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A Kashmiri shruek – philosophical poetic couplet – by Sheikh-ul-Alam 

 
ann poshi teli, yeli van poshi 

    Food will thrive only, till the woods survive! 
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vo har ik baat par kahnā ki yuuñ hotā to kyā hotā 

 
Though ages he's been dead Ghalib is, still thought of today 

At every trice, to ask what would be, if it were this way!  
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ABSTRACT 

This thesis investigated the three novel higher-order n = 3 Ruddlesden-Popper phase compositions, 

LaPr3Ni3O10-G (L1P3N3) La2Pr2Ni3O10-G (L2P2N3) and La3PrNi3O10-G (L3P1N3) for their potential use as 

intermediate-temperature solid oxide fuel cell cathodes. This particular focus on the higher-order 

Ruddlesden-Popper phases was based on their superior electronic conductivity and phase stability, 

two major drawbacks associated with the lower-order Ruddlesden-Popper phase materials such as 

La2NiO4+G and Pr2NiO4+G. 

All the compositions were synthesised by the Pechini method followed by characterisation by X-ray 

diffraction. Initial half-cell impedance spectroscopy measurements of half-cells with L2P2N3 

composition as electrode and La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM) as electrolyte revealed promising area 

specific resistance (ASR) of 0.34 Ωcm2 at 800˚C. This is a major improvement over the previously 

reported performance of La4Ni3O10-G material measured under similar conditions. 

An unexpected revelation of impedance data analysis was that the electron-transfer process between 

electrode and electrolyte was the major contribution to overall polarisation resistance. This was later 

evidenced by post-test microstructural analysis; cross-section secondary electron SEM images 

presenting open spaces as large as a2 Pm at the electrode-electrolyte interface, thus showing 

significantly poor adherence of the electrode. Microstructure, as revealed by top-view SEM, further 

showed significant particle densification and limited particle interconnectivity. 

Optimisation in terms of electrode ink preparation and the addition of an LSGM ink interlayer 

prepared in the same way as the electrode ink afforded an ASR of 0.11 Ωcm2 at 700˚C for L2P2N3 

composition. The ASR obtained for the analogous L3P1N3 and L1P3N3 cathodes were 0.14 Ωcm2 and 

0.08 Ωcm2 respectively. Impedance analysis further revealed that the contribution emanating from 

the electron-transfer process was minimal and was almost negligible at high-temperatures. This was 

later corroborated by post-test microstructural analysis showing very strong adherence of electrode 

to the electrolyte. Particle interconnectivity further showed significant improvement, with no 

densification whatsoever. Single-cells with NiO-GDC (Gd0.1Ce0.9O2-G) as the anode were built and the 

respective maximum power densities obtained for L1P3N3, L2P2N3 and L3P1N3 were 380 mW cm-2, 

390 mW cm-2 and 400 mW cm-2. 

Total electrical conductivity measurements showed that all three compositions have significant 

electrical conductivity in the range of 200-300 Scm-1 in the intermediate temperature as defined for 

SOFCs. Anomalous behaviour was observed in the L1P3N3 and L2P2N3 compositions in the 250-350˚C 

temperature range. The structural origin of this anomaly was ruled out after high-temperature in situ 

XRD measurements. 



 7 

All three compositions were found to be understoichiometric by iodometric titrations, which was later 

confirmed by neutron diffraction measurements. The structural evolution with changing temperature 

revealed that the L2P2N3 and L3P1N3 compositions retained the orthorhombic Bmab structure while 

the L1P3N3 composition showed a transition to I4/mmm tetragonal symmetry at 800˚C. Lattice 

parameters showed a linear increase with the increase in temperature, and the thermal expansion 

coefficient calculated for all compositions was found to be of the order of 13.0 × 10-6 °C-1. In terms of 

the defect chemistry of the materials, oxygen vacancies were found to be confined to the perovskite 

layers, with a particular preference for equatorial oxygen sites. Contrary to the earlier reports in these 

materials, a limited quantity of oxygen vacancies was observed in the rock-salt layers of both L1P3N3 

and L3P1N3 compositions. Further a significant preference to the curved oxygen transport pathway 

of O(1)−O(1)−O(1) around the NiO6 octahedra was observed in all compositions.  
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Figure 6.6 Voltage and power density versus current density plots for single-cell L2P2N3|LSGM|NiO–
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1.0 – INTRODUCTION 

The aim of this chapter is to introduce an electrochemical conversion device – the solid oxide fuel cell 

(SOFC), which is the central theme of this thesis. The focus of the thesis is the SOFC cathode but given 

the importance of energy in the 21st century, this chapter will present SOFC’s in the global landscape 

and then present the historical and scientific background of fuel cells, with a particular focus on solid 

oxide fuel cells. This will be followed by a basic introduction to some of the associated scientific 

principles. 

1.1 SOLID OXIDE FUEL CELLS IN GLOBAL LANDSCAPE 

The United Nations in its Millennium Summit held in September 2000 took on the 21st century 

challenges faced by humanity. The Summit was attended by 189 countries, 149 of them being 

represented by either the Head of State or the Head of Government and resulted in the adoption of 

an important document in the form of United Nations Millennium Declaration. The Declaration went 

further and converted the document into eight time-bound achievable goals, now famously called the 

Millennium Development Goals (MDG’s). One such MDG: ‘ensure environmental sustainability’, 

interpreted in terms of climate change and energy problems of the 21st century is where the scientific 

community has the potential to make a significant contribution. With the aim of moving towards a 

low-carbon path, researchers are exploring the potential for storing and using carbon dioxide, options 

for producing low carbon hydrogen at scale and improving electrochemical energy storage of battery 

materials. It is in this context that carbon neutral/low-carbon energy conversion devices such as 

SOFC’s, Li-ion batteries and solar cells assume critical importance. 

1.2 HISTORICAL BACKGROUND OF FUEL CELLS 

The traditional use of combustion technologies for converting the chemical energy contained within 

a fuel into electrical energy by running a turbine involves multiple steps and is thus less efficient1. Fuel 

cells were thus developed, which directly convert the chemical energy of the fuel into useful electrical 

energy in a single step and with high efficiency2-4. The process involves an electrochemical reaction of 

hydrogen fuel with an oxidizing agent such as oxygen. William Grove, a Welsh physicist, presented the 

discovery of the first fuel cell in the December 1838 edition of The London and Edinburgh Philosophical 

Magazine and Journal of Science5. In June 1839, a German-Swiss chemist, Christian Friedrich 

Schönbein, discussed and reported his newly invented fuel cell in the same journal.6 It was an English 

engineer Francis Thomas Bacon who later on developed the first practical hydrogen-oxygen fuel cell7. 
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1.3 TYPES OF FUEL CELLS 

Depending on the nature of the electrolyte used in the fuel cell there are various types of fuel cells: 

Solid Oxide Fuel Cell (SOFC), Molten Carbonate Fuel Cell (MCFC), Polymer Electrolyte (Proton 

Exchange) Membrane Fuel Cell (PEMFC), Phosphoric Acid Fuel Cell (PAFC), Direct Methanol Fuel Cell 

(DMFC) and Alkaline Fuel Cells (AFC). Broadly these fuel cell types can also be classified as high-

temperature devices, such as SOFC and MCFC, and low-temperature devices such as PEMFC, PAFC, 

DMFC and AFC. The operating temperature of different fuel cell types tends to depend on the nature 

of the electrolyte being used and is also reflected in the applications of various fuel cell types. 

SOFCs, in particular, have attracted much attention in recent times. This increased interest in SOFCs 

stems from the fact that SOFCs have many advantages over other types of fuel cells. The flexibility of 

fuel, which allows the use of hydrogen, carbon dioxide, methane and other hydrocarbons to power 

the cells is certainly a primary one. Further benefits include higher efficiency, a step towards a 

hydrogen-based economy, low emissions, relatively low-cost and scalability, which allows stacking of 

a required number of individual cells in series depending on the amounts of power needed in a 

particular device. It is in this context that SOFCs have assumed prime importance among the different 

types of fuel cells. 

1.4 SOLID OXIDE FUEL CELLS  

A typical SOFC consists of the solid 

electrolyte, which separates anode and 

cathode from each other. The cathode acts 

as a reduction site and reduces the oxygen 

being inserted in the system at the cathode 

site itself. The oxide ions migrate via the 

electrolyte to the anode where they oxidise 

the fuel, producing water, heat and  more 

importantly electrons, to perform the 

useful work (Fig. 1.1)8. 

  Figure 1.1 Schematic diagram highlighting the key 
features of the operation of a solid oxide fuel cell 
(adapted from ref. 8). 
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Cathode Reaction: 

O2(g) + 4e-   →    2O2-                                                Equation 1.1 

Anode Reaction: 

2H2(g) + 2O2-    →     2H2O(g) + 4e-                                                            Equation 1.2 

Overall Reaction: 

2H2(g) + O2(g)   →   2H2O(g)                                        Equation 1.3 

The oxygen reduction reaction (ORR) occurs at the cathode and the oxide ions produced are 

transported via an electrolyte to the anode (Eq.1.1). It is here at anode site that the oxide ions react 

with fuel (hydrogen gas) to produce electrons (Eq. 1.2). The electrons generated at the interface of 

the anode and electrolyte are transported to an external circuit for useful work through the anode. 

The electrons finally arrive at the cathode and continue the process9. 

1.4.1 SOFC Cell Components 

Apart from the anode, cathode and electrolyte, an interconnect is used to connect the individual cells 

in series to generate useful amounts of power. In simple terms, the interconnect material is required 

to combine the current generated by individual cells, and thus should ideally possess good electronic 

conductivity. In addition, it should be chemically stable with respect to both anode and cathode 

materials, and also stable in both oxidising and reducing atmospheres. 

