen et al. 29 , a mere 5 °C difference is sufficient to modify the droplet size and thus, to radically change the resulting microstructure. For the solution SE, the evolution of the surface microstructure of the La4Ni3O10-δ films deposited at different temperatures ranging from 300 °C to 400 °C is shown in Fig. 6. The precursor solution concentration, nozzle-to-substrate distance, flow rate and deposition time were fixed at 0.02 M, 50 mm, 1.50 mL.h -1 and 3 h, respectively. At 300 °C, cracks have been observed (Fig. 6a) which could be due to stresses developed during the drying process of a large quantity of liquid present on the substrate at this low temperature.

When large droplets impact the heated substrate, simultaneous spreading and drying processes occurs. Consequently, large particles of approx.100 x 400 nm are obtained. As the deposition temperature was raised to 350 °C, the arriving droplets contained less solvent. Therefore the drying step is more homogeneous and smaller connected particles of ~ 150 nm are visible.

The cracks disappeared and a porous reticulated La4Ni3O10-δ film is observed. An increase in particle agglomeration (Fig. 6c) resulted from preferential landing of the aerosol droplets and from the lack of wetting on the substrate 26 due to the nearly dry aerosol droplets. At higher temperatures drier particles arrive on the substrate changing the surface of the original substrate and creating some irregularities with higher curvature. On further increasing the temperature to 400 °C, no change in the particle size has been observed (Fig. 6d and6e). 

Effect of the nozzle to substrate distance

The amount of precursor solution arriving onto the substrate is also controlled by the nozzle to substrate distance. The shorter the distance, the larger the amount of precursor solution deposited. Therefore we could expect to control the film porosity by changing the nozzle to substrate distance in the same way as the influence of temperature in terms of quantity of solution arriving on the substrate. Fig. 7 shows surface morphologies of La4Ni3O10-δ films deposited at two different nozzle-to-substrate distances of 30 and 50 mm using solution SE (Tables 1 and2). The solution flow rate, substrate temperature and total deposition time were fixed at 1.5mL.h -1 , 350 °C and 3 h, respectively. The reticulated microstructures of the films deposited at 30 and 50 mm are quite similar but are composed of nanostructured particles of ~ 200 nm at only 30 mm and slightly smaller, ~150 nm for 50 mm (Fig. 7a-b and7c-d, respectively). As the nozzle to substrate distance increases, it takes a longer time for the droplets to reach the substrate, allowing for a greater solvent evaporation and resulting in drier and smaller droplets when impacting the substrate. In both cases a 3-D coral-type microstructure has been obtained with a slightly more porous microstructure at 50 mm, with smaller connected particles. mm with a SE solution of concentration 0.02 M.

Selected La4Ni3O10-δ films microstructures for electrochemistry

The electrochemical properties of the oxygen electrodes depend on their microstructure (percolation path between grains, particle size, porosity), on the electrolyteelectrode interface contact for oxygen ion transfer and on the current collection, to enhance the electronic conductivity. In order to study the effect of the La4Ni3O10-δ films microstructure on their electrochemical properties, we have selected three ESD film microstructures, which differ qualitatively in terms of the percolation path inside the electrode and of the quality of the contact at the La4Ni3O10-δ / CGO interface. These specimens consist of "isolated cauliflowers" (sample 1, Fig. 8a-b), connected round agglomerates (sample 2, Fig. 8d-e) and 3D coral-type microstructure (sample 3, Fig. 8g-h). The films were deposited at a substrate temperature, nozzle to substrate distance, flow rate and deposition time of, 350 °C, 50 mm, 1.5 mL.h -1 and 3h, respectively. The other ESD parameters such as nature of the solvents and concentration of the precursor solution used for such microstructures are given in Table 3, than a finer droplets containing EtOH. This leads to the formation of a continuous thin dense layer also improving the adherence of the electrode-electrolyte interface without the need of using high sintering temperatures. Clearly, the percolation path in sample 2, composed of connected round agglomerates, is better than that of the isolated cauliflowers (sample 1). The percolation path is further improved for sample 3, with a 3-D coral-type microstructure. In order to further improve the lateral percolation and to ensure a better contact between the current collecting grid and the cathode, a double layer cathode (sample 4, Fig. 8j) was prepared by screen-printing (SP) a 20 m thick current collecting layer of La4Ni3O10-δ on the top of the functional 3-D coral cathode (20 m thick) (Fig. 8g and8h). As shown in Fig. 8k, the screen-printed layer with primary particle size of 600 nm is partially penetrating the ESD functional layer in a depth of approximately 10m. The total double layer thickness is 30 m. 

along

Electrochemical properties

The electrochemical properties of the four selected La4Ni3O10-δ electrodes (samples 1-4, Table 3) deposited as symmetrical cells on CGO were investigated by EIS in air between 500 and 800 ºC at open circuit potential (OCP). Fig. 9 shows the impedance spectra of the four selected cathodes at 700°C presented on a Nyquist plot and Fig. 10 shows the equivalent electrical circuit model used to fit the impedance spectra. All experimental diagrams were fitted using a series combination of two resistance-constant phase element parallel circuits (R1//CPE1 at high frequency, HF / (LF for sample 4), and R2//CPE2 at low frequency, LF / (very low frequency for sample 4)) connected in series with an inductance L1 and with series resistance Rs. The HF intercept of the diagrams on the real axis corresponds to the overall ohmic resistances (Rs, Table 4), including the resistive contributions of the electrolyte, electrode, leads, cathode and electrolyte interface and contact between electrode and grid. At 700 °C, Rs decreases from 31.97Ω.cm² (sample 1), to 20.73 and 17.78 Ω.cm² (samples 2 and 3, respectively) (Fig. 9). This significant variation in Rs from sample 1 to sample 2 can be attributed to an improved contact between the electrode and the current collecting grid As we can see in Fig. 8c and8f, samples 1 and 2 do not have continuous thin dense layer of cathode between the electrolyte and cathode, as is the case for sample 3 and sample 4 (Fig. 8i and8l). A much lower Rs value could be expected for sample 3 in comparison sample 2 due to better contact of electrode with electrolyte at the interface (presence of thin dense layer, Fig. 8l), however it is not found due to the poor contact between the electrode and the grid and hence to poor current collection (Fig. 8g). A clear reduction of Rs down to 3.43 Ω.cm² (sample 4, Table 4, Fig. 9d) is obtained when the ESD coral-type film is topped by a SP La4Ni3O10-δ layer. This SP layer leads to a flatter electrode surface (Fig. 8j)

and hence to a better contact resulting in a better current collection. This means that SP La4Ni3O10-δ layer acts as a current collector layer (CCL). The polarization resistance (Rpol)

which is used to quantify the magnitude of the electrode reaction, is defined as

Rpol = Relectrode x S/2
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where Relectrode is the resistance difference measured between the value of the low frequency intercept of the electrode characteristic on the real axis and Rs. The surface area of each symmetrical electrode is referred to as S and given in Table 4. According to the analysis, all electrode responses (samples 1-3) can be separated into two arcs (HF and LF ones respectively). The HF contribution is usually attributed to the charge transfer from the electrode to the electrolyte while the LF one is associated with the diffusion resistance, including the adsorption-desorption of oxygen, oxygen diffusion at the gas-cathode interface, and the surface diffusion of intermediate oxygen species. 31 Regardless of electrode microstructure, Rpol decreases by improving the percolation of the isolated cauliflowers (from sample 1 to sample 2) and decreasing the particle size from 100 nm to 50 nm (Table 4). Indeed, the Rpol value for the "isolated cauliflower" cathode (sample 1) was found to be 72.41 Ω cm² at 700 °C whereas for the "connected round agglomerates" cathode (sample 2) 12.78 Ω cm². In SOFC operation, the cathode is devoted to reducing the available oxygen molecules into oxygen ions, O 2-, especially in the vicinity of triple phase boundary (TPB) points. Consequently, the electronic conductivity must be maximized and sufficient porosity is required to facilitate gas permeation. The microstructure of the cathode is therefore fundamental in enabling access of oxygen, electrons and ionic species between the cathode and the electrolyte, as well as expanding the number of TPB sites by increasing the total cathode surface area. For the 3-D coral-type microstructure the Rpol value is further reduced to 2.21 Ω cm² at 700 °C (sample 3, Table 4) favored by a simultaneous improvement of the percolation path (Fig. 8g) and of the electrode/electrolyte contact (Fig. 8h), whereas the particle size is around 150 nm. This is believed to result from the increase in the number of contact points between the CGO substrate and the porous cathode layer due to the presence of the intermediate thin dense cathode layer. The beneficial impact of the addition of an interfacial layer at the electrode-electrolyte has also been previously reported in the literature. 32, 33 A decrease of the area specific resistance from 0.67  cm 2 to 0.21  cm 2 at 600°C was measured when 200 nm of La0.6Sr0.4Co0.2Fe0.8O3- was deposited on TZ3Y (3% yttria-doped zirconia) electrolyte substrate by pulsed laser deposition (PLD) prior to the screen-printing of the porous LSCF cathode. 32 In addition a decrease by 35% of the ASR was also reported using a La2NiO4+ electrode when a dense thin electrode layer was added by PLD between the TZ3Y electrolyte and screen-printed porous electrode. 33 The presence of this layer is expected to improve the oxygen transfer towards the electrolyte.

It can be observed that by the addition of the La4Ni3O10-δ current collecting layer (CCL) (sample 4) decreases the relative contribution of the HF response to the total electrode impedance. Indeed, for this double layer cathode, sample 4, only 1 arc is observed in the frequency range from 10 to 10 4 Hz in the plot (Fig. 9d). This is primarily caused by the total domination by Rpol (LF) and hence the low-frequency response of the sample 4 could be thought to be the rate-limiting step for this double layer cathode. On the other hand, a very small contribution at very low frequencies, appears at high temperatures (≥ 700 °C) and does not vary as the temperature is increased. Moreover the capacitance corresponding to this LF contribution is very high (of the order of 3.3 F cm -2 ), which suggests that it is related with bulk processes such as the O2 diffusion in the gas phase. 34 A drastic improvement in the Rpol to a value as low as 0.30 Ω cm² at 700 °C (Fig. 9d) has been measured when the 3-D coral-type microstructure was topped by a La4Ni3O10-δ SP layer (Fig. 8). To the best of our knowledge this Rpol value is the lowest reported to date in the literature for La4Ni3O10-δ cathode. 35 This double cathode is characterized by a porous cathode functional layer (CFL) with a fine particle size (~150 nm) of large surface area and good connectivity, as well as a good contact between the flat electrode surface (Fig. 8j) and the gold grid. In addition, this microstructure also possesses a good electrolyte/electrode contact (continuous thin and dense La4Ni3O10-δ layer (Fig. 8l) improving the oxygen diffusion towards the electrolyte), as proved by the low Rs value. This decrease in Rpol of roughly ~7 times at 700 °C (16 times at 800 °C) in comparison to sample 3, can be attributed to the presence of a CCL which homogenizes the current distribution along the cathode functional layer (CFL), activating the whole volume of the cathode by avoiding any current constrictions and by increasing the lateral percolation. Remarkably, the Rpol obtained (0.05 Ω cm 2 at 800 °C) of the double layer La4Ni3O10-δ cathode developed here on an CGO electrolyte is lower than those for cathodes of the same composition reported elsewhere deposited by brush coating on LSGM and by screen-printing on YSZ electrolyte (1.0 and 0.15 Ω cm 2 , respectively, at 800 °C). 6, 36 The Rpol (0.30 Ω cm 2 at 700 °C) also presents a better performance than those of the composite and functionally graded composite of La2NiO4+/La4Ni3O10-δ on a LSGM electrolyte at 700 °C (0.62 and 0.52 Ω cm 2 , respectively)

Chapter 4: La4Ni3O10-δ as an efficient solid oxide fuel cell cathode: electrochemical properties versus microstructure Page 134 37,38 and even lower than the CGO /La4Ni3O10-δ composite 0.435 Ω cm 2 , at 700 °C. 39 As expected, Rpol decreases when the temperature increases (Fig. 11, Table 4). The activation energies deduced from the Arrhenius plots (Fig. 11) are given in Table 4 and are in good agreement with the values reported in the literature. 6, 36, 39 Our study highlights the importance of the microstructure in improving the cathode performance and puts this La4Ni3O10-δ double layer microstructure as the best cathode reported to date for this composition. 

Conclusions

This paper reports the fabrication of porous, continuous and crack-free La4Ni3O10-δ cathodes on Ce0.9Gd0.1O2-δ substrate by electrostatic spray deposition. Pure single phase La4Ni3O10-δ films were obtained after calcination at 950 °C for 8 h in air, crystallizing in an orthorhombic symmetry. Various microstructures such as isolated cauliflowers, connected round agglomerates and 3-D coral-type films, have been obtained by optimizing the ESD key process parameters. Longer deposition times, favored preferential landing of the aerosol droplets and particle agglomeration. By increasing the substrate temperature and the nozzle to substrate distance, continuous and porous films can be obtained. The addition of 67% vol.

water to pure ethanol gives a 3-D coral type microstructure with a continuous, dense thin 

Introduction

Mixed ionic-electronic conductors (MIEC) with K2NiF4-type structure have been intensively studied 1, 2 as promising IT-SOFC cathode materials due to their attractive electrochemical performance. 3-8 It has been reported that the Ruddlesden-Popper-type nickelate compounds such as Ln2NiO (Ln = La, Pr and Nd) show sufficient electronic conductivity due to the metal mixed valence (~ 80 to 100 S cm -1 ) and good ionic transport properties. 9, 10 Indeed, they can accomodate hyperstoichiometric oxygen in interstitial lattice sites in the rocksalt layers of the structure. 11 In addition, the lanthanide nickelates show a promising electrocatalytic activity for oxygen reduction reaction (ORR). 12 They exhibit high values of surface exchange and diffusion coefficients (k* and D*) compared to perovskites. 12- 13 Moreover, they are characterized by low thermal expansion coefficient (TEC) values, 2, 3, 14 that are comparable to the most commonly used electrolytes, such as yttria stabilized zirconia (YSZ) and gadolinia doped ceria (CGO). 15-17 However the polarization resistance (Rpol) is still too high and its minimization is required to be used as cathodes for SOFC. Several strategies to improve the electrochemical performance have been explored including the addition of a dense base-layer between the electrolyte and the porous electrode, the control of the microstructure, the introduction of an ionically conducting phase to form a composite electrode and the design of the electrode's architecture. For instance, it is possible to fabricate a layer adjacent to the electrolyte with a smaller particle size to maximize the electrocatalytic activity in this region. 18 This sub-layer can be made denser than the bulk porous electrode with a view to improving the electrolyte/electrode contact and to enhance the oxygen transfer to the electrolyte. Thus, the Rpol value for La2NiO4+δ was found to decrease from 7.4 to 1.0 Ω cm 2 at 700 °C, as reported by Sayers et al. 19 and it was decreased by ~30% at 600 °C (from 1.2 to 0.85 Ω cm 2 ) with respect to the best porous cell as reported by Hildenbrand. 20 Another approach is to increase the surface area of the bulk electrode to enhance the number of active surface sites yielding better electrochemical performances. 21 The most promising Pr2NiOelectrode, has been reported for a mean particle size of ~ 0.4 m (Rpol value down to 0.08 Ω cm 2 at 600 °C). 22 Moreover, composite cathodes, consisting of a matrix phase cathode (electronic conducting or MIEC) and a second phase electrolyte, are gaining importance not only due to further reduction in the Rpol valuem but also to good cathodeelectrolyte adhesion properties. 23-25 Composite electrodes preparation via infiltration is one of the most effective methods used to increase the triple phase boundary (TPB) area and to improve the cathode efficiency at lower temperature. 26, 27 Recently Nicollet et al. 27, 28 have studied two different composite cathodes based on La2NiO4+δ and Pr2NiO4+δ infiltrated into a Gd-doped ceria backbone. Very low Rpol values of 0.15 Ω cm 2 for La2NiO4+δ and 0.075 Ω cm 2 for Pr2NiO4+δ at 600 °C were found in comparison to pure La2NiO4+δ (0.93 Ω cm 2 at 600 °C) 29 and Pr2NiO4+δ (0.15 Ω cm 2 at 600 °C) 29 cathodes deposited by screen-printing on YSZ electrolyte. On the other hand, the infiltration procedure demands several repeated impregnation-calcination steps which limits its use for industrial applications. 30, 31 Recently, we reported a drastic reduction of the Rpol from 3.33 to 0.42  cm 2 at 600 °C when a 3-D coral nanocrystalline La2NiO4+δ film (mean particle size ~ 150 nm) with a continuous nanometric dense interfacewas topped by a La2NiO4+δ current collector. 32 In this study, we propose for the first time, an alternative fabrication route for the LnNO current collector, inks based on KD2921 (Zschimmer and Schwarz) solvent were prepared with commercial CGO powder (Solvay) and with LnNO (Ln = La and Pr) powders obtained by auto-combustion. For this process same precursor solution was used as in ESD process, but prepared in pure EtOH. Then solutions were heated at 150 °C till the completion of auto-combustion process in order to obtain amorphous powders. These amorphous powders were sintered at 950 °C for 6 h (LaNO) and 1100 °C for 4 h (PrNO) in air, respectively, in order to obtain crystallized and single-phase powders.