1.4.2 Cathode Requirements 

The cathode, being the site for the oxygen reduction reaction (ORR), is highly instrumental in 

determining the performance of a cell. As electrons are necessary for reduction of oxygen molecules, 

superior electronic conductivity of the cathode material is the primary requirement. Low or no 

chemical reaction with other cell components, compatible thermal expansion coefficient (TEC), high 

catalytic activity for reduction of an oxygen molecule are other necessary requirements for the 

cathode material. The porous microstructure of the cathode material further enhances the ORR as it 

ensures the access of oxygen molecules to the cathode surface, and thus extends the active ORR 

region beyond the narrow triple phase boundary (TPB). 

1.4.3 Electrolyte Requirements 

The electrolyte for SOFCs is a dense ceramic material. It is through this ceramic layer that oxide ions 

migrate to the anode site, and thus the primary requirements for electrolyte materials are that they 

should display very good oxide ion conductivity. The internal resistance of an electrolyte material to 
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oxide ion transport and the distance to be travelled by oxide ions from cathode to anode is of utmost 

importance as far as material performance is concerned.  

Further, to avoid losses and thus have better efficiency, electrolyte materials ideally should have zero 

electronic conductivity so that electrons generated through the anode reaction are not transported 

through the electrolyte to the cathode to short-circuit the cell. Further, it should be unreactive with 

electrode materials and have a matching TEC with that of other components of the cell. 

1.4.4 Anode Requirements 

The primary role of anode material in a cell is to catalyse the fuel oxidation and then to conduct the 

electrons generated by oxidization of fuel to the external circuit for useful work. Thus, a typical anode 

material should possess good catalytic activity and electronic conductivity. It should also have good 

ionic conductivity for conducting oxide ions. Furthermore, the ability of the anode material to catalyse 

the fuel oxidation assumes significance as far as cell efficiency is concerned. 

1.4.5 SOFC Operation 

An SOFC is a complex ceramic device and this thesis will focus on the cathode and therefore a detailed 

description of the cathode operation will be presented in this section. At the cathode, also called the 

oxygen electrode, the oxygen molecule is reduced and oxide ions, O2-, are produced. These oxide ions 

are transported through the solid electrolyte to the anode, thus necessitating the need for electrolyte 

materials to have excellent ionic conductivity. The oxygen ions encounter the fuel, typically hydrogen 

(H2) or reformed hydrocarbons, at the anode, where they react catalytically to produce water, heat 

and electrons. The electrons are transported through the anode to the external circuit, thus providing 

electricity in the external circuit and finally return to the cathode (Fig. 1.2,).10 

The electrolyte is a dense ceramic and must have excellent ionic conductivity because this will partly 

determine the amount of useful work a cell can perform. The electrolyte is covered by a porous anode 

on one side and by a porous cathode on the other side. The electrode materials should ideally possess 

mixed ionic-electronic conductivity, so as to enhance the overall efficiency of the cell. 

A fuel cell in practice consists of several single cells (single repeat unit - SRU) stacked together, where 

each SRU is separated from the other SRU by an interconnect. A particular challenge of SOFC 

technology is the lowering of operating temperature to the intermediate temperature range of 550˚C 

– 700˚C to reduce the constraints on the fuel cell components, thereby increasing the cell and cell 

stack durability11. 
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1.5 CELL EFFICIENCY 

The theoretical efficiency of a system is defined as the ratio of the amount of useful energy done by 

the system (output) to the energy consumed by the system (input). In the case of the SOFC, the input 

energy is the chemical energy of a fuel, such as hydrogen, and the output is the electrical energy 

produced by the system. In practice, the efficiency of an SOFC stack system rarely exceeds 60%, against 

the calculated theoretical energy efficiency of 83% at 25˚C12. The energy is lost because of the 

polarisation losses, also termed as overpotential (K). The cell overpotential is the potential difference 

between a thermodynamically determined potential and the potential at which the redox event is 

experimentally observed. This difference arises because the cell requires more energy than the 

thermodynamically expected energy to drive the reaction and the irreversible losses responsible are 

activation losses, Ohmic losses, concentration losses and fuel crossover and internal currents9. 

The total polarisation losses of the cell can be expressed in terms of the equation: 

Ktotal = Ka + Km + KR + jR (KΩ)                                   Equation 1.4 

Where  

 Ka = charge transfer or activation losses, typically associated with electrodes. 

Km = concentration or diffusion losses, normally associated with mass transport processes. 

KR = reaction polarisation losses, less significant at high temperatures. 

Figure 1.2 A schematic representation of a solid oxide 
fuel cell (reproduced with permission from ref. 10). 
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jR = (KΩ) ohmic or resistance polarisation losses, associated with ionic and electronic conduction and 

contact resistances between cell components. 

 

 

 

 

 

 

 

 

 

 

Fig. 1.3 shows the typical polarisation losses discussed above.13 The sharp drop in cell potential (cell 

voltage) initially arises from activation overpotential losses caused by the slowness of the 

electrochemical reactions taking place at the surface of electrodes and thus cell voltage is lost in 

driving the electron transfer reactions. The activation polarization can be represented as: 

Ka = 𝑅𝑇
D𝑛F

 ln ( 𝑖
𝑖0

)                                      Equation 1.5 

Where Ka is the activation polarization, R the universal gas constant, T the temperature, α the charge 

transfer coefficient, n is the number of electrons involved, F the Faraday constant, 𝑖  the current 

density, and 𝑖0 the exchange current density. 

This is followed by a linear region depicting the ohmic/resistance polarisation losses. In the case of 

SOFCs, these losses emanate from conduction of oxide ions from the cathode to anode via an ion-

conducting electrolyte and the contact losses due to interfacial resistance at cell component 

interfaces. As the name suggests, these losses are defined by Ohms law and thus the associated 

voltage drop is linearly proportional to the current density, described by equation 1.6 below: 

V = IR                                             Equation 1.6 

Figure 1.3 A typical fuel cell polarization curve showing the main loss 
mechanisms (adapted from ref. 13). 
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Where V is overpotential due to ohmic losses, I is the current and R represents the total ohmic cell 

resistance, including both ionic and electronic resistances. 

The concentration losses occur over the entire range of current density, but these losses become 

prominent at high limiting currents where it becomes difficult for gas reactant flow to reach the fuel 

cell reaction sites. At high current densities, the concentration polarisation losses mostly limit the cell 

voltage. These losses result from the change in concentration of the reactants at the surface of the 

electrodes as the fuel is used. In other words, the rate-limiting step at high current densities is the 

capability to replenish the gas at the electrode surfaces; oxidation of hydrogen gas at the anode and 

reduction of oxygen gas at the cathode. 

Km = 𝑅𝑇
𝑛F

 ln (1 − 𝑖
𝑖𝐿

)                                  Equation 1.7 

where Km is the concentration polarization and is 𝑖𝐿the limiting current density. 

Therefore, the actual voltage (V) across the cell in operation is lower than the theoretical 

thermodynamic voltage (E0), which can be mathematically represented as: 

V = E0 - Ka - Km - KR - jR                                                                Equation 1.8 

where E0 is the theoretically calculated cell voltage under open circuit (OCV) condition, R is the total 

cell resistance and jR represents the ohmic polarisation losses.9, 11, 12 

1.6 IMPERFECTIONS IN SOLIDS 

Crystalline solids are defined as those which exhibit a periodic crystal structure wherein the positions 

of atoms occur at a repeating fixed distance which is determined by the unit cell parameters. Real 

crystals, however, are never perfect and they always contain a considerable concentration of defects, 

also called as imperfections. Though known as defects, these imperfections are not necessarily 

adverse in nature. These defects can be tuned such that they affect the physical, chemical, mechanical 

and electronic properties of materials in a beneficial manner. Scientists deliberately introduce defects 

to interrupt the otherwise ideal crystallographic arrangement of atoms in the material to enhance or 

inhibit a particular property of the material. An example in the case could be the introduction of 

defects in an SOFC electrolyte to enhance its ionic conductivity so as to have fast transport of oxide 

ions from the cathode to the anode. 

Defects can be classified into four main types: point defects, line defects, planar defects and volume 

defects. The conductivity of semiconductors such as silicon is improved by doping Si with either Al (p-
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type semiconductor) or P (n-type semiconductor). In this case, each atom of dopant substituted for Si 

represents a point defect in the silicon lattice. Dislocations are linear defects, around which the atoms 

of the crystal lattice are misaligned. It is dislocations which provide ductility to the materials when the 

otherwise brittle nature of the material would have rendered it of little use. An example of a planar 

imperfection could be an interface between two crystals or grains of the same phase where there is 

an orientation difference in the atom arrangement across the interface, popularly known as grain 

boundaries. Volume defects in crystals are three-dimensional aggregates of atoms or vacancies. 

1.6.1 Point Defects 

Point defects can either be intrinsic in nature - that is a point defect which appears in a pure material 

- or extrinsic, which are introduced by doping or impurity atoms14. When an atom is missing from a 

position that ideally should be filled in the crystal, creating a vacancy, it is referred to as an intrinsic 

defect (Fig. 1.4).  It is also intrinsic when an atom occupies an interstitial site where no atom would 

ordinarily appear (Fig 1.4). Since the interstitial site and the space associated with it is very small, it is 

relatively uncommon to have interstitials rather than the commonly found intrinsic vacancies. The 

nature of the intrinsic defect is such that it destroys the local charge balance, which must be restored 

in some or other way. One way of restoring the charge neutrality is when a pair of anions and cations 

Figure 1.4 Mechanism of point defects in crystalline solids (adapted from ref. 14). 
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bearing equal but opposite charges are missing, thereby creating the defect vacancies as well as 

restoring the charge neutrality of the system. Such a neutral defect that involves paired vacancies on 

the cation and anion sublattices is called a Schottky defect (Fig 1.5).  Alternatively, the charge 

imbalance caused by the vacancy can be balanced by incorporating an interstitial of the same species; 

a Na vacancy is compensated by a Na interstitial. Such a neutral defect that is made up of a paired 

vacancy and interstitial is called a Frenkel defect (Fig 1.5)14. 