2.2.Cathode preparation and characterization

The preparation process of the triple layer cathode can be described in three steps interspersed with heat treatments (Table 1, samples 5 and 6). A first CGO base-layer porous film is deposited by SP on CGO electrolyte and sintered at 1200 °C for 4 h in air. Then, it is covered by a LnNO (Ln = La, Pr) porous film using the ESD technique, described elsewhere. 33, 34 The optimized ESD conditions in order to obtain a 3-D coral type microstructure are those previously reported in 31 : deposition time of 180 minutes, substrate temperature of 350 °C, nozzle to substrate distance of 50 mm and flow rate of 1.5 mL/h. This

LnNO ESD film partially penetrates into the first CGO porous film leading to a denser CGO-LnNO composite base-layer. The crystallization of this LnNO ESD coating is obtained after a heat treatment of only 2 h at 900 °C for LaNO. In the case of PrNO a heat treatment at 1000 °C for 2 h followed by another one at 1050 °C for 2 h in air is required. No reactivity was observed between LnNO and CGO at these temperatures. Six symmetrical cells were prepared with the single, double and triple layer electrode on both sides of the CGO electrolyte in order to be analyzed by impedance spectroscopy.

Electrochemical impedance diagrams were recorded between 500 and 700 °C in air in the frequency range from 0.05 Hz to 100 kHz with an ac signal amplitude of 0.02 V at open circuit potential (OCP) by using a PGSTAT 302N (Eco Chemie). Gold grid (Heraeus, 1024 meshes cm -2 woven from 0.06 mm dia. wire) was used as current collector. The data were fitted using equivalent circuits with the Zview ® software (Scribner Associates) and were normalized to the electrode area. The crystal structure was determined using powder X-ray diffraction (XRD, Philips X'Pert-MPD system, Cu K radiation, λ= 1.54056 Å) in Bragg-Brentano configuration. The XRD patterns were refined using Fullprof software in order to determine the lattice parameters. 35 Surface and cross-sectional morphology of the cathodes was characterized using a scanning electron microscope (ZEISS Ultra 55 instrument with field emission gun, FEG). The particle size of the electrodes was estimated from the SEM images using an image analysis tool (Image J software). The composition analysis was performed by energy-dispersive X-ray spectroscopy (EDX) using acceleration voltage equal to 20 keV. Oxygen overstoichiometry () of La2NiO4and Pr2NiO4 samples (powder scratched from ESD films) was determined by thermogravimetry measurements (TGA-Q50 instrument) under flowing 5% H2-Ar gas. Data were collected from 25 to 800 °C at the heating rate of 0.5 °C min -1 . Long-term stability measurements were also carried out on the LnNO triple layer cathodes at 650 °C for 15 days in air.

Results and discussion

Structural characterization of the LnNO films

Fig. 1 shows XRD patterns of the LaNO and PrNO films deposited by ESD and SP on a CGO electrolyte previously recovered by a screen-printed CGO porous layer (samples 5 and 6, Table 1). For LaNO film, no impurities or secondary phases have been observed neither for the ESD film after sintering at 900 °C for 2 h, nor for the sample 5, after sintering at 900 °C for 2 h followed by 1050 °C for 2 h in air . All diffraction peaks matched well those of the La2NiO4+ Pr2NiO4+δ, in good agreement with previously reported values. 29 Moreover, the oxygen overstoichiometry () determined by TGA (Fig. S3) was found to be 0.16 and 0.24 for La2NiO4+δ and Pr2NiO4+δ, respectively which is in good agreement with the literature. 29

Microstructural characterization of the LnNO films with different architectures

As described in Table 1 approximately 20 m thick and show a porous 3-D coral type microstructure, as previously reported by Sharma et al. for LaNO. 32 The ESD process obeys to electrohydrodynamic atomization laws of liquids to produce an aerosol from a liquid precursor which is then directed to a heated substrate. Thus, the microstructure of the resulting film is strongly dependent on the size of the droplets impacting the heated substrate. The droplet size can be controlled through the ESD deposition parameters such as solution flow rate, distance between the substrate and the nozzle and substrate temperature. 36 ESD is a promising and low-cost process which allows a good reproducibility of the coatings. Using similar ESD conditions to the ones reported in our previous article 32 the porous 3-D coral-type microstructure is obtained (substrate temperature of 350 °C, nozzle to substrate distance of 50 mm and flow rate of 1.5 mL/h). This porous microstructure is the consequence of preferential landing of the aerosol droplets on the CGO substrate since nearly dry aerosol droplets impact the substrate. 37 The charges on the substrate surface induced by the strong applied electrostatic field concentrate more where the curvature is greater. 38 So, the charged droplets arriving at the surface will be more attracted towards these more curved areas. This is referred to as ''preferential landing''. This action is the main route for the particle agglomeration, especially when the droplets are small and light. Hwang et al. 38 have shown that when the substrate roughness increases, preferential landing is promoted leading to particle agglomeration. The average particle size of samples 1 (LaNO) and 2 (PrNO) is estimated to be ~ 150 nm (Fig. 2b) and ~ 200 nm (Fig. 2f), respectively. The crystal growth is expected to be larger for PrNO in comparison to LaNO since a higher sintering temperature is required to obtain the pure Pr2NiO4+δ crystallized phase (1100 °C for 4 h for PrNO compared to 950 °C for 6 h for LaNO). The presence of a thin dense base-layer at the electrolyte-electrode interface, ~ 100 nm thick, can be observed in Fig. 2d and Fig. 2h, for both sample 1 and sample 2, respectively. As reported previously, 32 this first thin dense interlayer is deposited at the beginning of the ESD process. As a consequence, the first charged liquid droplets containing the precursors solution spread on the polished flat surface of the grounded substrate. The spreading is larger if the precursor solution is characterized by a low evaporation rate. This happens with an EtOH + water (1:2) based precursor solution due to a larger amount of liquid in the charged droplets impacting the substrate. This leads to the formation of a continuous thin dense layer which also facilitates the adhesion of the electrodeelectrolyte interface without the need of high sintering temperatures. In order to further improve the flatness and contact between the current collecting grid and the electrode, double layer architecture, samples 3 (LaNO) and 4 (PrNO) were prepared by depositing a screen-printed CCL of similar composition on top of the samples 1 and 2, respectively (Fig. 3). The current collecting layer, 20 m thick, partially penetrates (~ 50 %) the 3-D coral type electrode which further improves the lateral percolation. The average particle size of the screen-printed layer sintered in the same conditions is approximately 450 nm for both compositions. Finally, we have designed another cathodes, samples 5 (LaNO) and 6 (PrNO) by modifying the thin dense sub-layer. It consists of a triple layer electrode obtained by inserting a CGO-LnNO composite base-layer onto the electrolyte (Table 1). Fig. 4 shows the SEM micrographs of sample 6, the cross section, the composite base-layer and a schematic of the triple layer design on CGO substrate. Similar morphologies can be observed in sample 5 (Fig. S4). A compact base-layer, ~ 3-4 m thick, is observed. It is the result of the penetration of the electrosprayed LnNO into an initial porous SP LnNO layer forming a base-layer of CGO-LnNO composite, similarly to the infiltration process. 31 The formation of the CGO-LnNO composite of the base-layer was confirmed by EDX in the base-layer region. As an example, EDX signal, collected from an area estimated to 1 m x 1 m located in the centre of the sublayer, is shown in Fig. 5. 

3.3.Electrochemical properties and stability

The electrochemical properties of the electrodes (samples 1-6, Table 1) deposited symmetrically on CGO were investigated by impedance spectroscopy in air at OCV over the temperature range 500 -700 ºC. In the following, the electrical properties of the single and the double layer electrode architecture are first presented and then followed by the ones of the triple layer electrode. The impedance diagrams were fitted with an equivalent circuit, as shown in Fig. 6, consisting of a combination of several resistances (R)-constant phase element (CPE) parallel circuits, connected in series with an inductance (L) using ZView ® software.

This electrical element (L), appearing as a high frequency tail below the real axis, represents the contribution of the connecting leads, measuring device and connecting wires to the measured total impedance. 40 The high frequency intercept of the diagrams on the real axis corresponds to the overall ohmic resistance (Rs), including the resistive contributions of the electrolyte, electrode, leads and current collectors. The electrode performance can be quantified by the polarization resistance Rpol (2Rpol = 2R1 + 2R2 + 2R3), which is the difference between the real axis intercepts of the impedance arc. According to the selected analysis, the electrode response is composed by two or three main elementary contributions located at high frequency (1), medium frequency (2) and low frequency (3) depending upon the temperature and composition of the cathodes. The medium frequency arc resistance can be associated with various electrode processes such as adsorption of gaseous oxygen O2, dissociation of O2 and charge transfer-diffusion (O 2-) in the electrode whereas the high frequency arc is usually attributed to the charge transfer at the electrode/electrolyte interface. 40, 41, 42 The low frequency contribution can be related to a gas impedance due to either porous electrodes or the experimental set-up. 43, 44 Typical experimental and fitted impedance diagrams, plotted in the Nyquist plane are shown in Fig. 7a and Fig. 7b for the samples 1 and 3, respectively. Similar data were obtained contact area at both interfaces yields a homogeneous current distribution within the volume of the electrode, i.e. a lower constriction effect of the electrical current lines. As can be seen in Fig. 2d and Fig. 2h for single layer electrodes, a thin dense layer can be also evidenced at the electrode/electrolyte interface for sample 3 and sample 4. Nevertheless, by using only a gold grid as a current collector (samples 1 and 2), the current lines are not well distributed through the electrode volume. Once the screen-printed layer is added (Fig. 3), an homogeneous distribution of current lines within the electrode can be thus anticipated as well as a decrease of the constriction effect of the current lines in the vicinity of the electrode/electrolyte

interface. An argument that further supports this assumption is that the series resistance recorded for both triple layer electrodes is not modified (Table 2). Accordingly, any variation of the polarization resistance between the double (samples 3 and 4) and triple layer (samples 5 and 6) electrodes is expected to be related mainly to the electrode morphology. As previously reported 20, 45 , the presence of a thin dense layer at the cathode/electrolyte interface (samples 1 and 2) favors the oxygen transfer from the cathode towards the electrolyte and hence leads to better electrode performance. For instance, the polarization resistance was reported to decrease from 0.67 to 0.21  cm 2 and from 1.2 to 0.85

 cm 2 at 600 °C for LSCF and LaNO, respectively, when a thin dense layer was deposited by PLD on the TZ3Y electrolyte prior to the screen-printed porous electrode. 20, 45 It is not the case for samples 1 and 2, indeed, the Rpol values are found to be 3.33 and 0.83 Ω cm² at 600 °C (Table 2), respectively. These values are found to be higher than the lowest values reported in the literature 51 , (2.20 Ω cm², LaNO and 0.28 Ω cm², PrNO) (see Table 3). The coral microstructure of samples 1 and 2 is highly porous (Fig. 2a and Fig. 2e) and the contact area with Au grids is too low and thus the whole electrode volume is not totally active for the ORR. Regardless of the electrode microstructure and the related behavior, the oxygen reduction reaction (ORR) from molecular oxygen O2 into oxygen ions, O 2-requires the O2 supply to the active reaction sites. Consequently, sufficient porosity is needed to facilitate gas permeation and the electronic conductivity must be also maximized at the same time to improve the current collection. This could be the reason for the relatively poor performance of samples 1 and 2. In order to improve the contact between cathode and the grids and hence the effective electronic conductivity of the cathode sheet, the double layer cathodes (samples 3 and 4) were fabricated by depositing a SP layer of the respective composition on the top of the 3-D coral microstructure as a current collector and studied. As for the series resistance, a drastic improvement in Rpol is obtained when adding a La2NiO4+δ (sample 3) and Pr2NiO4+δ SP layer (sample 4), respectively (Fig. 7). Double layer cathodes show much better performance: 0.42 Ω cm² at 600 °C (sample 3) and 0.08 Ω cm² at 600 °C (sample 4), respectively. At 600 °C the Rpol decreases by a factor of 8 for sample 3 and factor of 10 for sample 4. This is also in good agreement with the improvement in Rs values.

This drastic improvement of electrode performance (Table 2) of sample 4 over sample 3 (or sample 2 over sample 1) is also due to better mixed ionic-electronic conductivity as well as diffusion properties of PrNO in comparison to LaNO for similar architecture. Indeed these properties are dependent upon oxygen nonstoichiometry (); the higher the larger the ionic conductivity and diffusion. From TGA (Fig. S3), PrNO shows larger oxygen nonstoichiometry ( = ) in comparison to LaNO ( =0.16) in good agreement with the literature. 29 As shown in Fig. 7, the frequency distribution of the electrode impedance is not modified by adding the CCL, indicating that the ORR remains the same. In order to further reduce the Rpol values, a composite sub-layer was added for samples 5 and 6 (Fig. 4). For a given electrode composition the frequency distribution of the electrode impedance is not strongly modified (Fig. 8). The ORR is likely to remain similar. On the other hand, the shape of the electrode characteristic is modified since a third elementary contribution (labeled as 3) is clearly observed for temperatures higher than 550 °C (Table 2). The fitted and experimental spectra at 600 °C from the inset of Fig. 8b, is shown in Fig. S5. In order to assess the robustness of the fittings, capacitances and exponents of CPE for all 6 architectures are further given in Table S1. It must be emphasized that the Rpol value decreases further down to 0.04 Ω cm 2 for sample 5 (LaNO) and to 0.02 Ω cm 2 for sample 6

(PrNO) at 700 °C, respectively. Once again such improvement in sample 6 over sample 5 is due to the better mixed ionic-electronic conductivity and diffusion property of PrNO since architecture is similar (Fig. 4, Fig. S4). Remarkably, the obtained Rpol values are lower than those reported in the literature for LnNO based cathodes (Table 3). When a compact composite layer of CGO and LnNO is inserted between the electrolyte and the double layer cathode), a significant decrease in both the high and medium frequency resistances (R1 and R2) is observed. Since the series resistances do not vary between double and triple layer electrodes for temperatures higher than 500 °C (Table 2), it can be assumed that the constriction effect at the electrode/electrolyte interface is minimized in the chosen temperature range. By considering that the SP layer acts as an optimized current collector for both types of electrodes, and that the microstructure of the ESD and SP layers remains unchanged (Figures 3 and4), one could infer that the polarization resistance remains the same. Nevertheless, adding CGO enhances the ionic conductivity adjacent to the electrolyte and a better contact between CGO and LnNO can be anticipated. 20, 23 The improvement of the electrode performance is likely to be mainly related to the increase of the active electrode thickness by inserting a composite layer. These results are in good agreement with the work previously reported by Nicollet et al. 27, 28 for the composite electrodes, LaNO and PrNO infiltrated into a Gd-doped ceria backbone. Low Rpol values of 0.15 Ω cm 2 for LaNO and 0.08 Ω cm 2 for PrNO at 600 °C were reported. Thus the proposed cathodes in this work could be considered as a potential cathode material for IT-SOFC. suggesting that the oxygen desorption or adsorption process is the rate-limiting step for the ORR. 46-48 As shown in Table 2, the magnitude of the (R3) low frequency contribution (~1 Hz) almost does not vary with temperature. Moreover this contribution is characterized by high capacitance values, C ≈ 2.6 F cm -2 for the LaNO and ≈ 3.3 F cm -2 for the PrNO cathode, respectively. Such contribution has been attributed to the O2 gas diffusion process through the porous electrode. 49, 50 The activation energies deduced from the Arrhenius plots of the polarization resistance Rpol (Fig. 9) are in good agreement with the values reported in literature. 19, 20, 27 To the best of our knowledge, the Rpol value obtained (as low as 0.04 Ω cm² at 700 °C for sample 5 and as low as 0.02 Ω cm² at 700 °C for sample 6) is far better than the minimum Rpol values previously reported for pure La2NiO4+δ and Pr2NiO4+δ based cathodes, as shown in Table 3.