 

 

 

 

 

 

 

 

 

 

1.6.2 Thermodynamics and Formation of Point Defects 

Perfect crystal is only a concept. Real crystals are never perfect, and in the real-world, materials have 

intrinsic defects in their natural states and these defects are responsible for imparting different 

properties to these materials. Scientists in order to improve the properties, tend to introduce defects 

in the materials and thus it is very important to understanding the thermodynamics of defect creation. 

G = H - TS                                           Equation 1.9 

The 2nd law of thermodynamics represented above by equation 1.9, where G is the free energy of a 

given system, H is the heat content (enthalpy) of the system and TS is the entropy (disorder) term 

determines the formation of defects (Fig 1.6). The introduction of a defect in the system is 

accompanied by a change in free energy, the enthalpy and disorder of the system. This process of 

point defect formation requires energy and leads to lattice strain which constitutes an increase in the 

heat content of the system and the generation of defects for example creation of a vacancy leads to 

increased disorder in the system. At low vacancy concentration, T∆S dominates and thus the 

Figure 1.5 Schottky and Frenkel point defects 
(adapted from ref. 14). 
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formation of defects at initial stages is easy while as enthalpy changes, ∆H dominates at high vacancy 

concentrations and the defect formation is not favourable (Eq. 1.10)14. 

∆G = ∆H - T∆S                                      Equation 1.10 

 

 

 

 

 

 

 

 

 

 

 

1.7 PROPERTIES OF SOFC MATERIALS 

The three main components of the SOFC; anode, cathode and electrolyte as explained above need to 

fulfil certain stringent conditions in order for the cell to have reasonable performance. The electrode 

materials should ideally be mixed ionic-electronic conductors, displaying both high ionic conductivity 

and electronic conductivity.  For the electrolyte material, the internal resistance of the electrolyte 

material to the transport of oxide ions from the cathode to the anode is of particular importance. This 

is critical in meeting the area specific resistance (ASR) goal of 0.15 Ωcm2, which is of significance as far 

as the practical use of the electrolyte material is concerned.11 This target of 0.15 Ωcm2  comes from 

the fact that for a reasonable cell performance, the cell specific resistance should not exceed the value 

of 0.45 Ωcm2, which translates into a value of 0.15 Ωcm2 or less for each component of cell; anode, 

cathode and electrolyte.12 The mass transport properties, ionic conductivity and electronic 

conductivity of different cell components play a central role in determining the performance of the 

device and they will be discussed in detail in the next section. 

 

G 

Figure 1.6 Thermodynamics of point defect formation 
(adapted from ref. 14). 
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1.7.1 Mass Transport 

The operation and efficiency of a SOFC depends on the transport of oxide ions from its reduction site 

that is cathode to anode, where it oxidises the fuel. The mechanisms adopted by oxide ions to move 

from one point to another will be discussed later in this section, but the transport of oxide ions is 

governed by Fick's laws of diffusion, derived by Adolf Fick in 1855. In order to understand the said 

laws, it is important to understand the terms, steady state and non-steady state. Steady-state diffusion 

takes place at a constant rate, that is, once the process starts the number of atoms or number of moles 

crossing at a given interface is constant with time. Non-steady state diffusion is a time-dependent 

process in which the rate of diffusion is a function of time. Mathematically, the rate of change of the 

concentration with distance, dc/dx = constant and the rate of change of the concentration with time, 

dc/dt = 0 for steady state diffusion whilst dc/dx is variable and dc/dt ≠ 0 for non-steady state diffusion. 

Fick’s first law of diffusion is defined as the diffusive flux being proportional to the existing 

concentration gradient (see illustration in Fig. 1.7) and can be expressed mathematically by the 

following equation: 

    𝐽 =  −𝐷 (𝑑𝑐
𝑑𝑥

)                                          Equation 1.11                              

where J is the diffusion flux - that is the amount of substance that will flow through a unit area during 

a unit time interval expressed in mol/m2s−1. D is the diffusion coefficient or diffusivity, expressed in 

m2/s. C is the concentration per unit volume (mol/m3) and x is the position (m). 

The negative sign in this relationship indicates that particle flow occurs in a “down” gradient direction, 

i.e. from regions of higher to regions of lower concentration. The diffusivity is the characteristic of the 

material and is temperature and composition dependent. 

 

 

 

 

 

 

 

 

Figure 1.7 Mass transport, diffusion as a consequence of existing 
differences in concentration. 
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Diffusion is a thermally activated process and the temperature dependence of diffusion appears in the 

diffusivity as an “Arrhenius-type” equation: 

𝐷 = 𝐷𝑜 𝑒−𝐸𝑎
𝑅𝑇⁄                                        Equation 1.12 

where Do is a constant, Ea is the activation energy and R is the gas constant.  

Fick’s second law deals with the non-steady state diffusion and describes how diffusion causes the 

concentration to change with time. Equation 1.13 below expresses the law in its mathematical form: 

𝜕𝐶
𝜕𝑡

 =  𝜕𝐽
𝜕𝑥

=  𝐷 (𝜕2𝑐
𝜕𝑥2)                                            Equation 1.13 

It is important to point out that the thermal motion of atoms in a crystal lattice is a random process 

and is not associated with the concentration gradients.  

Self-diffusion in oxide ion conductors, a characteristic property of materials, occurs by means of 

‘hopping’ of oxygen atoms to nearby vacant or interstitial sites. The transport of oxygen to a vacancy 

in ceramic oxides occurs by different mechanisms but the process has an energy barrier, Ea that must 

be overcome for diffusion to occur. The energy barrier comes from the fact that exchange between 

vacancies and oxygen atoms involves a large distortion of the otherwise low-energy lattice. The 

diffusion of oxygen defects in oxide materials is independent of their concentration when the defect 

concentration is low and defects do not interact with each other. This, however, is not true when the 

defect concentration is significant to the extent that defects interact among themselves. 

1.7.2 Diffusion Mechanisms 

As pointed out earlier the conductivity of oxide ions plays a critical role in the performance of SOFC 

devices, it is pertinent to discuss the diffusion mechanisms of oxide ions – that is oxygen vacancies 

and interstitials - adopted by SOFC materials. The three mechanisms namely vacancy diffusion, 

interstitial and interstitialcy mechanisms. 

1.7.2.1 Vacancy Diffusion Mechanism 

A vacancy, as shown below in Figure 1.8, can be filled by an ion adjacent to it. The net result of the 

exchange between the ion and vacant site is the movement of the vacancy from one site to another. 

This is why scientists introduce defects so as to improve properties such as oxide ion conductivity in 

the present case. Since the main function of the SOFC electrolyte is to provide a conductive medium 

for oxide ions to transport through, electrolyte materials such as La0.8Sr0.2Ga0.8Mg0.2O3-G (LSGM) are 

doped such that vacancies are created, and the materials perform the desired function. This is the 
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most common way of producing desired functionality in materials and most of the electrolyte 

materials such as LSGM, yttria-stabilized zirconia (YSZ), gadolinia-doped ceria (CGO) conduct oxide 

ions by means of vacancy diffusion mechanism. This mechanism is also prevalent in cathode 

perovskite materials such as La1-xSrxCoO3-G (LSC) LaxSr1-xCoyFe1-yO3-G (LSCF), layered oxide materials such 

as Ruddlesden-Popper phases La4Ni3O10-G (L4N3). 

1.7.2.2 Interstitial Mechanism 

This is also known as a direct interstitial mechanism because the interstitial ion jumps directly from 

one interstitial site to another (Fig 1.9). As one would expect, the interstitial ion is usually a small size 

atom because the space available at the interstitial site is limited.  

 

 

Figure 1.8 Schematic of the diffusion via vacancy diffusion mechanism. The green and red circles 
represent the oxygen atoms in a material; the two red atoms are coloured so as to make it easy for the 
reader to follow. 

Figure 1.9 Schematic of the diffusion via an interstitial diffusion mechanism. The green circles 
represent the ions occupying the lattice sites in a material and red circles represent the interstitial ions 
occupying interstitial sites. 
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1.7.2.3 Interstitialcy Mechanism 

Interstitialcy diffusion mechanism, also called the indirect interstitial mechanism is a two-step process 

and is conceptually a combination of the two diffusion mechanisms discussed above. In this 

mechanism, an interstitial ion moves from its location to an occupied lattice site, which in turn moves 

to occupy the adjacent interstitial site. 

In practice, the combination of mechanisms is involved in imparting the oxide ion migration in ceramic 

materials. It is also important to point out that it is possible to have ionic conductivity in materials 

because of both vacancies as well as interstitials. The example in the case is lower-order Ruddlesden-

Popper phases such as La2NiO4+G (LNO), Pr2NiO4+G. There is ample evidence now which suggests that 

both oxygen vacancies and interstitials play a role in oxide ion conduction in these SOFC cathode 

materials.15-21 

 

 

In all the mechanisms discussed above the ions surrounding the migrating species resist the diffusion 

because of their size and charge effects. This introduces the energy barrier which can be surpassed by 

thermal energy; this translates into charge carrier mobility being the function of temperatures and 

thus ionic conductivity increases with increasing temperature. 

1.7.3 Electrical Conductivity 

The total electrical conductivity of a material is the measure of its ability to allow the transport of an 

electric charge. Electrical conductivity is defined as charge flux per unit electric field and expressed in 

S/m or Ω-1cm-1 and equation 1.14 below presents the electrical conductivity in its mathematical form: 

 

Figure 1.10 The schematic showing the two-step interstitialcy diffusion mechanism.  The green and 
black circles represent the ions occupying the lattice sites in a material, and red circles represents the 
ion occupying interstitial sites. 
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Vj = cjPjzje                                           Equation 1.14 

where σj is the conductivity of species j, cj is the concentration of species, μj is the species mobility and 

zje the charge of species. The electrical conductivity of a system is the summation of its ionic and 

electronic conductivity and depending on the use, materials are tuned accordingly. For example, if a 

material is to be used as the electrolyte, the conductivity should be dominated by ionic contributions 

and if the materials are to work as an electrode, a combination of both electronic and ionic 

conductivity is required. Since the mobility, defined as the rate at which a species can move in the 

system, is often higher by many orders of magnitude for electronic carriers – that is electrons and 

holes – a relatively higher concentration of ionic carriers is required if the desired material is required 

to perform as good ionic conductor (for example 0.02 Scm-1 at temperature ranges of interest for IT-

SOFCs). 

1.7.3.1 Ionic Conductivity 

Ionic conductivity is the movement of an ion from one site to another through defects in the crystal 

lattice. This contributes to the overall electrical conductivity of a material and can be expressed by 

equation 1.15: 

Vi = 𝑐𝑖𝑧𝑖
2𝑒2 𝐷
𝑘𝑇

                                            Equation 1.15 

where D is self-diffusivity, zie is the charge of the ion, k is the Boltzmann’s constant and T is 

temperature. 

Typically, ionic conductors exhibit a temperature dependence of mobility, i.e. mobility is thermally 

activated, and the conductivities of ionic conductors are in the range of 10-5 – 102 S/m. Since the 

mobility of species, Pi is central to ionic conductivity it is useful to express the above equation in terms 

of Pi: 

 

Vi = 𝑐𝑖𝑧𝑖
2𝑒2 𝐷
𝑘𝑇

 = ciziePi                                        Equation 1.16 

where the mobility of species,  

Pi = 𝑧𝑖𝑒𝐷
𝑘𝑇

                                        Equation 1.17 
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1.7.3.2 Electronic Conductivity 

Electronic conductivity of a material is due to the presence of mobile electrons and holes and is 

defined as the rate of flow of charge carriers per unit electric field.  

Ve = enePe + hnhPh                            Equation 1.18 

where e is the charge of an electron; ne is the number of electrons; Pe is the mobility of the electrons; 

h is the charge of a hole; nh is the number of holes and Ph is the mobility of the holes. 

On the basis of electronic conductivity, solids can be described as metallic conductors, semiconductors 

and insulators (Fig 1.11). The classification is based on the electronic band structure of the materials 

and the ability of a material to conduct electricity under the application of an electric potential 

difference. In case of conductors, the conduction band and defect-derived band are overlapping in 

contrast to insulators, wherein the conduction and valance band are separated by a large gap, which 

renders the jump of charge carriers such as electrons from the valence band to the conduction band 

impossible. Semiconductors, however, have a small energy gap between the valence band and the 

conduction band (Fig. 1.11). Charge carriers can make the jump up to the conduction band, but not 

with the same ease as they do in conductors. 

 

 

 

 

 

 

 

 

 

1.7.3.3 Mixed Ionic-Electronic Conductivity 

Mixed ionic-electronic conductors (MIECs) are materials that conduct both ions and electronic charge 

carriers (electrons and/or holes). The total conductivity of the material is the combination of its ionic 

and electronic conductivity, and it has been shown that mixed conductivity in electrodes enhances the 

Figure 1.11 Schematic of classification of solids on the basis of their electronic 
conductivity. 
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performance of SOFCs by increasing the participation of electrode materials such as LSCF, LNO in 

oxygen reduction reaction at the cathode site22-24.  

 

1.8 SUMMARY 

In this chapter, fuel cells were introduced, and the rationale behind the research topic was laid, to 

stress the importance of these devices for the future energy needs. Attention was also drawn towards 

the superior efficiency of fuel cells. Since the focus of this thesis is SOFCs, the operation of this device 

was discussed in detail, which was followed by describing the defect chemistry in oxide materials and 

a connection was made between defects in materials and performance of SOFC materials. Since 

defects are important for SOFC component materials, the principles controlling the defect creation 

were discussed in detail. The laws governing the mass transport – Fick’s laws – were discussed 

followed by describing the mechanisms of conductivity, both electronic and ionic, so as to understand 

the properties of relevant materials, and thereby their appropriateness as components for an SOFC 

device. 
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2.0 – MATERIALS REVIEW 

This chapter discusses the relevant literature and therefore the focus will be on SOFC cathode 

materials. The goal of the chapter is to make the reader aware of the already published research in 

SOFC cathode materials in general but special attention will be devoted to MIEC and layered oxide 

materials for SOFC cathodes. Though the focus of this thesis is SOFC cathodes, this chapter will provide 

a limited background on other material components of the SOFCs – that is – anode and electrolyte 

materials. 

2.1 CATHODE MATERIALS 

The cathode, being the site of the oxygen reduction is highly instrumental in determining the 

performance of a cell. Since electrons are necessary for reduction of oxygen molecules, a cathode 

material must be a good electronic conductor. In terms of compatibility of materials, no chemical 

reaction with other cell components and compatible TEC are vital characteristics. The catalytic activity 

of materials for the reduction of oxygen molecules is also a necessary requirement for the cathode 

material. The porous microstructure of a cathode material further enhances the ORR as it ensures the 

access of oxygen molecules to the cathode surface, and thus extends the active ORR region beyond 

the narrow TPB. 
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Figure 2.1 Schematic representation of three interfaces for ORR. The air/cathode 
interface, the air/electrolyte interface and air/cathode/electrolyte interface (shown by 
red dots). 
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In pure electronic conducting cathode materials such as La1-xSrxMnO3-G (LSM), ORR is limited to a very 

narrow TPB region, the air/cathode/electrolyte interface (Fig. 2.1). The air/electrolyte interface is 

immaterial as far as ORR rate is concerned because the commonly used electrolyte materials are 

catalytically inactive.  

Although there is the technical possibility of ORR occurring at air/cathode interface because of 

insignificant ionic conduction of pure electronic conductor cathode materials, the oxide ions produced 

fails to migrate to the anode for useful work. Thus the practical region for the ORR to occur in such 

materials is a very narrow TPB. It is here that so-called mixed-ionic electronic conducting (MIEC) 

cathode materials assume crucial importance. The mixed conductivity of MIEC cathode materials 

allows the system to extend the ORR region beyond the narrow TPB zone and thus increase the 

efficiency of the cell (Fig. 2.2)1, 2. In this regard, the last decade has seen significant research activity in 

developing MIEC materials for SOFC cathodes based on perovskites, double perovskites, Ruddlesden-

Popper phases and other layered oxide materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.1 Substituted Lanthanum Manganite 

In high-temperature SOFCs, La1-xSrxMnO3-G (LSM), has been the material of choice for cathodes and has 

thus been explored extensively3, 4. The material adopts the perovskite structure (Fig. 2.3) and doping 

with strontium replaces lanthanum in the structure and enhances the electronic conductivity of the 

material by means of increasing the hole carriers5. Doping the material with Sr results in oxidation of 

Mn3+ to Mn4+ and leaves the oxygen content of the material intact. Thus the material achieves a 

Figure 2.2 Schematic representation of the oxygen 
reaction at MIEC material-based cathode (reproduced 
with permission from ref. 2). 
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superior electronic conductivity, in the range of 200 to 300 S/cm at 900°C4. But because of the limits 

imposed by either reactivity with other cell components and TEC compatibility, the doping level is 

usually kept under 30 mol percent6. On increasing Sr levels beyond this limit, TEC incompatibility3 and 

reactions with other cell components such as the formation of SrZrO3 and La2Zr2O7 with YSZ electrolyte 

have been observed7, 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The major challenge, however, with LSM as a cathode has been its poor oxide-ion conductivity, of the 

order of 10-7 to 10-8 S cm-1 at 800°C9. The formation of a composite of LSM with a material of high ionic 

conductivity has been explored in the hope that this limitation of low ionic conductivity could be 

resolved10. Ostergard et al. by using the composites of LSM+YSZ reduced area specific resistance (ASR) 

from 2.7 Ωcm2 obtained by using pure LSM to 0.5 Ωcm2 for an LSM+YSZ composite operating at 

1000°C10. However, because of long-term thermal and mechanical degradation problems with LSM 

cathode materials and its low inherent oxide ion conductivity, a search for better materials for IT-

SOFCs continues. The problem arises from the fact that at high operating temperatures polarisation 

losses are negligible but once the temperature is lowered to intermediate range, polarisation losses 

become significant and thus negatively impact the cell efficiency by decreasing the kinetics associated 

with ORR and charge transport at the cell cathode. The cathode materials based on LSM further suffer 

from a severe deleterious problem of strontium segregation, which will be discussed later. 