Moreover, all the results have been found to be reproducible. Such excellent performance of triple layer cathodes indicates that an architectural design of LnNO (Ln = La, Pr) cathodes plays a major role in improving their performance by enhancing the electrode to electrolyte charge transfer as well as the ORR. Finally, the polarization resistance stability was evaluated for two electrodes (samples 5 and 6) for 360 h at 650 °C and neither of the cathodes shows any significant variation in the polarization resistance at OCV, as shown in Fig. 10. Further studies are in progress to evaluate the stability of these nanostructured electrodes after longterm operation under polarization and to test the performance in fuel cells. In summary, electrostatic spray deposition could be an effective method for commercial production of large-area electrodes for SOFCs with a series of advantages compared to the wet infiltration process, including easy industrial implementation, less preparation steps and low cost. Moreover, this method may be applicable to other electrochemical systems, such as solid electrolyzers, batteries, and supercapacitors.

Conclusions

This study demonstrates that the presence of a thin composite layer of CGO and LnNO In this work, cathodes containing CGO-LnNO composite sub layer displayed polarization resistances as low as 0.16  cm 2 at 600 °C (0.04  cm 2 at 700 °C) for LaNO and 0.04  cm 2 at 600 °C (0.02  cm 2 at 700 °C) for PrNO, which are among the best values reported so far for SOFC cathodes. The lowest values, found for these composite cathodes are due to the higher ionic conductivity of the composites, larger number of active points close to electrolyte, and larger contact area between CGO and LnNO which facilitate the charge transfer from the cathode to the electrolyte. In addition, the Rpol values for both electrodes were found to be constant at 650 °C for 15 days, further proving their suitability to be used as SOFC cathode. The experimental and fitted impedance spectra at600 °C from the inset of Fig. 8b, is shown in Fig. S5 along with capacitances and exponents of CPE for all 6 architectures in Table S1. nickelates (Lan+1NinO3n+1, with n=1, 2 and 3) have been considered to be promising materials for IT (intermediate temperature)-SOFC cathode applications [5 -9] because of many important advantages such as high mixed ionic and electronic conductivity [10 -12],

moderate temperature expansion coefficient (TEC) [8], and high electrocatalytic activity under oxidizing conditions [8,9,13]. The Ruddlesden-Popper (RP) phases, with the general formula Lan+1NinO3n+1, are composed of n finite layers of the perovskite LaNiO3 along the caxis separated by LaO rock salt-like layers [14]. As a consequence of their layered framework, the La:Ni ratio varies throughout the RP series, leading to very different electronic conductivity and they can accommodate a range of oxygen non-stoichiometry.

According to previous reported results, the overall electrical conductivity of Lan+1NinO3n+1 at 500-700 °C was found to increase systematically with n [9,15,16] (from 63, 100 to 250 S cm -1 at 600°C for n=1, 2 to 3, respectively) thanks to a larger number of perovskite layers, which govern the electronic conduction pathways located in the NiO6 octahedra of these RP phases. For a given phase, the electronic conductivity also increases with the Ni 3+ content, governed by the oxygen non-stoichiometry, which can vary depending on the preparation method [15,16]. Furthermore, it has also been reported that Lan+1NinO3n+1 (n>1) oxides grown on La0.9Sr0.1Ga0.8Mg0.2O3-δ (LSGM) or on (Ce0.9Gd0.1O2-) (CGO) electrolyte exhibit good long-term stability in air (at 900 °C for 2 weeks) [8]. In contrast, a similar aging treatment of La2NiO4.15 on CGO has revealed its degradation [17]. As a consequence, it seems that the higher order Ruddlesden-Popper (RP) structures such as La3Ni2O7+δ (L3N2) and La4Ni3O10-δ (L4N3) could be more suitable cathodes than La2NiO4+ (L2N1) for IT-SOFC applications [11,17].

In some cases the electrochemical properties of the cathode can be further improved by adding a pure ionic conductor phase, such as demonstrated for yttria stabilized zirconia (YSZ) in strontium doped lanthanum manganate [18,19], doped ceria in Pr0.7Sr0.3Co0.9Cu0.1O3-δ [18][19][20], doped lanthanum gallate in La0.6Sr0.4Co0.2Fe0.8O3- (LSCF) [21,22] and samarium-doped ceria or gadolinium-doped ceria in LSCF [23][24][25]. For example, the polarization resistance of the composite cathode, LSCF-CGO, 60: 40 wt. % was about seven times lower than that of the pure LSCF [26]. As for the nickelates, decrease in the polarization resistance (Rpol) for the composite cathodes Lan+1NinO3n+1 (n = 1, 2, and 3)-YSZ prepared by infiltration from 0.120 down to 0.068 Ω cm 2 at 750 °C by increasing n from 1 to 3 [13]. These Rpol values are significantly lower than those reported for pure Lan+1NinO3n+1 at the same temperature: 0.2 Ω cm 2 for n = 1 [27], 0.39 Ω cm 2 for n = 2

[28] and 0.26 Ω cm 2 for n = 3 [29]. In addition the good performance of a 50:50 wt.% L2N1-L4N3 composite cathode has been reported taking advantage of the specific properties of each phase, i.e. a high ionic conductivity for L2N1 and a high total conductivity for L4N3 [30].

The 50 wt. % L2N1-L4N3 composite presents the lowest Rpol value with comparison to pure L2N1 and L4N3 materials at 700 °C of 0.62 Ω. The authors also reported that the total conductivity of L4N3 is much better than that of the L2N1-L4N3 composite.

The cathode performance is usually evaluated by measuring the polarization resistance value, which is not only influenced by the choice of the material itself, but also by its microstructure. The processing conditions used in the synthesis of the La-Ni-O phases are of considerable interest, as these can affect their properties as cathode materials in IT-SOFCs devices [8,16,17,31,32]. Up to now, various methods have been reported in the literature such as the nitrate and citrate routes [16,33], the continuous hydrothermal flow synthesis (CHFS) method [16,17,[34][35][36][37][38], solid-state synthesis [16,35], the Pechini method [8] and pulsed laser deposition [39]. The synthesis of pure and single phase higher members of the Lan+1NinO3n+1 series, particularly n = 2 and 3, is difficult due to prolonged homogenization and reheating procedures which have to be restricted to limited temperatures because of possible transformation into L2N1 at higher temperatures [8,16,35,40]. For example, the synthesis of the pure L4N3 phase from metal oxide powders takes up to 4-5 days at 1100 ºC under air with intermittent grinding and reheating steps [41]. Recently, Lou et. al. reported the direct and fastest method for the synthesis of L3N2 [28] and L4N3 [29] via sol-gel route by using F127, a poly (ethylene oxide)-poly (propylene oxide)-poly (ethylene oxide) (PEO-PPO-PEO) tri-block copolymer as a chelating agent. In order to get a gel, a first heating at 100 °C for 24 h is required followed by 2 sintering steps, at 1150 °C for 12 h and at 1025 °C for 12 h in air for obtaining pure L3N2 and L4N3 phases, respectively. Thus, the synthesis of such complex materials in a faster and more efficient way constitutes a challenge.

In the present work, we describe the direct, efficient and single-step synthesis of the Lan+1NinO3n+1 phases (with n= 2 and 3) from a nitrate non-aqueous precursor solution. We have investigated the structural parameters, oxygen content, TEC of the pure L3N2 and L4N3
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Ruddlesden-Popper systems as well as the electrochemical properties of cathodes deposited onCe0.9Gd0.1O2- (CGO) electrolyte. Moreover, the electrochemical properties of the cathode can be enhanced significantly when an ionic conductor is added in the range 40-60 wt% [18][19][20][21][22][23][24][25][26]. Therefore, novel composite cathodes consisting of 50 wt.% of CGO and 50 wt.% of Lan+1NinO3n+1 phases (with n= 2 and 3) denoted by L3N2-CGO and L4N3-CGO, respectively, have been deposited by screen-printing on a dense CGO electrolyte and their electrochemical properties evaluated.

Experimental

Synthesis process and characterization

Lan+1NinO3n+1 (with n = 2 and 3) powders were prepared by a citric acid complexation ℃ with constant stirring until the auto combustion occurred. The as-prepared powder was subsequently calcined at 950 °C for 8 h and at 1050 °C for 4 h in order to obtain the L3N2 and L4N3 phases, respectively. The crystal structure was determined by powder X-ray diffraction using Bragg-Brentano configuration (XRD, Philips X'Pert-MPD system, Cu K radiation, λ= 1.54056 Å). The lattice parameters were extracted from Rietveld refinement of the XRD patterns using Fullprofsuite [42]. Commercial CGO (Ce0.9Gd0.1O2-) powder (Solvay) was used for the composite and electrolyte preparation.

The oxygen content (at room temperature) of the two considered oxides was determined by thermogravimetric analysis performed under flowing 5% H2-Ar gas using a TGA-Q50 thermogravimetric analyzer. For this purpose, data were collected in the 20 -900

°C temperature range at the heating rate of 0. mV. Gold grid (Heraeus, 1024 meshes/cm 2 woven, 0.06 mm dia. wire) was used as current collector. The impedance diagrams were normalized to the electrode area and analyzed using equivalent circuits using Zview ® software. Long-term measurements on the L3N2-CGO composite cathode were performed at 900 °C for 2 weeks in air. The surface and crosssectional morphology of the cathodes was characterized using a scanning electron microscopy (ZEISS Ultra 55 instrument with field emission gun (FEG)). The particle size (diameter) of the electrodes was estimated from the SEM images using ImageJ software. The authors reported smaller powder grain sizes and higher reactivity when the powders were prepared by the citrate route in comparison to the nitrate one. This can be explained by the fact that citric acid forms complexes with Ni 2+ and La 3+ through coordination bonds [43], bringing the reaction partners sufficiently close to each other. However, since water was used as solvent, both methods still required intermittent grinding steps. In this work we have used ethanol instead of water as a solvent. The citrate-complex method is significantly altered by the solvent [44], for instance in the work reported by Ding et al. [44],

Results and discussion

Structural characterization

smaller particles were formed by the lower polarity of EtOH and its high dissolving capacity compared to H2O. In addition, EtOH has a lower dielectric constant than H2O (25.3 against 78.54) [45] which helps accelerate the homogeneous complexing process. Thus, the solutesolvent interaction between ethanol and the precursors plays an important and positive role in the synthesis process. 

3.2.Oxygen content analysis by TGA

The oxygen non-stoichiometry (δ) was calculated using the the TGA results performed under reducing conditions (5% H2/ 95% Ar atmosphere). As shown in Fig. 2 Fig. 2 TGA curve of L3N2 and L4N3 powders recorded under 5% H2/ 95% Ar atmosphere.

Thermal expansion

The dilatometric data recorded in this study are shown in Fig. 3. The dL/L evolution is linear in the range from 250 to 800 °C. In this temperature range the thermal expansion coefficients were found to be ∼11.0 x 10 -6 K -1 for L3N2 and ∼11.5 x 10 -6 K -1 for L4N3, in good agreement with previously reported values [8,29]. These values are close to those of Part II: Lan+1NinO3n+1 (n = 2 and 3) phases and composites for solid oxide fuel cell cathodes: facile synthesis and electrochemical properties Page 177

CGO (~11 × 10 -6 K -1 ), ensuring the adequate use of these materials as cathodes on CGO electrolyte in the intermediate temperature range from a thermo-mechanical point of view.

Fig. 3 Thermal expansion curve of samples measured from 25 to 900 °C under air for L3N2 and L4N3 pellets.

Microstructural characterization

The SEM images in Fig. 4 show the surface micrographs and the cross-sectional views of the sintered screen-printed L3N2, L4N3 cathodes and of the L3N2 -CGO and L4N3-CGO composite cathodes. All the electrodes exhibit a porous microstructure which is expected to be beneficial for gaseous oxygen diffusion. Both L3N2 and L4N3 electrode are comprised of particles with well-defined flat facets. The L3N2 cathode (Fig. 4a-4c) displays a uniform particle size distribution (300-450 nm) and well interconnected particles. In comparison, the L4N3 cathode (Fig. 4d-4f) lacks interconnectivity and presents a broader distribution of particle sizes (350-800 nm) with a series of voids throughout. For the composite cathodes, it is possible to distinguish between the L3N2 (or L4N3) and the CGO particles constituting the composites. The CGO particles are rounded in shape and much smaller (100 nm) in comparison to the L3N2 and L4N3 ones, as shown in Fig. 4h and Fig. 4k, respectively. While the composite electrodes were prepared under the same conditions, the CGO and L3N2 contribution (referred to as 3) in the L3N2-CGO response appears due to the strong enhancement of the electrode reaction rate for composite cathodes. The polarization resistance of L3N2-CGO electrode is 27 times lower than for L3N2at 600 °C (Table 3).

At 700 °C, Rpol is of 1.0 and 1.5 Ω cm2 for the L3N2 and L4N3 electrodes, respectively. The polarization resistance of L3N2 is close to that reported by Lou et al. [28] for a screen-printed cathode on YSZ electrolyte (0.97 Ω cm 2 at 700 °C). The Rpol value of the L4N3 cathode is significantly lower than that of a brush-coated electrode on a LSGM electrolyte (14.4 Ω cm 2 at 700 °C) [8], but higher than that reported by Lou et al. [29] for L4N3 screen-printed on YSZ (0.53 Ω cm 2 at 700 °C). However, attention should be paid when making a direct comparison of different porous cathodes. Even the same compositions prepared by different methods can significantly vary due to differences on the starting materials and fabrication processes and thus to differences in the corresponding microstructures [51].

Despite the fact that the electric conductivity of L4N3 [29] is reported to be higher than that of L3N2 [28], we have observed that the polarization resistance of the L4N3 electrode is higher in comparison to L3N2 in the measured temperature range (Fig. 7).

Constriction effect of the current lines in L4N3 electrode is expected to be lower than in the L3N2 electrode because of its higher electrical conductivity reported in the literature. As a consequence, a higher effective active volume should be expected in the electrode reaction for L4N3 and hence should lead to a lower polarization resistance. But this is not the case.

Therefore, this indicates that the electronic conductivity of the electrode material is not the limiting factor in the cathode reaction and probably microstructural properties have to be taken into account. Hence the lower Rpol value of L3N2 is likely to be due to a smaller particle size in comparison to that of L4N3 (Fig. 4), increasing the effective active area for the oxygen reduction. Moreover, the L4N3 electrode exhibits a broad distribution of particle sizes with a series of voids throughout, which yields a lower interconnectivity between particles and thus to less conduction pathways in comparison with the L3N2 cathode (Fig. 4e and Fig. 4b).
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A large improvement in performance has been observed when CGO is added to both the L3N2 and L4N3 cathodes (Fig. 7). At 600 °C, Rpol decreases by a factor of 27 for the L3N2-CGO electrode and by a factor of 2.3 for L4N3-CGO compared to the single L3N2 and L4N3 electrodes (Table 3). Such improvement is due to a significant enhancement of the effective ionic conductivity of the electrode. In fact the addition of CGO to the electrode is expected to break the interconnectivity of the electrode particles and hence to increase the solid phase tortuosity. But the electrical performances are not degraded even if a lower effective electronic conductivity of the electrode material is expected. Indeed, the number of TPB sites for the oxygen reduction is increased in the volume of the electrode when adding CGO. Then, the active surface area of the electrode is enlarged. In addition, in the L3N2-CGO composite, L3N2 and CGO are homogeneously mixed as seen in Fig. 4 and display a good interconnectivity. One can expect a greater number of conduction pathways in this composite in comparison to pure L3N2 as well as in L4N3 and the L4N3-CGO composite cathode. As a consequence of a larger TPB density, the efficiency of an effective surface area for the oxygen reduction is enhanced for this composite electrode. This is also clearly evidenced by the decrease of both resistances R1 and R2 which have been attributed to the resistances of the electrode/electrolyte charge transfer and the one of the electrode reaction (Table 3). However, the microstructure of the L4N3-CGO composite is less ideal since the CGO and L4N3 particle distributions and interconnectivity could be improved. As shown in Fig. 4k, L4N3 and CGO are not mixed randomly but separated in blocks. Therefore, according to Fig.
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4, one can expect a lesser TPB density in the L4N3-CGO composite in comparison to L3N2-CGO composite. The small decrease in the polarization resistance for the L4N3-CGO electrode obtained when adding CGO (Fig. 6) supports this assumption. As the value of the low frequency contribution (R3), is two times larger for L4N3-CGO than for L3N2-CGO, an improvement of the performance can also be expected by improving the homogeneity in particle size and porosity of the electrode material (Fig. 4). In comparison to the literature, the polarization resistance obtained for the L3N2-CGO composite electrode (0.03 Ω cm 2 at 700 °C) is much lower than that reported (0.112 Ω cm 2 at 750 °C) by Choi et al. [13] for an infiltrated L3N2-YSZ composite on YSZ electrolyte, whereas the L4N3-CGO composite electrode does not show such a good performance (0.52 Ω cm 2 at 700 °C) as the L4N3-YSZ electrode prepared by infiltration on a YSZ electrolyte (0.13 Ω cm 2 at 700 °C) reported by Kim et al. [52]. As the R2 values were always larger than R1 over the temperature range 500-750 °C, interface processes such as oxygen adsorption and diffusion on the cathode surface, as well as oxygen -diffusion in the cathode bulk can be regarded as the rate-determining steps for the oxygen reduction reaction [53,54]. Z' (.cm 2 ) Z' (.cm 2 ) For all the investigated cathodes, the activation energy values Ea (Table 3), determined from the Arrhenius diagrams of Rpol (Fig. 7), are in rather good agreement with literature data [28,29]. The introduction of CGO does not significantly modify these values, suggesting that the limiting electrode reaction mechanism remains similar.