 

Figure 2.3 Schematic representation of the ABO3 perovskite 
structure (red – oxygen; green – A site cation and Blue – b site 
cation. 
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2.1.2 Substituted Lanthanum Cobaltite 

LaCoO3 is again a perovskite like LSM and possesses better electronic conductivity than LSM11. The 

main problem, however, has been the stability3 of this material which has been tackled by doping the 

system with Sr which replaces Ln in the structure to give the strontium-substituted cobaltite 

perovskites (LSC: La1-xSrxCoO3�G)12.  LSC is a mixed conductor material and has shown good ionic 

conductivity and ORR catalytic properties13-15. The major issue with LSC, however, is its high TEC, of 

the order of 20 × 10-6 K-1. When this considerably high TEC is compared to the commonly used 

electrolytes like YSZ and CGO (a12 × 10-6 K-1), compatibility issues with other cell components come 

to the fore and render the material problematic16, 17. 

 

It has been reported that the high TEC of LSC cathodes originates from octahedrally-coordinated 

cobalt ion transitions between low- and high-spin states of the Co3+ 3d6 ion17. In the light of this 

knowledge, Co has been substituted with Fe to produce the state of art cathode material, La1-xSrxCo1-

yFeyO3-δ (LSCF). La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF6428) is the most promising and studied composition of 

these materials. The electronic conductivity of this material is significant, of the order of 350 to 250 

S/cm in the temperature range of 600 to 800 °C.16 This significant electronic conductivity of the 

material originates from the mixed valencies Fe3+/Fe4+ and Co3+/Co4+, which is essentially the result of 

La substitution by Sr. Equally important benefit of this substitution is the formation of oxygen 

vacancies in the LSCF system, which ultimately contributes to the ionic conductivity of this MIEC 

cathode material; the ionic conductivity of 10-2 S cm-1 at 800 °C has been reported18 and the material 

also has TEC in the range of 15 x 10-6 K-1, which is in the compatible range of other cell components16. 

 

The primary limitation of LSCF6428 occurs when it is used with the commonly used electrolyte because 

it reacts with YSZ and negatively impacts the cell performance with time. This reduces the flexibility 

of this promising cathode material, and thus it has primarily been used with the CGO electrolyte, with 

which it, fortunately, does not react19. However, because of the common use of the YSZ electrolyte, 

several attempts have been made to make LSCF6428 workable with YSZ. A common approach to tackle 

the deleterious reactivity has been to incorporate the ceria barrier layer between the electrolyte and 

cathode20, 21. This has also helped in improving the relatively higher ASR that pure LSCF  affords, 0.3 

Ωcm2  at 700˚C22, which is well above the target value of 0.15 Ωcm2.23 Dusastre et al. reduced the ASR 

of pure LSCF by making composites of LSCF with CGO, reporting an ASR of 0.16 Ωcm2 at 700˚C, almost 

halving the polarisation resistance24. Wang and Mogensen reduced it further to the remarkable value 

of 0.026 Ωcm2 at 700˚C with CGO and 0.12 Ωcm2 at 700˚C with YSZ electrolyte coated with a thin layer 

of CGO25. But because of the complexity associated with the use of composites as cathodes, there is 
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the possibility of reaction between CGO and YSZ to form the less ionic conducting phase, (Ce, Zr, Gd, 

Y)O2�G��and it has been reported that such phases are formed and are responsible for reducing the cell 

performance.26 

 

Above all, the main problem with the promising LSCF cathode materials is their degradation with time 

during cell operation. This problem chiefly manifests itself by strontium segregation and chromium 

poisoning. Both of these problems drastically reduce cell performance. When in operation, Sr 

selectively segregates towards the cell surface to form a SrO layer at the cathode surface, which 

effectively stops the ORR from occurring at the air/cathode interface27, 28. The chromium poisoning 

problem emanates from the necessity of using interconnects to connect the individual cells in series 

to generate the required amounts of power for practical purposes. The commonly used material for 

interconnects contains chromium, and it vaporises during cell operation. The harmful impact of 

chromium vapours comes from its deposition on cathode materials, thereby degrading their 

performance with time29.  

 

There have been various attempts to resolve this cathode degradation but not with profound success 

yet. Use of electrical polarisation to de-segregate the strontium30, 31 and use of acid-etching to reduce 

the formation of passivating (Ce, Zr, Gd, Y)O2�G�layers28, 32 and also an attempt to stop Cr poisoning by 

coating33 the steel interconnects have been used but with less success. 

 

2.1.3 Other Potential Materials 

Another related cathode composition is the doped lanthanum ferrite; LaxSr1-xFeyNi1-yO3-δ (LSFN), with 

La0.6Sr0.4Fe0.8Ni0.2O3-δ (6428) as the optimum composition. The material shows electronic conductivity 

of 300 S/cm at 900°C with a reasonable TEC of 14 × 10-6 K-1,34 but they also come with their problems 

of forming insulating phases such as La2Zr2O7 and SrCoO3 at the interface when used with YSZ as an 

electrolyte, which further degrades the performance of the cell. 

 

Another class of materials, derived from the perovskite structure are the oxide materials known as 

double perovskites with the general formula AA’B2O5+G where A is a rare earth cation, A’ is an alkaline 

earth metal cation and B is a transition metal cation. In these phases, there is cation ordering of the 

rare earth and alkaline earth metal layers along the (001) axis. This leads to a doubling of the c 

parameter when compared to the c parameter of the parent perovskite phase35. The material further 

is an oxygen deficient system with oxygen vacancies mainly located in the rare-earth layer. Two 

compositions, in particular, GdBaCo2O5+G (GBCO) and PrBaCo2O5+G (PBCO), have been studied 
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extensively36-39.  The materials have MIEC properties but suffer from relatively lower performance and 

thus composites of GBCO too have been developed for increased electrochemical performance40. 

 

LSCF is the most promising material for IT-SOFC cathodes but because of the degradation issues and 

strontium segregation discussed earlier, the search for alternative IT-SOFC cathode materials 

continues. One family suggested as potential IT-SOFC cathodes are the Ruddlesden-Popper phase 

materials. One of the materials of this family, La2NiO4+G adopts the K2NiF4-tye structure and has been 

widely studied because of its remarkable oxide ion conductivity. This thesis focuses on higher-order 

members, LaxPr4-xNi3O10±G� of this family but it is pertinent to review this whole family of materials in 

detail and also lay down the rationale behind the preference of working on higher-order rather than 

lower-order Ruddlesden-Popper materials. 

 

2.1.4 Ruddlesden-Popper Phases 

Ruddlesden-Popper phases, with the general formula of An+1BnO3n+1, were first synthesised by S.N. 

Ruddlesden and P. Popper in 195841. The structure consists of nABO3 perovskite layers which are 

sandwiched between two AO rock-salt layers 42. The number of perovskite polyhedral units 

sandwiched determines the phase of material (Fig. 2.4)43. This structural similarity of Ruddlesden-

Popper (RP) phase materials to perovskites is one of the reasons behind the expectation of these 

materials working as SOFC cathodes. It indeed has been found to be true; it is the unique structural 

features of lower-order phases such as La2NiO4+G (LNO) and Pr2NiO4+G (PNO) which permits them to 

accommodate a substantial amount of interstitial oxygen. In addition, the problem of strontium 

segregation as observed in the state-of-art SOFC materials can be avoided because Ruddlesden-

Popper phases are composed of different constituents and do not contain Sr. 

 

2.1.4.1 Lower-Order RP Phases 

The main motivation of intense research focus on n = 1 Ruddlesden-Popper phase materials stemmed 

from their superior capability of storing a substantial amount of interstitial oxygen in their structure 

which bestowed the materials with significant oxide ion conductivity, thereby rendering the materials 

MIEC at intermediate temperatures44, 45. Thus n = 1 phases such as La2NiO4+G (LNO), Pr2NiO4+G (PNO) 

and Nd2NiO4+G (NNO) have been studied extensively. 

 

LNO has shown promising features as a potential IT-SOFC cathode material44, 46, 47. The oxygen 

overstoichiometry (+G) of the material is important in the sense of it being responsible for ionic 

conductivity, the value of which easily surpasses the state-of-art LSCF cathodes at IT range 
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temperatures44, 46. Bassat and co-workers compared the ionic conductivity of LSCF and LNO and found 

the ionic conductivity of LNO to be 0.02 S/cm at 700°C compared to the 0.003 S/cm obtained for LSCF 

at the same temperature48. This is the result of oxygen overstoichiometry and it is possible to 

manipulate this important oxygen overstoichiometry by using the specific synthetic method. In the 

case of LNO cathode materials,�G�ranging from 0.14 to 0.25 have been synthesised by using reducing 

conditions for low G and oxidation conditions for high G12, 49-55. Aguadero et al. reported G = 0.30 for 

LNO55, which is expected to enhance the ionic conductivity for obvious reasons of higher oxygen 

content being available for transport.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

There has been an interesting and long debate on the nature of ionic conductivity in these materials. 

Therefore, detailed studies have been carried out on the LNO material and transport properties are 

fairly well understood. There is a broad agreement now about the dominant participation of 

interstitial oxygen atoms in ionic conductivity (Fig. 2.5)56.  

 

(a-b plane) 

(c-axis) 

Figure 2.4 Simplified illustration of Ruddlesden-Popper phases structure. The number 
of perovskite layers sandwiched decides the phase of material. The focus of this 
thesis is n = 3 Ruddlesden-Popper phases in which three perovskite layers are 
separated by a single rock salt layer (reproduced with permission from ref. 43). 
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The neutron diffraction studies by Demourgues52 et al. predicted that interstitial oxygen atoms are 

accommodated by the LaO rock salt layer. This was further confirmed by Jorgensen57 and co-workers 

and they determined the location of the oxygen interstitial site to be at (1
4
 1
4
 1
4
) in the Fmmm structure. 