Experimental fitted 4 3 2 1 0 R s /2 R 3 R 2 R 1 2.
R s /2 (c) R 1 R 3 R 2 Experimental Fitted -Z" (.cm 2 ) Z' (.cm 2 )

Fig.7

Arrhenius plot of the polarization resistance in air from 500 to 750 ºC for the four cathode investigated compositions

Chemical stability and compatibility with CGO

The L3N2-CGO composite has been selected to investigate the long-term chemical stability and compatibility with CGO because it presents the best electrochemical performance among all samples. For this purpose, X-ray diffraction of the composite was recorded after a heat treatment at 900 °C for 2 weeks in air. The XRD patterns of the as prepared CGO-L3N2 composite and after the long heat treatment are shown in Fig. 8. Nicely, the presence of only the L3N2 and the CGO phases coming from the composite and the substrate are observed both before and after the heat treatment. Possible additional peaks corresponding to reactivity between CGO and L3N2 or decomposition of L3N2 into new phases have not been observed after the heat treatment within the detection limit of XRD.

However, as a consequence of reactivity between L3N2 and CGO, an amorphous phase or secondary phases in regions at the nanometer scale may be present. One can assume that no amorphisation has been detected since the intensity of the XRD peaks remains similar before and after anneal (Fig. 8).

Fig. 8 XRD patterns of the L3N2-CGO composite film prepared by SP on a CGO electrolyte before and after a heat treatment of 2 weeks duration at 900 °C in air.

However, A. Montenegro-Hernández et al. [55] have reported the amorphous material formation at the interface and surrounding the cathode by analyzing the La2NiO4/CGO interface by FEG TEM and EDS. Therefore, a further detailed investigation into long-term stability has to be carried out for L3N2-CGO composite cathode. Our results are in good agreement with those of Amow et al. [8] who have shown no impurity formation by XRD when L3N2 was heated at 900 °C for 2 weeks in air in contrast to previously reported data for La2NiO4+ [56,57]. This can be explained by the increased Ni 3+ content in L3N2 compared to La2NiO4+, which is more stable in air at lower temperatures. Therefore, in addition to the promising cathode performance, L3N2-CGO composite also shows long-term chemical stability and compatibility with a CGO, which makes this composite a promising cathode for IT-SOFC.

Conclusions

Single phase high-order RP phases, La3Ni2O7+δ and La4Ni3O10-δ, were prepared for the first time by a modified citrate-nitrate route using citric acid as the chelating agent and ethanol as the solvent. This modified route has proved to be a facile and direct synthesis method. L3N2 is found to be slightly over stoichiometric ( = 0.05) whereas L4N3 is slightly oxygen deficient ( = 0.06). Dilatometric measurements reveal that the TECs of L3N2 (11.0×10 -6 K -1 ) and L4N3 (11.5 ×10 -6 K -1 ) match well that of CGO (12.2×10 -6 K -1 ). To evaluate these materials and based composites as cathodes for IT-SOFCs, L3N2, L4N3, L3N2-CGO and L4N3-CGO oxide-based symmetrical cells were prepared and electrochemically measured. L3N2 and L4N3 cathodes present typical Rpol values of 1.0 and 1.5 Ω cm 2 at 700 °C, respectively. An addition of CGO drastically reduces the Rpol value, especially in the case of L3N2 matrix (0.03 against 0.52 Ω cm 2 at 700 °C). Moreover, the L3N2-CGO composite cathode is chemically stable and no chemical reactivity between L3N2 and CGO has been observed after a heat treatment at 900 °C in air for 2 weeks. These preliminary results suggest that L3N2-CGO composite prepared from the facile proposed method is a promising cathode material for IT-SOFCs. Hence this new modified citratenitrate preparation method seems to be very versatile for the synthesis of higher order lanthanum nickelate based RP phases for IT-SOFC cathodes. A solid solution with orthorhombic structure (Fmmm space group) was obtained in the entire range of compositions. All films were found to be oxygen over-stoichiometric with  value equal to 0.16, 0.18, 0.22 and 0.24 for x = 0, 0.5, 1 and 2, respectively. As expected, the chemical stability was found to decrease with increasing Pr content. However, contrary to the very few literature results currently available, La2-xPrxNiO4+δ films were found stable in air at 700 °C for 30 days up to x = 1 (LaPrNiO4+δ) while x = 2 (Pr2NiO4+δ) decomposes mainly into Pr6O11 and NiO in the same conditions. A further thermal increase up to 800 °C for either 10 as 0.04  cm 2 at 600 °C (0.02  cm 2 at 700 °C). These values are among the best ones reported so far for SOFC cathodes. The lowest values, obtained for these composite cathodes, are due to the higher ionic conductivity of the composites, to a larger number of active points close to electrolyte, and to a larger contact area between CGO and LnNO, which facilitate the charge transfer from the cathode to the electrolyte. In addition, the Rpol values for both electrodes were found to be constant at 650 °C for 15 days, further proving their suitability to be used as IT-SOFC cathodes.

According to previously reported results, the overall electrical conductivity of Lan+1NinO3n+1 at 500-700 °C was found to increase systematically with n. This is the reason why Lan+1NinO3n+1 samples, with n = 2 and 3, (La3Ni2O7+δ, L3N2; La4Ni3O10-δ, L4N3) have been studied and CGO has been added with a view to take advantage of their complementary properties, i.e. high ionic conductivity of CGO and high electronic conductivity of L3N2 and L4N3, as the fifth and last objective of this thesis. Both L3N2 and L4N3 phases were prepared for the first time by a modified citrate-nitrate route using citric acid as the chelating agent and ethanol as the solvent. This modified route has proved to be an efficient and direct synthesis method. L3N2 was found to be slightly over stoichiometric ( = 0.05) whereas L4N3 was slightly oxygen deficient ( = 0.06). Dilatometric measurements revealed that the TECs of L3N2 (11.0×10 -6 K -1 ) and L4N3 (11.5 ×10 -6 K -1 ) match well that of CGO (12.2×10 -6 K -1 ). To evaluate these materials and their based composites as cathodes for IT-SOFCs, L3N2, L4N3, L3N2-CGO and L4N3-CGO oxide-based symmetrical cells were prepared and measured by EIS. L3N2 and L4N3 cathodes present typical Rpol values of 1.0 and 1.5 Ω cm 2 at 700 °C, respectively. An addition of CGO drastically reduces the Rpol value, especially in the case of the L3N2 matrix (from 1.0 to 0.03 Ω cm 2 at 700°C). In the case of L4N3, Rpol value was decreased only from 1.5 to 0.52 Ω cm 2 at 700 °C when CGO was added.

Moreover, the L3N2-CGO composite cathode is chemically stable and no chemical reactivity between L3N2 and CGO has been observed after a heat treatment at 900 °C in air for 2 weeks.

These preliminary results suggest that the L3N2-CGO composite prepared from the facile proposed method is a promising cathode material for IT-SOFCs. Hence this new modified
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Page 197 citrate-nitrate preparation method seems to be very versatile for the synthesis of higher order lanthanum nickelate based RP phases for IT-SOFC cathodes. The polarization resistance values (Rpol) of the various nickelate cathodes with different architectures, studied in this work, are summarized in Table 1. To the best of our knowledge, these Rpol values are the lowest available in the present literature for all the cathodes under study. As highlighted throughout this work, the cathode architecture is of great importance for obtaining a good electrochemical performance, as the gas/solid and solid/solid interfaces are crucial for the ORR to take place.

properties can be introduced in a physical model to compute the polarisation curves and impedance diagrams of electrode. The model will be adapted from a previous one already developed for a mixed ionic electronic perovskite conductor with oxygen under stoichiometry. These simulations would also provide an interesting tool to propose optimized architectured microstructures.

 A possible extension of this work could be to consider a cathode functional layer built by large columns, as a following conceivable morphology that could be obtained by electrostatic spray deposition after adjusting the process parameters. The space between columns would serve as gas channels distributing oxygen to the active zones.

The electrochemical performance is also very dependent on the roughness of the electrode surface and, consequently, on the contact with the current collector. Since the surface of a columnar microstructure would be much flatter than the surface of the coral-one, a much better current collection is expected.

 Thanks to their flexibility and reversibility, Solid Oxide Cells (SOCs) can be alternatively operated in both fuel cell mode (SOFC) for energy production and in electrolysis mode (SOEC) for hydrogen production. Nevertheless, the industrial deployment of this technology is still hindered by key issues related to durability and costs. The aging of the electrode-electrolyte interface (in terms of reactivity and interdiffusion of elements) is of great importance. Consequently it would be worth to conduct a fundamental study on the oxygen transfer at the cathode /electrolyte interface in operating conditions as a function of time and to study the degradation mechanisms for such kind of architectures prepared by ESD. Structural properties of the materials and strains at the electrode / electrolyte interface could be extracted using

Raman spectroscopy and coupling it simultaneously with impedance spectroscopy to obtain electrochemical properties in a controlled atmosphere as a function of time.

 The I-V and P-V curves recorded on a larger scale anode supported cell integrating the double layer "coral"type LaPrNiO4+δ cathode were quite disappointing with respect to the promising electrochemical performance obtained using symmetrical half cells (objective 2). Indeed, this full cell produced a power density of only 438 mW cm -2 at 700 °C and exhibits a degradation rate of 20 % after 408 hours. To be competitive regarding the state of the art, we propose to use a thinner electrolyte such as ~1 m nm) topped by CGO (1 m). In such case, the series resistance corresponding to the electrolyte would be very small due to the higher conductivity of CGO compared to YSZ. In addition, durability tests in this new configuration could be undertaken and degradation mechanisms will be investigated.
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Electrostatic spray deposition (ESD) is one of the most promising, innovative and efficient chemical deposition methods for fabricating functional ceramic films with a large array of different microstructures while presenting a strong adhesion to the substrate, some of which quite original, as shown in Fig. 1 [1][2][3][4][5][6][7][8][9]. Dense electrolytes, ~10 nm to 1 µm thick [7,[10][11][12][13] as well as porous electrodes, ~ 100 nm to 50 µm thick, for solid oxide fuel cells, have been largely fabricated in LEPMI during the last years [5,6,8,[12][13][14]. Moreover, this is a simple and low cost technique since it does not require vacuum chambers to function (Fig. 2a). In this process liquid is forced to flow through a small metal nozzle which is subjected to an electric field due to which the liquid leaves the outlet of the nozzle in different forms or modes because of different electrohydrodynamic mechanisms.

These modes include among others, the cone-jet mode (Fig. 2b). Fig. 4 shows the schematic of Taylor jet cone and atomization during electrostatic spray deposition [8]. This is achieved when the electrostatic field applied between the positively charged needle and the grounded substrate polarizes the precursor solution on the needle tip and creates the so-called Taylor jet-cone. Atomization of the precursor solution is the first step of ESD process. This process can be divided in five successive steps, as shown in Fig. 5. Hydrodynamic instabilities break the surface tension of the cone which lead to the formation of charged droplets with micrometric sizes. Moreover, the self-repulsive force between the droplets avoids agglomeration and creates the aerosol. In the second step, the droplets are transported towards the substrate by the applied electrical field. During flight time, the size of droplets decreases due to the solvent evaporation, especially if the substrate is heated. Solvent losses depend upon the substrate temperature and the nozzle-to-substrate distance. The third step corresponds to the impact of droplets onto the substrate, while the fourth one is related to the spreading and drying of the droplets which impact onto the substrate and form the film. In the final step, the chemical reaction between the precursor salts occurs as the consequence of the substrate temperature which is usually chosen to cause complete solvent evaporation, and may even be enough high to decompose and promote partial (or complete) chemical reaction between the precursor salts. The correlation between deposition parameters and resulting microstructures was systematically studied and put into evidence in Marinha's PhD and Princivalle's PhD theses [5], dedicated to the preparation, microstructural and electrochemical characterization of La0.6Sr0.4Co0.2Fe0.8O3- (LSCF) cathodes on gadolina-doped ceria (CGO) [10] and LSM, LSM/YSZ composite on YSZ, respectively [17,18], .

Fig. 5 ESD deposition successive steps: 1 -aerosol formation; 2 -droplet transport; 3 -droplet impact; 4 -spreading and drying; 5 -decomposition and reaction [11].

One of the greatest advantages of ESD is also an excellent control over the stoichiometry (cationic ratio) of the films. ESD has also the potential for up-scaling. In this work we have deposited nickelates films from 10 mm up to 40 mm in diameter. This process can be used to deposit much larger surfaces than obtained at the laboratorial scale.

Finally, I would 3 .

 3 like to add special thanks to my dear family members. It has been 3 years since I left India to pursue my PhD degree at Grenoble INP, University Grenoble Alpes. Your unconditional love, endless support and encouragement made me go through my PhD life, which is full of ups and downs. Special thanks to my mother Nagina Sharma and brother Dr. Rajesh Sharma who provided tremendous helps during these three years. I definitely owe a lot to them. Thank you for always being there. I would like to thank all whose direct and indirect support helped me completing my thesis in time. At last but not at least, thank God almighty for all his blessing. Rakesh Kumar Sharma Saint Martin d'Hères, November, 2016 1. Introduction ....................................................................................................................... 2. Experimental ..................................................................................................................... 2.1. Synthesis process and characterization ........................................................................... Results and discussion ...................................................................................................... 3.1. Structural characterization .............................................................................................. 3.2. Oxygen content analysis by TGA ................................................................................... 3.3. Thermal expansion .......................................................................................................... 3.4. Microstructural characterization ..................................................................................... 3.5. Electrode performances .................................................................................................. 3.6. Chemical stability and compatibility with CGO .............................................................

Chapter 1 :

 1 Literature survey Page 29 xSrxCo1-yFeyO3-δ (BSCF), La1-xSrxCoO3-δ (LSC), La1-xSrxCo1-yFeyO3-δ (LSCF) and LaNi1-xFexO3-δ (LNF).

Fig. 6

 6 Fig. 6 Reaction routes for the oxygen reduction reaction: (a) in a pure electronic conductor (b), in a composite (electronic plus ionic conductors) and (c) in a single-phased MIEC.

Fig. 7 .

 7 Fig. 7. It consists of n consecutive (AMO3)n perovskite layers, alternating with one AO rocksalt layer along the crystallographic c-axis. The well-known perovskite (AMO3) and K2NiF4type structure correspond to n = ∞ and n = l, respectively. The A and M site cations are typically comprised of rare/alkaline earth metals (La, Pr, Nd) and transition metals (Ni, Co,

Fig. 7 2 . 1 .

 721 Fig. 7 Schematic crystal structures of the n = 1, 2 and 3 members of the Ruddlesden-Popper (RP) type An+1MnO3n+1. The unit cell of each structure is presented by a black rectangle [82].

Fig. 8

 8 Fig. 8 Schematic illustration of the La2NiO4+δ structure showing the vacancy and interstitialcy ionic transport directions. LaNiO3 perovskite and LaO rock-salt layers are indicated [115].

Fig. 9

 9 Fig. 9 Thermal variation of (a) the diffusion coefficient D* and (b) the surface exchange coefficient k* for La2-xPrxNiO4+δ (x = 0.5, 1 and 1.5) [65]. The values of D* for x = 0, 2 and

E.

  Boehm et al have shown the conductivity variation vs. temperature for Ln2NiO4+δ (Ln = La, Nd and Pr) compounds, as shown in Fig. 10 [85]. Note that the electrical conductivity of praseodymium nickelate (Pr) is greater than those of the corresponding neodymium (Nd) and lanthanum (La) one in the whole temperature range. In the same figure,

Fig. 12

 12 Fig. 12 Arrhenius plots of Rpol for Ln2NiO4+δ (Ln = La, Nd and Pr) cathodes in symmetrical cells (electrode/YSZ/electrode) [130].
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Fig. 1

 1 Fig. 1 Typical XRD patterns of a LNO film deposited by ESD on a CGO substrate: (a) asdeposited, (b) calcined at 950 °C for 6 h in air.
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Chapter 2 : 60 Fig. 2

 2602 Fig. 2 SEM micrographs of the calcined LNO films (950 °C for 6 h) deposited by ESD at T = 300 °C using EtOH, a distance nozzle to substrate of 30 mm and a flow rate of 1.0 mL.h -1 after a deposition time of: (a) 1.33 h (surface), (b) 2.17 h (surface), (c) 4 h (surface), (d) 6.67 h (surface), (e) 6.67 h (cross section) ; (f) LNO growth rate, error bars range from 0.2 to 0.4 m.
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 2 An innovative architectural design to enhance the electrochemical performance of La2NiO4+δ cathodes for solid oxide fuel cell applications Page 61 agglomerates are deposited after ~ 4 h deposition. This well-known phenomenon in ESD technique has been already mentioned by Chen et al. [32], Taniguchi et al. [25], Marinha et al.

Fig. 3

 3 Fig. 3 SEM surface microstructures of the calcined LNO films (950 °C for 6 h) using pure EtOH and coated at a nozzle-to-substrate distance of (a) 20 mm (b) 30 mm and (c) 50 mm and at fixed flow rate 1.0 mL.h -1 , substrate temperature T = 300 °C and deposition time 1.33 h; -at a substrate temperature of (d) 300 °C (e) 400 °C (f) 450 °C and at fixed flow rate 1.0 mL.h -1 ,

Fig. 4

 4 Fig. 4 SEM micrographs of calcined films (950 °C for 6 h) obtained with fixed substrate temperature T = 300 °C, nozzle to substrate distance 30 mm, flow rate 1.0 mL.h -1 , deposition time 1.33 h starting with solution of (a) EtOH, surface (b) EtOH, cross section (c) EtOH + H2O (2:1), surface (d) EtOH + H2O (2:1), cross section (e) EtOH + H2O (1:2), surface (f) EtOH + H2O (1:2), cross section.

sample 4 ,Chapter 2 :

 42 Fig. 5m-5p) combining for the first time two well-established techniques, ESD and SP, to get a double LNO layer (dense thin and porous one in a single step by ESD topped by a An innovative architectural design to enhance the electrochemical performance of La2NiO4+δ cathodes for solid oxide fuel cell applications Page 67

Fig. 5 Chapter 2 :

 52 Fig. 5 Schematic and SEM micrographs of calcined films obtained with fixed substrate temperature T = 350 °C, nozzle to substrate distance 50 mm, flow rate 1.5 mL.h -1 , deposition time 3 h starting with solution of sample 1: (a) EtOH, surface, ESD (b), (c) EtOH, cross section, ESD (d) EtOH, ESD schematic diagram; sample 2: (e) EtOH + H2O 1:2, surface, ESD (f), (g) EtOH + H2O 1:2, cross section, ESD (h) EtOH + H2O 1:2, ESD schematic diagram; sample 3: (i) SP surface (j), (k) SP cross section (l) SP schematic diagram; sample 4: (m) EtOH + H2O, 1:2 ESD + SP, surface (n), (o) EtOH + H2O, 1:2 ESD + SP, cross section (p) EtOH + H2O, 1:2 ESD + SP, schematic diagram.

Fig. 6

 6 Fig. 6 Impedance spectra of the LNO cathode on CGO in symmetrical cells in air obtained at 600 °C in OCP conditions (a) sample 1 (b) sample 2 (c) sample 3 (d) sample 4. The numbers over the diagram indicate the logarithm of the measuring frequency.
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Fig. 7

 7 Fig. 7 Arrhenius plot of the Rpol value in air for LNO films (OCP conditions) (a) sample 1 (b) sample 2 (c) sample 3 (d) sample 4.

Fig. 8

 8 Fig. 8 XRD patterns of LNO film prepared by ESD (sample 2) after heat treatment for 10 days at (a) 700 °C, (b) 800 °C, (c) 1100 °C.
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Fig. S1 .

 S1 Fig.S1.Typical EDX spectrum of the LNO film deposited on CGO substrate by ESD after calcination at 950°C for 6 h in air.

Fig. S2

 S2 Fig. S2 SEM surface microstructures (larger magnification) of the calcined LNO films (950 °C for 6 h) deposited by ESD at 300°C, 30 mm and 1.0 mL.h -1 after deposition time of: (a) 1.33 h, (b) 2.17 h, (c) 4 h, (d) 6.67 h.

Fig. S3

 S3 Fig. S3 SEM surface microstructures (larger magnification) of the calcined LNO films (950 °C for 6 h) using pure EtOH and coated at: nozzle-to-substrate distance of (a) 20 mm (b) 30 mm and (c) 50 mm and at fixed 1.0 mL.h -1 , 300 °C and 1.33 h; at: substrate temperature of (d)

  addition a complete cell was fabricated starting from a commercial anode supported half cell (supplied by HC Starck producer) made of a 500 m thick Ni-3YSZ anode topped by a 8-10 m thick Ni-8YSZ functional layer and a 5 m thick 8YSZ electrolyte membrane (Ø = 40 mm). A CGO layer of 5 m thickness (Ø = 40 mm) was first deposited as a barrier layer on Ni-3YSZ//Ni-8YSZ//8YSZ support by ESD. The selected ESD conditions used to coat the dense CGO thin layer had been previously optimized 25 and are the following: The total concentration of salts (Ce(NO3)3•6H2O (Prolabo rectapur, 99.5%) and Gd(NO3)3•6H2O (Aldrich Chemical Company Inc, 99.9%) salts in adequate stoichiometry) was fixed at 0.005 M in diethylene glycol monobutyl ether, known as butyl carbitol (C8H17O2OH, Acros Organics, >99%). The substrate temperature, nozzle to substrate distance and flow rate were fixed at 300 °C, 45 mm and 0.5 mL h -1 , respectively, for a deposition time of 15 minutes. A sintering for 2 h in air at 800 °C was sufficient to obtain crystalline CGO. Then the double-Chapter 3: Efficient 3-D coral La2-xPrxNiO4+δ SOFC cathodes: a compromise in electrochemical performance and chemical stability Page 87

  autolab potentiostat-galvanostat (PGSTAT 302N) in air, from 500 to 700°C, in the frequency range from 0.05 Hz to 100 kHz. The measurements were performed with a signal amplitude of 0.02 V at open circuit potential (OCP), using gold grids (Heraeus, 1024 meshes cm -2 woven from 0.06 mm dia. wire) as the current collectors. The EIS diagrams were normalized to the electrode area and fitted using equivalent circuits with the ZView ® software (Scribner Associates) were. The polarization resistance (Rpol) values were calculated by subtracting the high frequency (HF) intercept from the low frequency (LF) intercept on the real axis of the electrode impedance in the Nyquist plane. The ageing of the LaPrNiO4+δ cathode was carried Chapter 3: Efficient 3-D coral La2-xPrxNiO4+δ SOFC cathodes: a compromise in electrochemical performance and chemical stability Page 88

Fig. 1

 1 Fig. 1 FULLPROF refinement of the XRD patterns of the LaPrNiO4+δ film deposited by ESD on a CGO pellet (Fitting parameters:   = 8.52, Bragg R-factor = 1.45 and RF-factor = 0.98 for LaPrNiO4+δ; Bragg R-factor = 1.33 and RF-factor = 0.70 for CGO.

  Regardless of the Pr content, all the La2-xPrxNiO4+δ films are approximately 20 m thick and show a similar porous 3-D coral type microstructure, as shown in Fig. S4. As an example, the microstructure and schematic diagram of the LaPrNiO4+δ cathode are shown in Fig. 2(a)-(c) and Fig. 2d, respectively. Such coral microstructures are the consequence of the preferential landing of the aerosol droplets on the CGO substrate, as nearly dry aerosol droplets impact the substrate. Indeed, the droplets undergo a decrease in size due to the long flight time for the large nozzle to substrate distance (50 mm) and due to the solvent evaporation, since the substrate is heated at 350 °C. 30 This 3-D coral microstructure is highly porous with sub-micron sized grains (~ 150 nm for x = 1 and ~ 200 nm for x = 2) and has uniformly distributed micro-pores throughout the different Pr content as shown in Fig. S4 (b), (f), (j) and (n). A larger crystal growth is expected for Pr2NiO4+δ in comparison to La2-xPrxNiO4+δ, 0 ≤ x < 1) since a higher sintering temperature is required to obtain the pure Pr2NiO4+δ crystallized phase (1100 °C for 4 h for Pr2NiO4+δ against 950 °C for 6 h for La2NiO4+δ). A thin dense base-layer (~ 100 nm thick) is also present at the electrolyte-electrode interface for all Pr contents, as shown in Fig. S4 (d), (h), (p) and (l).

Fig. 2

 2 Fig. 2 SEM micrographs of the LaPrNiO4+δ electrode on a CGO substrate, single layer: (a) surface, (b, c) cross section, (d) schematic diagram; and double layer: (e) surface, (f, g) cross section, (h) schematic diagram.

Fig. 5

 5 Fig. 5 Nyquist impedance diagrams at 600 °C in air at OCV: La2NiO4+δ (a) single layer, (b) double layer; La1.5Pr0.5NiO4+δ (c) single layer, (d) double layer; LaPrNiO4+δ (e) single layer, (f) double layer and Pr2NiO4+δ (g) single layer, (h) double layer. The numbers indicate the logarithm of the measuring frequency.

Fig. 6

 6 Fig. 6 Arrhenius plot of the electrodes: a) Rpol, b) R1, c) R2, d) R3.

Fig. 7

 7 Fig. 7 Arrhenius plot of the capacitance and frequency corresponding to processes P1, P2 and P3: a) C1, b) C2, c) C3, d) f1, e) f2 and g) f3.
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Fig. 8

 8 Fig.8 Rpol vs. time for the LaPrNiO4+δ electrode at OCV (700 °C) and under polarization (-195 mA cm -2 ) at 600 °C.

Fig. S2

 S2 Fig. S2 FULLPROF refinement of the XRD patterns of La1.5Pr0.5NiO4+δ film deposited by ESD on a CGO pellet (Fit parameters:   = 7.44, Bragg R-factor = 1.36 and RF-factor = 0.99 for La1.5Pr0.5NiO4+δ; Bragg R-factor = 1.48 and RF-factor = 0.77 for CGO).

Fig. S3

 S3 Fig. S3 FULLPROF refinement of the XRD patterns of Pr2NiO4+δ film deposited by ESD on a CGO pellet (Fit parameters:   = 10.3, Bragg R-factor = 1.09 and RF-factor = 0.67 for Pr2NiO4+δ; Bragg R-factor = 0.83 and RF-factor = 0.49 for CGO).

Fig. S4

 S4 Fig. S4 SEM micrographs of the La2-xPrxNiO4+δ (0 ≤ x ≤ 2) single layer films on a CGO substrate, La2NiO4+δ: (a, b) surface, (c, d) cross section; La1.5Pr0.5NiO4+δ: (e, f) surface, (g, h) cross section; LaPrNiO4+δ: (i, j) surface, (k, l) cross section and Pr2NiO4+δ: (m, n) surface, (o, p) cross section.

Fig. S5

 S5 Fig. S5 SEM micrographs of the La2-xPrxNiO4+δ (0 ≤ x ≤ 2) double layer films on a CGO substrate, La2NiO4+δ: (a, b) surface, (c) cross section; La1.5Pr0.5NiO4+δ: (d, e) surface, (f) cross section; LaPrNiO4+δ: (g, h) surface, (i) cross section and Pr2NiO4+δ: (j, k) surface, (l) cross section.

prepared

  La4Ni3O10-δ by the Pechini method at 1050 °C over 6 days with one intermittent regrinding step,6, 19 whereas Takahashi et al. synthesized La4Ni3O10-δ by heating La2O3 and NiO at 1050 °C over 6 days with one intermittent regrinding step.7 Furthermore, Zhang et al.

Fig. 1

 1 shows the typical FULLPROF refinement of the XRD pattern of the film sintered at 950 °C for 8 h in air followed by sintering of 1100 °C for 6 h in air. No impurities or secondary phases can be observed even after the second calcination at 1100°C. All diffraction peaks matched well those of La4Ni3O10-δ phase (ICDS #04-009-2594) and were indexed to an orthorhombic unit cell with the Fmmm space group (N° 69). The cell parameters of a = 5.413(2) Ǻ, b = 5.462(3) Ǻ and c = 27.960 (5) Å, deduced from Fullprof software refinement, are found to be in good agreement with previously reported values.

Fig. 1

 1 Fig. 1 FULLPROF refinement of the XRD patterns of La4Ni3O10-δ film deposited by ESD at 350 °C on a CGO substrate and after calcination at 950 °C/ 8 h + 1100 °C/ 6 h in air.

Fig. 2

 2 Fig.2Typical EDX spectrum of the La4Ni3O10-δ film calcined at 950 °C for 8 h in air.

Fig. 3

 3 Fig. 3 SEM micrographs of the calcined (950°C for 8 h in air) ESD films using EtOH and 0.02 M salt concentration at T=350 °C, for a distance nozzle to substrate of 50 mm and a flow rate of 1.5 mL.h -1 after deposition time of: 0.5 h (a, b) surface, (c) cross section; 1.5 h (d, e)

Fig. 4

 4 Fig. 4 SEM surface micrographs (at 2 different magnifications) of calcined (950 °C for 8 h in air) La4Ni3O10-δ ESD films obtained with a solution concentration of (a), (b) 0.005 M; (c) (d) 0.01 M; (e), (f) 0.02 M, using pure EtOH at T=350 °C for a nozzle to substrate distance of 50

  At a fixed optimized concentration of 0.02 M three different solvent compositions of EtOH: BC(1:2), EtOH 100% and EtOH: water (1:2), Chapter 4: La4Ni3O10-δ as an efficient solid oxide fuel cell cathode: electrochemical properties versus microstructure Page 123

Fig. 5

 5 Fig. 5 SEM surface micrographs (at 2 different magnifications) of calcined (950 °C for 8 h in air) La4Ni3O10-δ ESD films obtained with solution of (a), (b) SA: EtOH + BC (1:2); (c), (d) SD: EtOH; (e), (f) SE: EtOH + H2O(1:2) with a solution concentration of 0.02 M at T=350 °C for a nozzle to substrate distance of 50 mm and a flow rate of 1.5 mL.h -1 and after deposition time of 3 h.
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Fig. 6

 6 Fig. 6 SEM surface micrographs (at two different magnifications) of calcined (950°C for 8 h in air) La4Ni3O10-δ films obtained by ESD at deposition temperatures of: (a), (b) 300 °C; (c), (d) 350 °C; (e), (f) 400 °C with a solution concentration of 0.02 M for a nozzle to substrate distance of 50 mm and a flow rate of 1.5 mL.h -1 and after deposition time of 3 h.

Fig. 7

 7 Fig. 7 SEM surface micrographs (at 2 different magnifications) of the calcined (950°C for 8 h in air) La4Ni3O10-δ films obtained at a deposition temperature of 350 °C, a deposition time of 3 h, a flow rate of 1.5 mL.h -1 and a nozzle to substrate distance of: (a), (b) 30 mm; (c), (d) 50
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 43 with some characteristics of the microstructure. The porosity of the films was estimated by comparing the apparent film density with the La4Ni3O10-δ theoretical density. The apparent density was obtained by weighing the CGO substrates before and after the ESD film deposition and measuring the film thickness and diameter. A porosity of approximately 95, 92 and 86 vol. % was estimated for the isolated cauliflower, connected round agglomerates and 3-D coral type microstructures, respectively. This large porosity indicates that plenty of space is available for oxygen molecules to transport in ESD film. These values are in good agreement with the porosity reported by Sar et. al. using FIB-SEM on the CGO/LSCF (La0.6Sr0.4Co0.2Fe0.8O3- ) film also deposited by ESD.30 Further all three electrodes are characterized by an average particle size varying from 50 nm (sample 2, Fig.4f), to 100 nm (sample 1, Fig.4d) to 150 nm (sample 3, Fig.5f) with a difference in percolation and in the presence or absence of a continuous thin dense cathode layer between the electrolyte and the porous cathode. It is obvious from Fig.8c and 8fthat samples 1 and 2 do not have the continuous thin dense layer, whereas sample 3 (3-D coral-type microstructure) and sample D coral-type microstructure topped by SP layer) do present a continuous and adherent interface (Fig.8i). The origin of this thin dense layer is the lower evaporation rate and larger amount of the liquid in the charged droplet of EtOH + water (1:2) based precursor solution (used for samples 3 and 4) in comparison to the finer and almost dry droplets of the EtOH based solution (used for samples 1 and 2). As a consequence, the charged liquid droplets containing water, spread much more on the polished flat surface of the grounded substrate Chapter 4: La4Ni3O10-δ as an efficient solid oxide fuel cell cathode: electrochemical properties versus microstructurePage 128

Fig. 8

 8 Fig. 8 SEM micrographs of the La4Ni3O10-δ cathode, sample 1: (a) surface, (b) cross section, (c) cross section of a selected region with discontinuous interface; sample 2: (d) surface, (e)cross section , (f) cross section of a selected region with discontinuous interface; sample 3: (g) surface, (h) cross section, (i) interface with a thin dense layer (TDL); sample 4 (double layer cathode (ESD + SP)): (j) surface (k) cross section, (l) interface with a thin dense layer (TDL). Samples 1-3 were calcined at 950 °C for 8 h in air whereas sample 4 at 950 °C for 8 h (after ESD) + 1050 °C for 2 h + 1100 °C for 0.5 h (after SP in air).
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(

  surface view, Fig 8a compared to Fig. 8d). From samples 2 to 3 the contact at electrolyte/electrode interface improves, increasing the number of contact points between the cathode and the electrolyte (Fig 8i compared to Fig. 8f) due to the presence of a continuous thin dense layer. Indeed in the cases of sample 2 and 3, the constriction effect of the current lines is lowered since the contact between electrode and grid as well as interface between electrolyte and electrode both are better in comparison to sample 1 characterized by isolated cauliflowers.