These studies had further support from Paulus et al.58 who studied single crystals of LNO and 

confirmed the location of excess oxygen in the rock salt LaO layer, thereby lending further support to 

the initial studies. In the light of these conclusions, Skinner50 observed the lengthening of apical Ni–O 

bonds on heating LNO, which is a direct consequence of loss of excess oxygen from interstitial sites 

located in the La–O plane. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to expand the understanding of the role played by oxygen interstitials in ionic conduction 

properties of La2NiO4+G�materials and to also lend further support to experimental evidence, 

computational studies too have been carried out. These studies further supported the earlier 

conclusion by several neutron diffraction studies on LNO59, 60. However, there is still some debate going 

on, as far as computational studies are concerned. Minervini et al.60 in their atomistic calculations 

Figure 2.5 Schematic of LNO showing the location of interstitial oxygen 
atoms (reproduced with permission from ref. 56). 
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have predicted that both monovalent and divalent oxygen ions are involved in interstitialcy transport 

whereas recent density functional theory calculations and atomistic modelling61, 62 are predicting only 

divalent oxygen ions and not monovalent oxygen ions. However, both computational approaches have 

confirmed the interstitialcy mechanism of oxygen transport, and thus in line with experimental 

studies. Further support was afforded by molecular dynamics simulation performed by Parfitt et al. 

on PNO63 which showed that oxygen diffusion is highly anisotropic and occurs almost entirely by 

means of an interstitialcy mechanism in the a–b plane. It was later further shown experimentally by 

studies on a related composition by Yashima et al64 (Fig. 2.6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As mentioned earlier it is because of this capability of accommodating a considerable amount of 

excess oxygen as interstitials in the rock salt layer that the ionic conductivity of n = 1 Ruddlesden-

Popper phases materials such as LNO, PNO and NNO surpasses the most promising IT-SOFC perovskite 

LSCF cathode. Fig. 2.7 illustrates and compares the ionic conductivity of these lower-order 

Ruddlesden-Popper phases with LSCF48. 

 

Experimental studies of ionic conductivity have indicated the participation of both oxygen interstitials 

and oxygen vacancies in ionic conductivity, with interstitial activation energy larger than vacancy 

activation energy44, 65. The prediction of lower activation energy involving vacancies was confirmed by 

Figure 2.6 (a) atomistic simulations predicted interstitialcy pathway mechanism 
predicted by Parfitt and co-workers on their studies on PNO and (b) later supported by 
experimental studies on a related composition by Yashima and co-workers (reproduced 
with permission from ref. 63 and 64 respectively). 
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secondary-ion mass spectrometry (SIMS) studies carried out by Bassat and co-workers48. Bassat et al. 

further found substantial anisotropy, with conductivity parallel to a-b plane higher than conductivity 

perpendicular to a-b plane. This was explained by the fact that oxygen interstitials are confined to LaO 

rock salt layers and thus contribute towards only parallel conductivity. This further implies that 

conduction in perpendicular direction comes from the participation of vacancies only.  

 

 

 

 

 

 

 

 

 

 

 

As ionic conductivity and electrocatalytic properties of these materials would suggest, oxygen 

diffusion coefficient (D*) and surface exchange coefficient (k*) of La, Pr and Nd analogues has been 

found to be high (Fig. 2.8)46, 66-68. Bassat et al. measured the diffusion coefficients and found that PNO 

shows the highest diffusion coefficient among nickelates. They also reported that the oxygen diffusion 

along the ab-plane is almost about three orders higher in magnitude when compared to the diffusion 

measured along the c-axis69. In addition, all the composition in their polycrystalline forms shows even 

better diffusion, which could possibly mean higher ionic conductivity in polycrystalline form48 (see Fig. 

2.9)70. 

 

 

Figure 2.7 Comparison of ionic conductivity vs. 1/T best known perovskite based IT-
SOFC cathode materials, LSFC and LSFN (reproduced with permission from 
reference 48). 
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The material further shows acceptable TEC. Boehm et al. calculated the TEC of LNO, PNO and NNO by 

dilatometry and XRD and they reported TEC’s for all these compositions in the range of 13 × 106 K-1, 

which is compatible with the rest of cell components71. This was later confirmed by further studies 

such as the TEC of 13.8 × 106 K-1 reported for LNO by Amow and co-workers72 and other studies73. 

 

 

 

 

 

 

 

 

 

Figure 2.9 Diffusion coefficients for nickelates. PNO shows the highest D* and 
polycrystalline forms of all nickelates show even better D* (adapted from ref. 70). 

Figure 2.8 Oxygen diffusion coefficient (D*) and surface exchange 
coefficient (k*) of LNO (reproduced with permission from ref. 67). 
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Several studies of the electrochemical performance of these materials have been reported in the 

literature. Amow and Skinner obtained relatively high ASR’s (>1.0 Ωcm2 at 800°C) which was improved 

by Escudero et al. and they reported ASR of 0.48 Ω cm2 at 800°C for LNO with LSGM electrolyte74. 

Aguadero et al. doped the A’ site cation and obtained the best performance of 3.7 Ωcm2 at 850 °C for 

a Cu doped LNO73. 

There have been several attempts to improve the performance of these materials reported in the 

literature so far. PNO and NNO because of their slightly higher electronic conductivity do perform 

better when compared to LNO but both of these materials decompose during annealing, which does 

not bode well for their use as SOFC cathodes75. Another way of improving the performance of these 

materials is by using the graded cathodes. Rieu and Sayers recently tested graded LNO cathodes and 

they used a compact LNO interlayer between the electrolyte and porous LNO cathode which resulted 

in a seven-fold drop in ASR from 7.4 Ωcm2 to 1.0 Ωcm2 at 700°C76, 77. A graph of log(ASR) vs reciprocal 

Figure 2.10 Log (ASR) vs. 1000/T for various R-P phases, with comparison to state-of-the-art LSCF+CGO 
composite (adapted from ref. 78). 
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temperature, adapted from ref. 78 (Fig. 2.10) above compares the performance of these low-order 

Ruddlesden-Popper phases with state-of-the-art LSCF+CGO composite cathode78. A recent attempt at 

improving the performance of these materials by Bassat et al. yielded the remarkable performance of 

0.030 Ωcm2 at 700°C for a PNO cathode79. Vibhu and co-workers studied the mixed composition 

cathodes La2-xPrxNiO4+δ (LPNO) and were successful in improving the performance of half-cells but they 

do note the problem of decomposition by increasing the Pr content of these mixed La and Pr 

cathodes80. 

As discussed above, recent reports have shown that it is possible to engineer these materials to obtain 

better electrochemical performance, apart from their remarkable oxide ion conductivity. What would 

then explain the search for alternative materials? Well, the answer lies in the stability issues of these 

materials under operating conditions which will later explain our focus on higher-order Ruddlesden-

Popper phases. 

 

2.1.4.2 Stability of Lower-Order Phases 

The main problem with the lower-order phases such as LNO, PNO and NNO is the phase stability of 

these materials under operating conditions, which effectively restricts the use of these materials as 

IT-SOFC cathodes68, 72, 79-82. Amow et al. studied cobalt doped LNO, La2Ni0.9Co0.1O4+δ, and they observed 

extensive decomposition81. They fired the composition for 2 weeks at 950 °C in air and recorded XRD 

patterns later to show that the material decomposes into lanthanum oxide and higher-order phases 

such as La3Ni2O7 (Fig. 2.11)81. 

 

 

 

 

 

 

 

 
Figure 2.11 X-ray diffraction pattern of La2Ni0.9Co0.1O4+δ after firing at 950 
°C in air for 2 weeks, decomposes into lanthanum oxide and higher-order 
Ruddlesden-Popper phases (reproduced with permission from ref. 81). 
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Skinner et al. also reported an ageing study of LNO and they also observe a Ni2+/Ni3+  impurity phase 

after firing the materials for two weeks in air at 900°C (Fig. 2.12)68, 72, 82. This observation put a serious 

dent on the suitability of LNO as IT-SOFC cathode. 

 

 

 

 

 

 

 

 

 

 

Vibhu and co-workers did extensive ageing studies of PNO mixed nickelates, Pr2-xLaxNiO4+δ (LPNO) and 

reported severe decomposition of Pr rich phases in particular. They reported that La rich nickelates 

(La1.5Pr0.5NiO4+δ) are relatively stable when compared to the Pr-rich nickelates (PNO, La0.5Pr1.5NiO4+δ 

and PrLaNiO4+δ) (Fig. 2.13)80, 83. As expected, the extent of the decomposition of LPNO increases with 

Pr content. The end member PNO is completely dissociated into perovskites (PrNiO3-δ), higher-order 

Ruddlesden-Popper phases (Pr4Ni3O10+δ) and Pr oxides (Pr6O11) which is in agreement with the reports 

of decomposition of La2Ni0.9Co0.1O4+δ into higher-order phases and metal oxides by Amow et al81. 

Doping of both A and B sites too has been explored in many studies for identifying stable compositions 

with improved electrode performance. The doping of A and B sites in n = 1 Ruddlesden-Popper series, 

for example by Sm and Co, afforded enhanced electrical conductivity (La2-ySmyNiO4+G) or improved 

electrode performance (La2Ni1-xCoxO4+G) for some compositions, however, stability still remains the 

critical issue for practical purposes82. 