Fig. 9

 9 Fig. 9 Nyquist plots for the La4Ni3O10-δ/CGO/La4Ni3O10-δ cells with different microstructure recorded in air at 700 °C in OCP conditions: (a) sample 1 (b) sample 2 (c) sample 3 (d) sample 4. The numbers over the diagram indicate the logarithm of the measuring frequency.

Fig. 10

 10 Fig. 10 Equivalent electrical circuit model used for impedance spectra fitting.
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Fig. 11

 11 Fig. 11 Arrhenius plot of the Rpol in air for La4Ni3O10-δ electrodes (OCP conditions) on CGO electrolyte,(a) sample 1, isolated cauliflower (b) sample 2, connected round agglomerates (c) sample 3, 3-D coral type (d) sample 4, double layer cathode ( 3-D coral type + SP).
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 4 La4Ni3O10-δ as an efficient solid oxide fuel cell cathode: electrochemical properties versus microstructure Page 135 layer adjacent to the electrolyte. It has been clearly shown that the electrochemical properties of these La4Ni3O10-δ cathodes strongly depend upon the microstructure. Rpol improves from 74.94 to 12.78 and then to 2.21 Ω.cm 2 by changing the microstructure from isolated cauliflowers to connected round agglomerates and then to the 3-D coral-type microstructure, thanks to an improved percolation path and a better electrolyte/electrode contact. Moreover the Rpol value of the 3-D coral-type microstructure decreases down to 0.30 Ω.cm 2 at 700 °C after improving the current collection by adding a La4Ni3O10-δ SP layer on top. To the best of our knowledge, this polarization resistance value is the lowest for this composition in the present literature.

1 .

 1 Ln2NiO4+δ (LnNO; Ln = La, Pr) electrode on CGO electrolyte, in three steps, as follows: A first thin porous CGO film is deposited by SP and sintered. Then, in a second step, it is covered by a 3-D LnNO porous coral-type microstructure by ESD and sintered. A third LnNO layer is topped by SP as a current collector and sintered. The innovative triple layer architecture of the full LnNO electrode resides on the presence of a CGO: LnNO composite thin porous sub-layer (3-4 m thick) as a consequence of the penetration of the ESD LnNO film into the first SP CGO sub-layer. This new architecture is used with the objective of decreasing the polarization resistance by improving the electrode/electrolyte contact and enlarging the TPB region. A comparison of the electrochemical properties of the triple layer LnNO electrodes on CGO with two other architectures is performed: a single ESD LnNO layer and a double ESD+SP LnNO layer. Materials and solution preparation Dense CGO (Ce0.9Gd0.1O2-) pellets made by pressing discs (20 mm diameter and 1.2 mm thickness) of commercial powder (Solvay) and subsequently fired at 1400 °C for 4 h were used as electrolyte. Nickel nitrate hexahydrate [Ni (NO3)2 6H2O, 99.9%, Aldrich], Lanthanum nitrate hexahydrate [La (NO3)3 •6H2O, 99.9%, Alfa Aesar], Praseodymium nitrate hexahydrate [Pr (NO3)3.6 H2O, 99.9%, Aldrich] citric acid [C6H8O7, 99.9%, Alfa Aesar], and ethanol (CH3CH2OH, >99.9%, Prolabo) were used as precursors. ESD precursor solutions of 0.02 M (total cation concentration) were prepared in the mixture of 30 ml of ethanol and water (1:2) by adding the stoichiometric amount of La(NO3)3.6 H2O, Pr(NO3)3.6 H2O and Ni(NO3)2 6 H2O salts and citric acid (20 mol. % in excess). For the SP layers, the CGO and Part I: Design of interfaces in efficient Ln2NiO4+δ (Ln = La, Pr) cathode for SOFCs application Page 144

Fig. 1

 1 Fig. 1 XRD patterns of the LnNO films coated by ESD and SP on CGO electrolyte previously recovered by a SP CGO sub-layer: (a) La2NiO4+δ and (b) Pr2NiO4+δ.
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  phase (ICDD # 01-074-9394) and those of the Ce0.9Gd0.1O2- phase (ICDD # 04-013-6577) originating from both the substrate and the SP sub-layer. In the case of Pr2NiO4+δ prepared by ESD, some traces of Pr6O11 and NiO appear as intermediate phases after sintering at 1000 °C for 2 h along with the CGO phase (ICDD # 04-013-6577) coming from both the substrate and the SP sub-layer. Then, after a successive sintering at 1050 °C for 2 h in air (sample 6), they recombine leading to the pure Pr2NiO4+δ phase (ICDD #04-014-1778)). No structural modification was detected when the Pr2NiO4+δ CCL film was successively screen-printed onto the ESD layer and sintered again at 1050 °C for 2 h. Both LnNO films crystallize in an orthorhombic unit cell with the Fmmm space group (N° 69). The cell parameters, determined from Fullprof software refinement (Fig. S1 and S2), are a = 5.457(3) Å, b = 5.462(8) Å and c = 12.690 (6) Å for La2NiO4+δ and a = 5.391 (4) Å, b = 5.453 (8) Å and c = 12.446 (3) Å for

5 :Fig. 2

 52 Fig.2shows SEM surface and cross section images of the samples 1 (LaNO) and 2 (PrNO). Whatever the rare-earth composition (La or Pr), both the samples 1 and 2 are

Fig. 2

 2 Fig. 2 SEM micrographs of sample 1: (a, b) surface, (c, d) cross section and sample 2: (e, f) surface, (g, h) cross section.

Fig. 3

 3 Fig. 3 SEM micrographs of sample 3: (a,b) surface, (c) cross section and sample 4: (d,e) surface, (f) cross section.

Fig. 4 Fig. 5

 45 Fig. 4 SEM micrographs of sample 6: (a), (b) cross section, (c) CGO-PrNO sub-layer on CGO electrolyte, (d) schematic of the triple layer design.

  for the PrNO electrodes (samples 2 and 4). The ohmic resistance (Rs) has been subtracted in order to facilitate comparison between the resistance polarization values (Rpol) of the different samples. It is worth mentioning the important effect of the screen-printed CCL layer on the Rs. Adding a SP layer results in a significant decrease of the series resistance regardless of the composition of the electrode. For instance, at 600°C, Rs varies from 14.58 Ω cm² (sample 1) down to 5.43 Ω cm² (sample 2, not shown in Fig.7). Indeed, Rs depends upon the intimate contact at the electrode/electrolyte and current collector/electrode interfaces. Increasing the Part I: Design of interfaces in efficient Ln2NiO4+δ (Ln = La, Pr) cathode for SOFCs applicationPage 154

Fig. 6

 6 Fig. 6 Equivalent electrical circuit model used for impedance spectra fitting.

Fig. 7

 7 Fig. 7 Nyquist plots recorded at 600 °C in air at OCV: (a) sample 1 and (b) sample 3. The numbers indicate the logarithm of the measuring frequency.
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Fig. 8

 8 Fig. 8 Nyquist Plots recorded as a function of the temperature (from 500 to 700 ºC) at OCV; (a) sample 5 and (b) sample 6. Inset picture is a zoom-in of the high temperature plot. The numbers indicate the logarithm of the measuring frequency.

Part I : Fig. 9

 :9 Fig. 9 Arrhenius plot of the Rpol in air for six electrodes (OCV conditions) on CGO electrolyte.

Fig. 10

 10 Fig. 10 Variation in the polarization resistance of samples 5 and 6 at 650 °C in OCV condition.
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  in between electrolyte and the double layer LnNO cathodes deposited via SP and ESD procedures, respectively, is a very innovative route to improve significantly the electrochemical performance. Single phase of the prepared electrode crystallized in orthorhombic (Fmmm) has been confirmed by XRD. During the growth of the 3-D coral microstructure of LnNO on the top of thin compact CGO film, the precursor solution penetrates the compact CGO layer and leads to the formation of CGO and LnNO composite.

FULLPROF

  refinement of the XRD patterns of the Ln2NiO4+δ (Ln = La, Pr) films prepared by ESD on a screen printed CGO layer on a CGO pellet.

Fig. S1 165 Micrographs of sample 5 :

 S11655 Fig. S1 FULLPROF refinement of the XRD patterns of La2NiO4+δ film deposited by ESD on a screen printed CGO layer on a CGO pellet (Fit parameters:   = 12.2, Bragg R-factor = 1.272 and RF-factor = 0.637for La2NiO4+δ; Bragg R-factor = 0.925 and RF-factor = 0.442 for CGO).

Fig. S4

 S4 Fig. S4 SEM micrographs of sample 5: (a) cross section, (b) CGO-LaNOsub-layer on CGO electrolyte.

Fig. S5

 S5 Fig. S5 Nyquist plots recorded at 600 °C in air at OCV for sample 6. The numbers indicate the logarithm of the measuring frequency.

  Solid oxide fuel cell (SOFC) based electrochemical devices convert chemical energy into electrical energy efficiently with low pollutant emissions[1 -4]. Recently, rare earth

Fig. 1

 1 Fig.1shows the XRD patterns of the L3N2 and L4N3 powders calcined at 1050 °C for 4 h and at 950 °C for 8 h, respectively. Both XRD patterns can be clearly indexed as pure La3Ni2O7+δ and La4Ni3O10-δ orthorhombic phase structure with the Fmmm space group(69).The XRD patterns of the L3N2 + CGO and L4N3 + CGO composite films screen-printed on a CGO electrolyte and calcined at 1000 °C/1 h + 1050 °C /1 h in air, are shown in Fig.S1. For these composite films, neither reactivity between L3N2 and CGO, between L4N3 and CGO, nor phase decomposition have been observed. The refined unit cell parameters of the orthorhombic L3N2 and L4N3 phases, summarized in Table1, are in good agreement with

Fig. 1

 1 Fig. 1 XRD patterns of the L3N2 and L4N3 powders.

  , two weight changes are observed: the first one occurs around 350 °C, corresponding to the reduction of Ni 3+ into Ni 2+ (i.e. the stabilization of intermediate phases corresponding to La3Ni2O6.5 and La4Ni3O9, respectively). The second weight loss characterizes the complete decomposition of the material, i.e., the reduction of L3N2 and L4N3 into La2O3 and Ni. The δ value has been calculated from the total weight loss using the mole conservation principle. The oxygen nonstoichiometry (δ) was found to be 0.05 and 0.06 for L3N2 and L4N3, respectively. The obtained oxygen stoichiometry for both L3N2 and L4N3 is in agreement with similar compositions previously prepared by the nitrate method[16, 35, 46].

  Fig. 4c, 4f, 4i, 4l. All the electrodes are well-adhered to the electrolyte and no cracks or delamination has been observed for any of the investigated cathodes.

Fig. 4

 4 Fig. 4 SEM micrographs of the L3N2 films: a), b) surface views and c) cross section; L4N3 films: d), e) surface views and f) cross section; L3N2-CGO: g), h) surface view and i) cross section; and L4N3-CGO composites: j), k) surface views and l) cross section.

Fig. 6

 6 Fig. 6 Typical experimental and fitted impedance diagrams at 600 °C in air; a) L3N2; b) L4N3; c) L3N2-CGO; d) L4N3-CGO.

  Part II: Lan+1NinO3n+1 (n = 2 and 3) phases and composites for solid oxide fuel cell cathodes: facile synthesis and electrochemical propertiesPage 183
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  Fig. S1 XRD patterns of the screen-printed L3N2-CGO and L4N3-CGO composite films deposited on a CGO substrate after calcination in airat 1000 °C/1 h + 1050 °C /1 h (the remaining peaks correspond to the L3N2 and L4N3 phases).

  and 30 days led to the decomposition of LaPrNiO4+δ into (La, Pr)4Ni3O10-, Pr6O11 and NiO.La2-xPrxNiO4+δ films with x = 0 and 0.5 remained stable at 800 °C for 30 days under air, in good agreement with other literature reports.The symmetrical electrochemical cells incorporating La2-xPrxNiO4+ (0 ≤ x ≤ 2) electrodes on CGO have been characterized by EIS. The Rpol values were found to decrease from 1.26 to 0.95, 0.68 and 0.26  cm 2 at 700 °C for ESD-single layer La2-xPrxNiO4+films by increasing the Pr content from x = 0 to 0.5, 1 and 2, respectively. Such decrease in Rpol values with increasing x could be attributed to the better MIEC transport properties due to Pr substitution. A further improved Rpol value was obtained for double layered La2-xPrxNiO4+δ cathodes (ESD + SP) down to 0.08, 0.067, 0.037 and 0.025  cm 2 for x = 0, 0.5, 1 and 2 at 700 °C, respectively. These values are the lowest ones available in the literature for each composition to the best of our knowledge.Finally, the LaPrNiO4+δ phase was quite stable cell during long term operation in a symmetrical (after 500 h at 700 °C in OCP in addition to 500 h at 600 °C under -195 mA cm-2 Conclusions and perspectives Page 195 polarization). An anode supported single cell (Ni-3YSZ/Ni-8YSZ/8YSZ/CGO) with a LaPrNiO4+δ double layer cathode produced a maximum power density of 438 and 323 mWcm -2 at 700 °C and 650 °C, respectively. A degradation rate of 20 % was obtained after 408 h at 700 °C, a quite disappointing result since this LaPrNiO4+δ cathode has shown promising electrochemical performance in symmetrical half cells. Post-mortem structural characterizations would be required to understand such degradation.The third objective was to prepare and study the microstructural-dependent electrochemical properties of the higher order La4Ni3O10-δ phase. Porous, continuous and crack-free La4Ni3O10-δ cathodes were successfully deposited by ESD on CGO. Pure single phase La4Ni3O10-δ films were obtained after calcination at 950 °C for 8 h in air, crystallizing in an orthorhombic symmetry. Various microstructures, such as isolated cauliflowers, connected round agglomerates and 3-D coral-type films, have been obtained by optimizing the ESD key parameters. Longer deposition times favored the preferential landing of the aerosol droplets and particle agglomeration. By increasing the substrate temperature and the nozzle to substrate distance, continuous and porous films could be obtained. The addition of 67 vol. % of water into pure ethanol resulted in films with a 3-D coral type microstructure with a continuous, dense thin layer adjacent to the electrolyte. It has been clearly shown that the electrochemical properties of these La4Ni3O10-δ cathodes strongly depend upon the microstructure. Thanks to an improved percolation path and a better electrolyte/electrode contact the Rpol value at 700 °C decreased from 74.94 to 12.78 and then to 2.21 Ω cm 2 by changing the microstructure from isolated cauliflowers to connected round agglomerates and then to the 3-D « coral »-type microstructure. Finally, thanks to an improved current collection, the lowest Rpol value obtained for the double layered cathode (3-D « coral »-type film by ESD topped by a screen-printed layer of same composition) was of 0.30 Ω cm 2 at 700 °C.The fourth objective was to explore the electrochemical properties of a novel architecture for the Ln2NiO4+δ (LnNO; Ln = La, Pr) cathodes further by replacing the thin LnNO dense sub-layer at electrode / electrolyte interface by a thicker (~ 3 m) and porous composite layer (CGO-LnNO). Indeed the LnNO ESD deposited layer penetrates the porous CGO layer, which had been first deposited by SP directly on the CGO electrolyte. This led to the formation of a CGO/ LnNO composite.The presence of a composite sub-layer between the electrolyte and the double layer LnNO cathodes deposited via SP and ESD procedures, respectively, is a very innovative route to significantly improve the electrochemical performance of Ln2NiO4+δ. In this work, the symmetrical LaNO SP/ LaNO ESD/ (CGO + LaNO) composite/ CGO/ (CGO + LaNO) composite/ LaNO ESD/ LaNO SP cathode displayed polarization resistances as low as 0.16  cm 2 at 600 °C (0.04  cm 2 at 700 °C), whereas the symmetrical PrNO SP/ PrNO ESD/ (CGO + PrNO) composite/ CGO/ (CGO + PrNO) composite/ PrNO ESD/ PrNO SP electrodes displayed polarization resistances as low

(YSZ, 1

 1 m + CGO, 200 nm) instead of thick one (~ 10 m). It would also be possible to use an anode supported half cell with a thinner electrolyte consisting of YSZ (200 Conclusions and perspectives Page 200

Fig. 1

 1 Fig. 1 SEM images of original microstructures of various materials: (a) dense La0.6Sr0.4Co0.2Fe0.8O3- (LSCF), (b) columnar LSCF, (c) coral LSCF, (d) consisted of gypsum flower like Ca3Co4O9+ particles (d) coral CGO/ LSCF composite, (e) reticulated (La, Sr) MnO3- (LSM), (f) dense CGO.