Figure 2.12 Thermal ageing at 900°C for 2 weeks in air of LNO 
showing Ni2+/Ni3+ impurity phase formation (reproduced with 
permission from ref. 82). 
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2.1.4.3 Reactivity and Electrical Conductivity of Lower-Order Phases 

Apart from this serious limitation, these materials further react with the commonly used electrolyte 

materials such as YSZ and CGO75, 84. Hernández et al. observed the formation of secondary phases 

such as Ruddlesden-Popper series, LaNiO3 and NiO when used with YSZ and CGO as the electrolyte. 

They furthermore observed the formation of an insulating pyrochlore phase, La2Zr2O7 with YSZ 

electrolyte. They comment and say that the reactivity and formation of insulating phases in using LNO 

as a cathode with YSZ and CGO electrolyte is the chief drawback for its use84. They also observed 

decomposition of PNO when used with YSZ and CGO as an electrolyte but were not able to confirm 

whether there was reactivity between electrode and electrolyte or only decomposition of PNO 

electrode75. Sayers also confirmed these studies and reported the deleterious reactivity of LNO with 

CGO electrolyte85 but they confirm the suitability of LSGM as an electrolyte with these materials by 

reporting no reactivity between LSGM and LNO86. 

These phases furthermore are semiconducting in nature and therefore afford limited electronic 

conductivity68, 72, 82. For example, LNO gives the best results of the electrical conductivity of 70-80 S 

cm-1 in the temperature range of 600-800°C72. They further report a slight increase in these values by 

doping Co, however, the electrical conductivity observed still falls short of the ideal value of 100 S cm-

1, which has been identified as one of the main reasons behind the reports of high ASR values in these 

compositions82. 

In a nutshell, the long-term stability issues and uninspiring electrical conductivities observed in these 

materials have been identified as two major setbacks as far as their use as cathodes for IT-SOFCs is 

concerned. We will see it later, how higher-order Ruddlesden-Popper phases meet these challenges, 

Figure 2.13 XRD patterns collected after ageing the materials for 1 month at 700°C in air (reproduced 
with permission from ref. 80). 



 61 

thereby explaining the recent interest of the research community in studying these materials for IT-

SOFC cathodes. 

 

2.1.4.4 Higher-Order Phases 

The impurity Ni2+/Ni3+ phase formation at 900 °C in LNO stems from the fact that stoichiometric 

La2NiO4+G (G�= 0) is mainly comprised of Ni2+ ions, while as Ni3+ is the predominant oxidation state in 

higher-order phases (n = 2 and 3). In these systems, it is known that Ni3+ oxidation state is favourably 

stable below 900qC, while as Ni2+ oxidation state – as is known from and the stability of LaNiO3 – is 

favourably stable at high temperatures (>1100 °C)72. Higher-order phases such as La4Ni3O9.78 (L4N3) 

and Pr4Ni3O10±G (P4N3), comprising predominantly of Ni3+, are expected to exhibit increased long-term 

stability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Indeed, Skinner et al. did observe that higher-order phases show increased stability and no impurity 

phase formation (Fig. 2.14)72. They reported the impurity phase formation after heating at LNO at 

900°C for 2 weeks in the air while as no such impurity is observed in n = 2 and 3 phases after ageing 

them at 900°C for 2 weeks in the air. This is indeed promising. 

Figure 2.14 Comparison of stability La2NiO4.15 (n = 1), La3Ni2O6.95 (n = 2) and 
La4Ni3O9.78 (n = 3) Ruddlesden-Popper phases. As can be seen Impurity phase 
formation is observed for LNO after heating at 900°C for 2 weeks in air while 
as no such impurity is observed in n = 2 and 3 phases (reproduced with 
permission from reference 72). 
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Bassat et al. studied and compared the stability and electrochemical behaviour of Pr-based 

Ruddlesden-Popper phases as cathodes for IT-SOFCs and observed the decomposition of PNO whereas 

no such issue was observed in the studies of P4N379. They further comment that P4N3 is a very 

promising cathode material among all three (PrNiO3-δ, PNO and P4N3) Pr-based nickelates (Fig. 2.15). 

This was further confirmed by Vibhu and co-workers and they reported that P4N3 material remains 

stable up to 1000°C and the structure retains the orthorhombic Fmmm space group symmetry 

throughout83, 87. 

Furthermore, as evidenced from the electrochemical performance studies, it appears lower electronic 

conductivity is the main limiting factor in LNO cathodes. PNO and Pr rich lower-order phases, however, 

do show better electrical conductivity than LNO but because of the severe decomposition observed 

at 700˚C during ageing, the use of Pr bases lower-order phase materials as IT-SOFC cathodes is severely 

limited79, 80.  Now that electronic conductivity is assuming central importance, it is reasonable enough 

to expect better performance vis-à-vis electronic conductivity of higher order (n = 2, 3) materials. Since 

NiO6 octahedra is the origin of the electronic conductivity in Ruddlesden-Popper phases and because 

of the fact that in higher order phases there are more conduction pathways – that is more NiO6 corner 

sharing octahedra – than lower-order phase materials, they have been reported to have excellent 

electrical conductivity72. Furthermore, it has been shown experimentally by Zhang and Greenblatt that 

hybridisation of the Ni(3d) and O(2p) orbitals along the c-direction increases considerably with 

increasing Ni oxidation state, suggesting higher electrical conductivity as we move towards higher 

order phases88. 

Figure 2.15 Ageing studies of (a) PNO and (b P4N3 showing the decomposition of lower-order PNO 
after heating the sample at 700C for one month while as no such decomposition is observed in higher-
order P4N3 (reproduced with permission from ref. 79). 
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Indeed, higher-order Ruddlesden-Popper phases have been reported to possess superior electrical 

conductivity68, 72, 82, 88. Amow et al. studied the thermal behaviour of electrical conductivity of these 

materials and found that the (L4N3) phase is metallic, with electrical conductivity decreasing 

monotonically as the temperature increases while as LNO expectedly showed semiconducting 

behaviour72. They observed electrical conductivity of L4N3 ranging from 110-130 S cm-1 in the 

intermediate temperature range (800-600°C) while as the electrical conductivity afforded by LNO in 

the same temperature range is only around 80 S cm-1 (Fig. 2.16). 

We observe that higher-order Ruddlesden-Popper phases do meet the challenges of long-term 

stability and limited electrical conductivity considered to be the major hindrances in using lower-order 

materials such as LNO and PNO. It is in this context, higher order Ruddlesden-Popper phases such as 

L4N3 and P4N3 need a detailed exploration and this thesis will discuss three new Ruddlesden-Popper 

phase compositions, La3PrNi3O10±G (L3P1N3), La2Pr2Ni3O10±G (L2P2N3) and La1Pr3Ni3O10±G (L1P3N3). 

Many of the previous studies of higher order phases focussed on magnetism and superconductivity 

properties, and it only since last few years that there is some research activity in these materials in 

regard to their application as IT-SOFC electrodes. Amow and co-workers studied La2NiO4.15 (n = 1), 

La3Ni2O6.95 (L3N2; n = 2) and La4Ni3O9.78 (L4N3; n = 3) and also compared their conductivity, stability, 

Figure 2.16 Electrical conductivity measurements comparison of lower and 
higher-order Ruddlesden-Popper phases (reproduced with permission from 
ref. 72). 
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TEC, ASR in the temperature ranges of interest72. As already mentioned, L4N3 was found to be stable 

with no impurity formation on heating at 900°C for 2 weeks. They furthermore found that the TEC of 

both L3N2 and L4N3 as a13.2 x 10-6 K-1 is slightly better in terms of compatibility with commonly used 

electrolyte and anode materials in SOFCs than the observed TEC of a13.8 x 10-6 K-1 for LNO. The ASR 

although being higher than the target value of 0.15 Ωcm2, reflected the increased conductivity as the 

value of n increased, and thus La4Ni3O9.78 showed lowest ASR of 1 Ωcm2 at 800˚C.  

It is well known that microstructure and electrode adherence to electrolyte substrates can be 

optimised to realise better performance. In this regard, there are many reports in the literature 

highlighting the routes to optimise the microstructure and improve the adherence of electrode 

materials to electrolyte surfaces78, 87, 89-91. Working on ungraded and functionally graded composites 

of LNO and L4N3, Woolley and Skinner showed the significant role microstructure and 

electrode/electrolyte contact have on the performance of a material used as an electrode78, 90, 91. They 

reported the ASR of 0.62 Ωcm2 at 700˚C for an ungraded 50:50 composite91, which was further 

improved to 0.53 Ωcm2 at 700 ˚C by functional grading of the 50:50 composite cathode90. This 

improved performance in both cases was ascribed to a good combination of ionic and total 

conductivity, being contributed by two different constituents of the composite and the resulting 

microstructure and improved electrode/electrolyte interface contact. 

Several authors working on related Ruddlesden-Popper materials, L3N2 and L4N3 have explored the 

development of the microstructure, including preparing infiltrated composite cathodes of these 

oxides and reported improvement in the performance results92-95. Choi et al. reported ASR of 0.11 

:cm2 at 750˚C for L3N2 and also confirmed earlier reports of increasing conductivity with increasing 

n92. They further reported promising power densities on using L4N3-YSZ composites as a cathode with 

YSZ electrolyte; 614, 889, and 1197 mW cm-2 at 700, 750 and 800°C respectively.  Kim et al. doped 

L4N3 with Sr and reported the ASR of doped-L4N3-YSZ nanocomposite cathode as 0.13 :cm2 at 

750˚C93.  