Fig. 2 Fig. 3

 23 Fig. 2 ESD set up (a) and cone-jet mode (b)

Fig. 3

 3 Fig.3Typical ESD setup[14].

Fig. 4

 4 Fig. 4 Schematic of Taylor jet-cone and atomization during electrostatic spray deposition [8].

  

  

  

  

  

  

  

Table 2 .

 2 D*and k* coefficients of Ln2NiO4+δ materials (determined at 700 ºC).

	Composition	D* (cm 2 s -1 )	k* (cm s -1 )	Reference
	La2NiO4+δ	3.20 x10 -8	1.60 x10 -7	[116]
	La2NiO4+δ	5.50 x10 -8	2.00 x10 -6	[117]
	La2NiO4+δ	7.00 x10 -8	2.30 x10 -6	[118]
	La2Ni0.75Cu0.25O4+δ	4.00 x10 -8	1.50 x10 -6	[118]
	La2NiO4+δ	3.40 x10 -8	1.75 x10 -7	[119]
	La2 Ni0.5Cu0.5O4+δ	7.50 x10 -8	5.00 x10 -7	[120]
	La2Ni0.25Cu0.75O4+ δ	2.00 x10 -8	1.50 x10 -7	[118]
	La2Ni0.9Co0.1O4+δ	2.50 x 10 -8	1.60 x10 -6	[116]
	La2Ni0.8Co0.2O4+ δ	4.00 x 10 -8	7.90 x10 -7	[116]
	La2Ni0.5Co0.5O4+ δ	8.00 x10 -8	1.30 x10 -6	[116]
	Nd2NiO4+δ	5.00 x10 -8	3.00 x10 -7	[121]
	Pr2NiO4+δ	9.00 x10 -8	1.00 x10 -6	[107]

Table 3 .

 3 TEC values of some nickelates with K2NiF4 structure

	Cathode materials	Temperature range (ºC)	TEC values (10 -6 K -1 )	Reference
	La2NiO4+	20-1000	13.0	107
	La2NiO4+	75-900	13.8	69
	Pr2NiO4+	20-1000	13.6	107

Table 4 .

 4 Mean TEC values of some solid electrolytes

	Electrolyte materials	Temperature range (ºC)	TEC values (10 -6 K -1 )	Reference
	YSZ	600-1000	10.5-10.8	108-134
	CGO	600-1000	12.2	107
	LSGM	600-1000	10.1	107

Chapter 2 An innovative architectural design to enhance the electrochemical performance of La 2 NiO 4+δ cathodes for solid oxide fuel cell applications R. K.Sharma, M

  

	value whereas electrical conductivity increases with increasing n, which is in good accordance
	with the results reported by Amow et al. [69]. La4Ni3O10-δ exhibited better cathode properties Introduction
	than those of the lower members at 700 °C. Maximum power density of 10.2, 36.5, and 88.2 Solid Oxide Fuel Cells (SOFCs) have drawn much attention [1-4] because they convert
	mW cm -2 at 500, 600 and 700 °C has been found, respectively. In comparison to conventional chemical energy into electrical energy efficiently in eco-friendly way. The degradation
	perovskite cathodes, the power density values are still relatively low. The results indicate that problems at temperatures higher than 800 °C due to a number of different processes, such as
	the performance of La3Ni2O7+δ and La4Ni3O10-δ electrodes is improved over La2NiO4+δ. Lou et reaction between different phases, delamination and surface segregation, have become one of
	al. [149] investigated La3Ni2O7+δ /YSZ cathode and found a promising Rp value of 0.39 Ω the main issues in their widespread commercialization. This initiated the development of
	cm 2 at 750 °C. They have also reported that a single cell of NiO-YSZ//YSZ// La3Ni2O7+δ had intermediate temperature SOFCs (IT-SOFCs) operating at 500-700 °C, as the requirements
	a maximum power density of 848 mW cm -2 at 750 °C. for material selection such as thermal and chemical compatibilities are not as stringent in this
	A few recent studies have also been reported for RP based composite-type cathodes. Yoo et temperature range in comparison to SOFCs working at higher temperatures. However, finding
	al. have studied the Lan+1NinO3n+1 (n = 1, 2 and 3)-YSZ composites prepared by infiltrating a suitable cathode for IT-SOFC is critical and challenging. In this context, rare earth
	Lan+1NinO3n+1 (n = 1, 2 and 3) into YSZ scaffolds [82]. They have reported an increasing nickelates with chemical formula Ln2NiO4+δ (Ln: La, Nd, Pr), with K2NiF4-type structure, the
	cathode performance with increasing n number, and therefore, it seems that La4Ni3O10-δ-YSZ so called Ruddlesden-Popper phases (with n = 1), are promising cathode materials for IT-
	is a promising composite cathode for IT-SOFC. Most recently, Woolley and Skinner [150] SOFCs, as they exhibit excellent mixed ionic and electronic conducting properties [5-8], high
	studied a series of novel La2NiO4+δ/La4Ni3O10-δ composites cathodes deposited on LSGM oxygen exchange coefficients and similar thermal expansion coefficient (TEC) to
	electrolyte with the objective of utilizing the complementary properties of each: high ionic ZrxY1-xO(x+3)/2 and CexGd1-xO(x+3)/2 electrolytes[9-12]. For example for La2NiO4+δ the values
	conductivity of La2NiO4+δ and high electronic conductivity of La4Ni3O10-δ. They have of the oxygen exchange coefficient, TEC and conductivity are of 2.3 x10 -6 cm s -1 (700°C)
	reported that a 50:50 wt. % La2NiO4+δ: La4Ni3O10-δ mix gives the best Rp of 0.62 Ω cm 2 at 700
	°C. They further studied the functionally graded composite based on La2NiO4+δ and
	La4Ni3O10-δ. They have reported further improvement in the Rp, 0.52 Ω cm 2 at 700°C for
	cathode consisting of compact La2NiO4+δ layer followed by porous 50:50 wt.% La2NiO4+δ:
	La4Ni3O10-δ further followed by denser layer of La4Ni3O10-δ on LSGM electrolyte.
	Based on the data reported in literature, microstructure, interface and architectural design of
	electrode are crucial on the control of the electrochemical performance. Optimization of such
	microstructural parameters for cathodes based on layered Ruddlesden-Popper (RP) type
	materials such as La2-xPrxNiO4+, 0 ≤ x ≤ 2 and Lan+1NinO3n+1 (n=2 and 3) as well as their
	composites with CGO, is a real challenge and it is the main theme of this PhD work.
	. Burriel, L. Dessemond, V. Martin, J.-M. Bassat and E. Djurado, investigated the single fuel cell (Ni-SDC (anode) / SDC (electrolyte) / Lan+1NinO3n+1 Journal of Power Sources, 2016, 316, 17-28. (cathode)) performance for the n = 1, 2 and 3 members of RP-phase lanthanum nickel oxides DOI: http://dx.doi.org/10.1016/j.jpowsour.2016.03.067
	at 500-700 °C. The authors noticed that the overpotential losses decreased with increasing n

Table 1 .

 1 ESD process parameters

		Substrate	Deposition	Flow	Nozzle-to-substrate	
	Parameter varied	temperature	time	rate	distance	Nature of solvent(s)
		[°C]	[h]	[mL.h -1 ]	[mm]	
			1.33			
	Deposition time	300	2.17 4.00	1.0	30	EtOH
			6.67			
	Nozzle-to-substrate distance	300	1.33	1.0	20 50 30	EtOH
		300				
	Substrate temperature	400	1.00	1.0	30	EtOH
		450				
				0.5		
	Flow rate	300	2.00	1.0	30	EtOH
				1.5		
						EtOH
	Nature of solvent(s)	300	1.33	1.0	30	EtOH:H2O, 2:1
						EtOH:H2O, 1:2
	ESD coatings for electrochemistry	350	3.00	1.5	50	EtOH EtOH:H2O, 1:2

Table 2

 2 

and were found to be in good agreement with the values reported in literature

[15, 16, 40]
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Table 2 .

 2 Fabrication An innovative architectural design to enhance the electrochemical performance of La2NiO4+δ cathodes for solid oxide fuel cell applications

	Samples	Fabrication process	Surface area [cm 2 ]	Rs at 600 °C [Ω cm 2 ]	Rpol at 600 °C [Ω cm 2 ]	Rpol at 700 °C [Ω cm 2 ]	Ea [eV]
	Sample 1	ESD-EtOH Single layer	2.00	176.3	40.73	20.3	0.52 ± 0.03
	Sample 2	ESD-EtOH:H2O, 1:2 Single layer	2.00	14.58	3.33	1.26	0.77 ± 0.01
	Sample 3	SP Single layer	2.00	7.58	3.53	0.58	1.25 ± 0.02
	Sample 4	ESD-EtOH:H2O, 1:2 + SP Double layer	1.54	5.28	0.42	0.08	1.11 ± 0.02

process, surface area (S), series resistance (RS), polarization resistance (Rpol) and activation energy (Ea) values in air

  2, the one characterized by a thin dense layer, 200 nm thick, covered by a porous 3-D coral microstructure. Up to 800 °C, only pure La2NiO4+ phase was detected with the presence of CGO from the substrate. No high-order Ruddlesden-Popper phases such as La3Ni2O7 or La4Ni3O10, nor La2O3 or NiO have been observed. The observed chemical stability of La2NiO4+δ with CGO at 800 °C for 10 days is in

	La2Ni0.9Co0.1O4 on CGO pellet was fired at 950 °C in air for two weeks, leading to a thermal
	decomposition into La2O3 and La3Ni2O7. The compatibility of LNO with CGO powders was
	also tested by Sayers et al. [44] for 50:50 wt. % mixtures of CGO and LNO powders heat
	treated up to 1000 °C for 72 h in air. At 700 °C, there was no evidence of new phases formed
	after 72 h and above 1000 °C, interfacial reactions were taking place unambiguously. Since
	the typical cell fabrication temperatures are below 1000 °C (calcination at 950 °C for 6 h in

good agreement with previous data

[17]

. No significant changes were observed by XRD in powder mixtures after heating at 800 °C for 5 days, confirming no chemical reactivity between Ln2NiO4+δ and CGO under these conditions. However, the reactivity test on LNO with CGO electrolyte under severe conditions, after 1100 °C for 10 days indicated the decomposition of La2NiO4+into La3Ni2O7 Ruddlesden-Popper phase, La2O3 and La0.5Ce0.5O2. On the other hand, a total decomposition into La4Ni3O10 phase has been reported after heating at 1150 °C for 1 h as reported by Philippeau et al.

[17]

. Montenegro-Hernandez et al.

[42] 

studied the chemical reactivity of CGO with LNO by EIS measurements. They further studied this reactivity by Focused Ion Beam-Transmission Electron Microscopy (FIB-TEM) and STEM after EIS measurements (at 800 °C for 400 h). They observed an increase of the ASR values in LNO/CGO/LNO cells after 20 h at 750 °C, indicating the beginning of a chemical reaction with the formation of an insulating phase containing mainly Ce and La at the CGO/LNO interface and in the LNO grains. If such reactivity is developed over time, its effect should not be significant, at least during the IT-SOFC lifetime. An evidence of reactivity was also previously reported by Amow et al.

[43] 

by X-ray diffraction when air) and impedance measurements are performed only up to 700 °C, it should lead to a relatively stable LNO film with respect to CGO electrolyte. Moreover, the kinetics of the chemical reactivity strongly depends on the microstructure of the cathode, as reported by Chapter 2: An innovative architectural design to enhance the electrochemical performance of La2NiO4+δ cathodes for solid oxide fuel cell applications Page 73

Table 1 .

 1 Cell

	parameters, volume (a, b, c and V) and space group for La2-xPrxNiO4+δ (0 ≤ x ≤
	2)					
	Sample	a (Å)	b (Å)	c (Å)	V (Å 3 )	Space Group
	La2NiO4+δ	5.458(9)	5.462(7)	12.689(2)	378.39	Fmmm
	La1.5Pr0.5NiO4+δ	5.448(8)	5.458(4)	12.621(1)	375.37	Fmmm
	LaPrNiO4+δ	5.422(5)	5.451(3)	12.604(7)	372.59	Fmmm
	Pr2NiO4+δ	5.394(6)	5.450(8)	12.447(9)	366.02	Fmmm

Table 2 .

 2 EDX and ICP-MS quantitative analyses of La2-xPrxNiO4+δ (with x = 0, 0.5, 1 and 2)

	films					
			La2NiO4+	La1.5Pr0.5NiO4+	LaPrNiO4+	Pr2NiO4+
		Theoretical	2.0	1.5	1.0	-----
	La/Ni	ICP-MS	1.99	1.43	0.99	-----
		Experimental				
		EDX	1.99	1.58	1.09	-----
	La/Ni	Theoretical	-----	0.5	1.0	2.0
	Pr/Ni	ICP-MS	-----	0.45	0.99	1.98
		Experimental				
		EDX	-----	0.48	1.01	2.06
		Theoretical				
	La/Pr					

Table 3 .

 3 Comparison of Rs, Rpol values at 600 °C and activation energy (Ea) of the La2-xPrxNiO4+δ electrodes (estimated error for resistances is < 5%)

Table 4 .

 4 Activation energy (Ea) values corresponding to R1, R2 and R3

		RS		RPol			Ea
		[Ω cm 2 ]	[Ω cm 2 ]		[eV]
	Electrodes						
		Single	Double	Single	Double	Single	Double layer
		layer	layer	layer	layer	layer	
	La2NiO4+δ	14.56	5.43	3.33	0.42	0.77	1.09
	La1.5Pr0.5NiO4+δ	10.02	5.62	2.37	0.23	0.63	1.08
	LaPrNiO4+δ	9.51	5.71	1.63	0.12	0.63	0.80
	Pr2NiO4+δ	8.32	4.35	0.83	0.08	0.66	0.78
				Ea [eV]		
	Electrodes	Single layer			Double layer	
		R1	R2	R1		R2	R3
	La2NiO4+δ	0.50 ± 0.04	0.98 ± 0.04	1.11 ± 0.04	1.10 ± 0.07	0.22 ± 0.07
	La1.5Pr0.5NiO4+δ	0.55 ± 0.04	0.64 ± 0.06	1.17 ± 0.10	1.03 ± 0.04	0.04 ± 0.02
	LaPrNiO4+δ	0.70 ± 0.11	0.64 ± 0.04	----	0.94 ± 0.03	0.07 ± 0.005
	Pr2NiO4+δ	0.80 ± 0.04	0.64 ± 0.08	----	0.83 ± 0.01	0.07 ± 0.003

Table 1 .

 1 Solvent composition, concentration, conductivity, boiling points and surface tensions

	of the precursor solutions 20				
	Solutions	Solvent(s)	Solution concentration [mol•L -1 ]	Solution conductivity [mS.cm -1 ]	Boiling point [°C]	Surface tension [mN.m -1 ]
	SA	EtOH+ BC(1:2)	0.02	0.06	168	27
	SB	EtOH, 100 %	0.005	0.16	78	21
	SC	EtOH, 100 %	0.01	0.19	78	21
	SD	EtOH, 100 %	0.02	0.26	78	21
	SE	EtOH + H2O (1:2)	0.02	3.34	93	55

Table 3

 3 Sample, microstructure, ESD coating conditions, sintering conditions (in air) and cathode thickness and particle size of the selected films for electrochemical measurements

	Samples	Microstructure	Nature of solvent(s)	Concentration of solution(s) [M]	Flow rate [mL.h -1 ]	Sintering Temperature [°C]	Thickness of the cathode [m]	Particle size [nm]
	Sample 1	Isolated cauliflowers	SC	0.01	1.5	950/ 8h	38	100
	Sample 2	Connected round agglomerates	SD	0.02	1.5	950/ 8h	26	50
	Sample 3	3-D coral-type	SE	0.02	1.5	950/ 8h	24	150
	Sample 4	Double layer (3-D coral-type + SP)	SE	0.02	1.5	950/ 8h 1050/ 2h+ 1100/ 0.5h	30	150 (ESD), 600 (SP)

Table 4 .

 4 Microstructures, surface area (S), series resistance (RS), polarization resistance (Rpol) and activation energy (Ea) values in air for the 4 investigated samples

	Samples	Microstructure	Surface area [cm 2 ]	RS at 700 °C [Ω cm 2 ]	Rpol at 700 °C [Ω cm 2 ]	Rpol at 800 °C [Ω cm 2 ]	Ea [eV]
	Sample 1	Isolated cauliflowers	2.00	31.97	72.41	18.86	1.16
	Sample 2	Connected round agglomerates	2.00	20.73	12.78	4.20	0.91
	Sample 3	3-D coral-type	2.00	17.78	2.21	0.84	0.72
	Sample 4	Double layer (3-D coral-type + SP)	1.54	3.43	0.30	0.05	1.32

Table 1 ,

 1 The third and final step is the deposition of the LnNO current collecting layer (CCL) by SP, calcined at 1050 °C for 2 h in air. Both sintered electrodes, 30 m thick, present a good adhesion onto the CGO electrolyte as demonstrated by the tape test. The cathode area is 1.54 cm 2 . samples 1 and 2) and a double layer (ESD +SP) configuration (

	Two other LnNO electrodes have been prepared on CGO electrolyte with a single ESD
	layer (

Table 1 ,

 1 samples 3 and 4).

Table 1 .

 1 Sample identification, composition and deposition technique, surface area and sintering conditions of the prepared cathodes on CGO electrolyte

	Samples	Composition	Surface area	Sintering in air
	(architecture)	(Technique)	[cm 2 ]	Temperature / time
	Sample 1 (single layer)	LaNO ( ESD)	2.00	950 °C / 6 h
	Sample 2 (single layer)	PrNO (ESD)	2.00	1100 °C / 4 h
	Sample 3 (double layer)	LaNO (ESD) + LaNO (SP)	1.54	950 °C / 6 h + 1050 °C / 2 h + 1100 °C / 0.5 h
	Sample 4 (double layer)	PrNO (ESD) + PrNO (SP)	1.54	1100 °C / 4 h 1050 °C / 2 h + 1100 °C / 0.5 h
	Sample 5 (triple layer)	CGO (SP) + LaNO (ESD) + LaNO (SP)	1.54	1200 °C / 4h 900 °C / 2 h 1050 °C / 2 h
	Sample 6 (triple layer)	CGO (SP) + PrNO (ESD) + PrNO (SP)	1.54	1200 °C / 4h 1000 °C / 2 h +1050 °C / 2 h 1050 °C / 2 h

Table 2 .

 2 Comparison of Rs, Rpol, R1, R2, R3 values (Ω cm 2 ) of the three architectures for LaNO and PrNO electrodes (estimated error is < 5 %)As could be expected, R1 and R2 decrease by increasing the temperature (Table2). The R2 values are always larger than those of R1 (at least a factor of 2 between 500 and 700 °C)

					LaNO cathodes
	Temperature	Single layer (sample 1)	Double layer (sample 3)	Triple layer (sample 5)
	[°C]	Rs	Rpol R1 R2 R3 Rs Rpol R1 R2 R3 Rs Rpol R1 R2 R3
	500	22.78 13.38 3.86 9.52 ---8.25 2.85 0.82 2.03	---	7.61 0.97 0.29 0.68	---
	550	18.96 7.00 2.24 4.76 ---6.40 1.01 0.38 0.63	---	6.35 0.35 0.11 0.23 0.01
	600	14.56 3.32 1.63 1.69 ---5.43 0.42 0.11 0.30 0.01 5.28 0.16 0.04 0.11 0.01
					PrNO cathodes
		Single layer (sample 2)	Double layer (sample 4)	Triple layer (sample 6)
		Rs	Rpol R1 R2 R3 Rs Rpol R1 R2 R3 Rs Rpol R1 R2 R3
	500	14.28 2.38	0.91 1.47 ---6.30 0.32 0.12 0.20 ---	7.26 0.23 0.10 0.13 ---
	550	10.74 1.30	0.56 0.74 ---4.76 0.14 0.06 0.08 ---	5.50 0.08 0.03 0.04 0.01
	600	8.32	0.83	0.18 0.65 ---4.35 0.08 ---	0.07 0.01 4.59 0.04 ---	0.03 0.01

Table 3

 3 Comparison of minimum Rpol value obtained in this study with values reported in the literature for LnNO (Ln= La, Pr) cathode

	Cathode	Electrolyte	Rpol [Ω cm 2 ]	T [°C]	Reference
	LaNO infiltrated CGO	CGO	0.15	600	Nicollet et al. 27
	PrNO infiltrated CGO	CGO	0.07	600	Nicollet et al. 28
	LaNO	CGO	2.20	600	Philippeau et al. 51
	PrNO	CGO	0.28	600	
	LaNO	YSZ	0.93	600	Vibhu et al. 29
	PrNO	YSZ	0.15	600	
	Triple layer LaNO	CGO	0.16	600	Present work
	Triple layer PrNO	CGO	0.04	600	
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  5 °C min -1 . The oxygen content was determined by measuring the weight change of the starting materials on complete reduction into La2O3 and Ni. With the aim of determining the TEC of the materials, the thermal variations of the relative expansion (dL/L) of the Lan+1NinO3n+1 pellets (density 64% of theoretical value) were carried out in the temperature range 25 -900 °C using a differential dilatometer (Netzsch-L3N2, L4N3, L3N2-CGO and L4N3-CGO cathodes were screen-printed symmetrically on both sides of the CGO electrolyte pellets for the electrochemical studies. CGO electrolyte pellets were made by pressing discs (20 mm diameter and 1.2 mm thickness) which were fired the delamination of the cathode on the CGO electrolyte. The area of the L3N2 and L4N3 electrodes was of 2.0 cm 2 and that of the corresponding composites was 1.54 cm 2 . Electrochemical impedance diagrams were recorded on symmetric cells at open circuit potential (OCP) between 500 and 750 °C in air using a PGSTAT 302N (Eco Chemie). The measuring frequency ranged from 50 mHz to 100 kHz, and the AC amplitude was fixed to 20

	at 1400 °C for 4 h. Inks based on KD2921 (Zschimmer and Schwarz) solvent were prepared
	with the L3N2, L4N3, L3N2-CGO and L4N3-CGO powders. The pure L3N2 and L4N3
	nickelate cathodes, were sintered at 1000 °C for 4 h under air while the composite cathodes
	were sintered at 1000 °C/1 h + 1050 °C /1 h under air. These sintering temperatures were
	selected to avoid

Table 1

 1 , respectively) and at quite low temperatures (1050 °C and 950 °C, respectively) without the need of any intermediate grinding steps, as required in earlier reports[9, 16]. As can be seen in Table2, the preparation of pure La3Ni2O7+δ and La4Ni3O10-δ by the citrate route, using citric acid as chelating agent requires thermal treatment at lower temperatures and for shorter duration in comparison to the nitrate one, showing the importance of citric acid as a chelant.

	Part II: Lan+1NinO3n+1 (n = 2 and 3) phases and composites for solid oxide fuel cell cathodes:
	facile synthesis and electrochemical properties

, are in good agreement with previously reported data

[8, 16, 35]

. With the method described in this work it is possible to obtain the pure Lan+1NinO3n+1 oxide phases (n=2 and 3) after calcination for relative short

Table 1 .

 1 Lattice parameters a, b, c and space groups of L3N2 and L4N3

	Samples	a [Å]	b [Å]	c [Å]	V [Å 3 ]	Space Group
	L3N2	5.404(9)	5.452(4)	20.496(1)	603.86(5)	Fmmm
	L4N3	5.413(2)	5.462(3)	27.960(5)	826.65(9)	Fmmm

Table 2 .

 2 Comparison of the different synthesis routes for Lan+1NinO3n+1 including solvent,

	chelant and reaction temperature / time			
		Route	Solvent	Chelant	Reaction temp/time [°C / h]	Formulation	Reference
		nitrate	water		1150 °C/ 72 h	La3Ni2O6.93
							[16]
	L3N2	nitrate-citrate	water	citric acid	1080 °C/ 48 h	La3Ni2O7.03
		modified nitrate-citrate	ethanol	citric acid	1050 °C /4 h	La3Ni2O7.05	this work
		nitrate	water		1150 °C /336 h	La4Ni3O9.75
							[16]
	L4N3	nitrate-citrate	water	citric acid	1080 °C / 48 h	La4Ni3O10.02
		modified nitrate-citrate	ethanol	citric acid	950 °C /8 h	La4Ni3O9.94	this work
	As shown in				

Table 2 ,

 2 Carvalho et al. [16] reported a reduction in the thermal treatments from

	1150 °C / 72 h to 1080 °C/ 48 h for L3N2 and from 1150 °C / 336 h to 1080 °C/ 48 h for
	L4N3.

Table 3 .

 3 Electrode composition, total and elementary polarization resistances (at 600 °C) and

	activation energy of the polarization resistance for L3N2 and L4N3 cathodes and their
	corresponding composite electrodes				
	Samples	Rpol [Ω cm 2 ]	R1 [Ω cm 2 ]	R2 [Ω cm 2 ]	R3 [Ω cm 2 ]	Ea [eV]
	L3N2	3.59	1.13	2.46	----	0.97
	L3N2-CGO	0.13	0.04	0.08	0.02	1.06
	L4N3	6.17	2.33	3.38	0.46	1.37
	L4N3-CGO	2.67	0.95	1.69	0.03	1.25

Table 1 .

 1 Polarization resistance values (Rpol) of various cathodes with different architectures

. At this stage, its interpretation becomes complex and requires additional experiments. It is worth mentioning that the frequency distribution of the electrode impedance is not modified by adding CGO (Fig.6). This indicates that the whole electrode reaction mechanism remains nearly identical for a pure and the corresponding composite cathodes. The low frequency
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FULLPROF refinements of the XRD patterns of the La2-xPrxNiO4+δ (x=0, 0.5 and 2) films prepared by ESD on a CGO pellet. S1. Capacitances (F cm -2 ) and exponents of CPE for all six architectures (estimated error is < 5 %) 

Electrode performances

For the determination of the performance of the investigated cathodes, the electrochemical impedance diagrams were fitted using an equivalent circuit consisting of an inductive element (L1) in series with a resistance Rs and successive R//CPE elements connected in series, as shown in Fig. 5. Since the ideal response of a capacitor is rarely observed in operating conditions, the capacitors have been replaced by Constant Phase Elements (CPE). As an example the characteristic experimental and fitted impedance diagrams recorded at 600 °C for the 4 different cathode compositions are shown in Fig. 6. Fig. 5 Equivalent circuit used for the fitting of the electrochemical impedance diagrams.

According to the chosen analysis, the impedance diagrams of L3N2 could be resolved into two arcs, whatever the temperature is, (corresponding to the high and medium frequency ranges and labelled as 1 and 2, respectively) whereas the impedance diagrams of the L3N2-CGO cathode could be separated into three arcs, including an additional low frequency contribution (labelled as 3), whatever the temperature is. The polarization resistance (Rpol) of a given cathode is the sum of the elementary electrode resistances R1, R2 and R3. For both the L4N3 and the L4N3-CGO composite cathodes, three arcs can be systematically identified in the chosen experimental conditions. The high frequency arc (referred to as 1) is usually attributed to the charge transfer at the electrode/electrolyte interface [47,48] while the medium frequency one (referred to as 2) can be associated with various electrode processes such as adsorption of O2, dissociation of O2 and charge transfer-diffusion (O 2-) in the electrode. As shown in Fig. 6c and6d, a small third contribution at very low frequencies (referred to as 3), appears at temperatures higher than 600 °C and its magnitude barely varies with the measuring temperature. This contribution is characterized by high capacitance values: ≈ 2.4 F cm -2 for L3N2-CGO and ≈ 1.2 F cm -2 for the L4N3-CGO cathode, respectively. Such a response can be assigned to the O2 gas diffusion through the porous electrode [49,50]. On the contrary, the magnitude of the low frequency contribution for the L4N3 cathode (Fig. 6b) is temperature-dependent with similar capacitance values of the order of ≈ 10 -1 F cm -2 till 650 °C. At 700°C, the magnitude of this capacitance is larger, ≈ 1. This PhD work was focused on the fabrication of new oxygen electrode materials on Ce0.9Gd0.1O2-δ (CGO) electrolyte for IT-SOFC applications, with special emphasis on the optimization of the microstructure, architecture and composition of layered Ruddlesden-Popper (RP) type materials based on La2-xPrxNiO4+, 0 ≤ x ≤ 2 and Lan+1NinO3n+1 (n=2 and 3).

CGO has been added to take advantage of its high ionic conductivity, particularly (i) in the Lan+1NinO3n+1 (n =2 and 3) electrodes forming composites and (ii) at the Ln2NiO4+ (Ln = La, Pr) electrode/electrolyte interface, forming a dense interlayer.

Conclusions

The first objective of this work was to fabricate original porous coral-type La2NiO4+  In this work, we have reported the lowest cathode polarization resistance values (Rpol)

for Ln2NiO4+ (Ln = La, Pr) obtained so far by using the double-layer strategy in combination with a coral microstructure and adding a composite sub-layer. Indeed, the electrochemical performance of these films was simultaneously improved by the large surface area and affected by a proper oxygen transfer and current distribution. At the electrode/electrolyte interface, the creation of a CGO / Ln2NiO4+ composite sub-layer was found to be very effective for improving the electrochemical performance. The « coral »-type microstructure and double layered architecture with a composite sub-layer could be extended to the La2-xPrxNiO4+δ (0 ≤ x ≤ 2) solid solution system, since very low Rpol values and a good stability have been shown for LaPrNiO4+ This microstructure seems to be highly complex due to the heterogeneous porosity and architecture at different scales.

 The microstructure is crucial in determining the performance of a SOFC cathode. This oxygen electrode is particularly sensitive to microstructural changes, as more parameters such as porosity, surface area, particle size, percolation path and tortuosity play an intricate role on the oxygen reduction reaction mechanisms. A new tomography technique based on focused ion beam scanning electron microscopy (FIB-SEM) allows obtaining valuable three-dimensional electrode reconstructions. The 3D information obtained on electrode microstructures can feed an electrochemical analysis. A numerical tool can be used to obtain effective properties of the reconstructed microstructures. On top of the classical parameters such as porosity, surface area and percolation of the phases, the software allows flow properties and transport (electronic and ionic conductivities) to be computed. Thus, 3D reconstructed images will allow developing a direct link at a pertinent length scale between the microstructure and the performance in SOFC cathodes. All the microstructural

Annex A

Electrostatic spray deposition technique

Annex B

Scientific production

Conception innovante de cathodes à base de nickelates de terres rares pour piles à combustible à oxyde électrolyte solide 

Innovative design of rare earth nickelates as cathodes for solid oxide fuel cells

Layered Ruddlesden-Popper type (RP) oxides are promising cathodes for solid oxide fuel cells operating at intermediate temperature (~500 -700 °C). This thesis is focused on the synthesis of mixed ionic-electronic conducting (MIEC) materials such as pure La2-xPrxNiO4+, 0 ≤ x ≤ 2, higher order Lan+1NinO3n+1 (n= 2 and 3) RP phases and composites adding Ce0.9Gd0.1O2-δ (CGO) component. An innovative microstructure and architecture of these electrodes were successfully prepared using electrostatic spray deposition (ESD) and screenprinting (SP) processes. These materials were evaluated through structural, compositional, oxygen non-stoichiometry and microstructural characterizations using X-ray diffraction, energy-dispersive X-ray spectroscopy, thermogravimetric analysis and scanning electron microscopy. The electrochemical properties and chemical stability of these oxygen electrodes are discussed according to the architectural design and composition using electrochemical impedance spectroscopy (EIS) and X-ray diffraction, respectively. Finally, a single SOFC based on LaPrNiO4+δ cathode has been measured.