Sharma and co-workers used a spray deposition technique and improved the performance of L4N3, 

reporting an ASR of 0.30 Ωcm2 at 700˚C, with further improvement by one order of magnitude after 

using the composites with CGO94, 95. This is a significant improvement to the earlier reported ASR of 

1.0 Ωcm2 at 800˚C by Skinner et al.72 and has been ascribed to the improvement of cathode 

microstructure and interface structure. A recent study by Vibhu et al. report the promising 

performance of P4N3 as an oxygen electrode for SOFCs83, 87. The chemical stability of the material as 

reported by Vibhu et al.87 under the conditions of interest was expectedly promising. The material was 

found to be stable at 600 ˚C, 700 ˚C and 800 ˚C for one month, and thus suitable for IT-SOFCs (Fig. 
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2.17). The material further showed acceptable TEC of 12 x 10-6 C-1 at IT-SOFC operating temperatures 

and thus met the cathode material requirements. They further reported the electrical conductivity of 

the material as ranging from 85 to 200 S cm-1 from 800 °C to room temperature. The values towards 

higher temperature are slightly lower but it is important to keep in mind that the reported conductivity 

values are slightly underestimated as the pellet used in this study were only about 70% dense. The 

study further reports single cell performance of this composition with Ni-8YSZ anode; maximum 

power densities of 1.6 W cm-2 at 800°C and 0.68 W cm-2 at 700°C. 

 

 

 

 

 

 

 

 

 

 

 

These limited initial studies of higher order phases do meet the challenges of phase instability and low 

electronic conductivity, which have been recognised as limiting factors in lower-order Ruddlesden-

Popper phase materials. It is in this context, higher order phases, in particular, n = 3 Ruddlesden-

Popper series; L1P3N3, L2P2N3 and L3P1N3 will be explored. 

2.2 ELECTROLYTE MATERIALS 

The electrolyte for SOFCs is a dense ceramic material. It is through this ceramic layer that oxide ions 

migrate to the anode site, and thus primary requirements for electrolyte materials is that it should 

display very good oxide ion conductivity. Yttria stabilised zirconia, ZrO2-Y2O3 (YSZ) is the most common 

electrolyte material for SOFCs11, 96. It has good mechanical properties and is chemically stable over a 

wide range of operating temperatures and oxygen partial pressures. The material is composed of ZrO2, 

which is stabilised by Y2O3 or other dopants like MgO and Sc2O3
11, 97. The ionic conductivity of this 

Figure 2.17 X-ray diffractograms of P4N3 powder after one month 
ageing at 600, 700 and 800 ˚C under air (reproduced with permission 
from ref. 87). 
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electrolyte material depends on the nature and amount of dopant being used because it is these 

dopants which create oxygen vacancies in zirconia, which in turn are responsible for oxide ion 

conduction in the electrolyte11, 97, 98. 

However, the formation of insulating phases at operating temperatures when YSZ electrolyte is used 

with common cathode materials such as La1-xSrxCoO3-δ (LSC), La1-xSrxCr1-yMnyO3-δ (LSCM), La1-xSrxCo1-

yFeyO3-δ (LSCF), brings chemical stability issues into the picture; and because insulating phases like 

SrZrO3 and La2Zr2O7 have less ionic conductivity than electrolyte material, the cell performance is 

reduced with time84, 98-101.  

Ceria (CeO2) doped with gadolinium ions (Gd3+) has been found to be promising in terms of its ionic 

conductivity for use as an SOFC electrolyte. Ce0.9Gd0.1O1.95 (CGO10) composition has been found to 

have better ionic conduction than YSZ102, 103. TEC of CGO10 is 13.5 × 106 K-1, thus making it compatible 

with other cell components104. However, in CGO electrolytes under anodic conditions at operating 

temperatures, Ce4+ ions are reduced to Ce3+ ions and this is responsible for n-type electronic 

conduction, which short circuits the cell, thereby reducing the performance103, 105. 

This thesis will, however, use magnesium-doped lanthanum gallate, LSGM as the electrolyte. This 

material exhibits excellent oxide ion conductivity in the intermediate temperature range and thus is 

suitable for studies where the goal is to develop materials for IT-SOFCs such as this work106. The origin 

of this superior ionic conductivity are the vacancies created in the perovskite structure of lanthanum 

gallate (LaGaO3) by doping strontium and magnesium at A and B sites respectively. In particular, two 

main compositions being used by researchers are La0.8Sr0.2Ga0.8Mg0.2O3-G (LSGM8282) and 

La0.9Sr0.1Ga0.8Mg0.2O3-G (LSGM9182). LSGM8282 presents the best ionic conductivity of 0.14 S cm-1 at 

700°C as compared to the relatively lower value of 0.12 S cm-1 at the same temperature107. These 

materials further show compatible TEC a12.0 × 10-6 K-1 and are thus widely used as electrolytes in IT-

SOFCs research. 

2.3 ANODE MATERIALS 

A typical anode material should possess good catalytic activity and electronic conductivity so as to 

sufficiently fulfil its primary role to catalyse the fuel oxidation and then to conduct the electrons 

generated by oxidation of the fuel to the external circuit for useful work. A recent trend in developing 

anode materials is to have MIEC materials with a porous structure. Nickel, because of its good catalytic 

properties and economic viability is the most common material used for anodes96. Ni dispersed over 

YSZ is thus the most commonly used anode material108 and there are also reports were cermets of Ni 

with ceria doped with gadolinia – that is Ni-CGO – outperforms the Ni-YSZ anode109. The anode, 
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however, is relatively less significant than the electrolyte and cathode because of its less limiting role 

in cell performance. 

2.4 SUMMARY 

This chapter discussed the literature pertaining to different SOFC components, in particular, the SOFC 

cathode materials. Traditional materials such as LSM and LSC were discussed in detail and it was 

identified that negligible ionic conductivity of LSM and high TEC of LSC are the major problems with 

these materials. State-of-the-art cathode material LSCF was reviewed followed by referring the 

published reports of double perovskites as potential SOFC cathodes. Literature pertaining to lower-

order Ruddlesden Popper phase materials such as LNO and PNO was discussed in detail and a case 

was made for investigating higher-order Ruddlesden Popper phases for SOFC cathode purposes. 
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3.0 – EXPERIMENTAL METHODS 

The aim of this chapter is to describe the experimental methods and the instruments which were used 

to carry out the research work to be discussed in this thesis. The goal is to lay down the theoretical 

foundations and describe the instrumentation used for materials characterisation and measurement 

techniques. The methods used to synthesise Ruddlesden-Popper phase materials will be discussed, 

followed by a description of characterisation methods such as X-ray diffraction (XRD), scanning 

electron microscopy (SEM), neutron diffraction, electrochemical impedance spectroscopy (EIS), the 

van der Pauw method and iodometric titrations. 

3.1 MATERIALS SYNTHESIS 

The two major methods used for synthesising Ruddlesden-Popper materials are solid-state synthesis 

and solution-gel, also known as the Pechini method, named after its inventor Maggio Pechini, who 

patented this technique for making thin-film capacitors1. 

3.1.1 Solid-State Synthesis 

This method is relatively easy and is therefore widely used. The method generally comprises three 

steps: (1) careful calculation of stoichiometric amounts of starting materials, which usually are either 

binary oxides or carbonates of relevant metals, (2) thorough mixing of these starting materials, 

commonly afforded by agate pestle and mortar. Volatile solvents such as acetone in small amounts 

are used to achieve homogenisation and (3) calcination of the powder at an appropriate temperature. 

This method, though easy, comes with its disadvantages such as employment of high temperatures 

for longer periods, limited homogenisation which, however, can be resolved with repeating the 2nd 

and 3rd steps. 

3.1.2 Solution-Gel Method 

This method was used to synthesise the materials to be discussed in this thesis. This method is very 

efficient for preparing metal oxides with complex stoichiometry and is the method of choice where 

the goal is to produce a pure single phase of the desired composition to be tested for fuel cell 

performance. The original Pechini method involves the use of hydroxy acids and poly hydroxy alcohol 

to form a resin with metal-cation solutions, followed by combustion of this solution to produce the 

required product1.  

The major steps in this method of synthesis are (1) dissolution of metal oxides followed by (2) metal 

complex formation between the solution of metal cations and organic acid anions (citric acid). In step 

(3) poly hydroxy alcohol (poly ethylene glycol) is added to achieve the polymerisation required to form 
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the gel. The gel is allowed to dry to evaporate the excess solvent and is followed by (4) thermal 

decomposition to form the product (Fig. 3.1, adapted from ref. 2)2. 

Spray pyrolysis is another method which has been used to synthesise oxide materials such as 

Ruddlesden-Popper phases. In this method, the stoichiometric amount of appropriate reagents are 

dissolved in citric acid to form the solution. This solution, in the form of droplets, is ejected from a 

nozzle towards a heated surface for the reaction to occur so as to form the desired material3. 

3.2 CELL FABRICATION 

In order to evaluate the performance of electrode materials, test cells are fabricated for performance 

measurements. Two types of cells are usually used – half-cell or symmetrical cell, usually electrolyte 

supported, consist of the desired electrode material deposited on each side of an electrolyte pellet. In 

contrast, a single-cell consists of the desired air electrode deposited on one side of an electrolyte 

pellet and a typical fuel electrode material deposited on the other side of the electrolyte pellet. In this 

study both half and single-cells were used – half-cells were fabricated primarily for ASR calculations 

and single-cells were employed to study the current and power density of the materials in question. 

3.2.1 Electrolyte Pellets 

The cells used in both half and single cell mode were electrolyte supported. La0.8Sr0.2Ga0.8Mg0.2O3-δ 

(LSGM8282) because of its application as an intermediate-temperature SOFC electrolyte and its 

excellent compatibility with Ruddlesden-Popper phase materials was used as the electrolyte material.  

The general method to fabricate the electrolyte was of uniaxially pressing the powder into pellets 

followed by cold isostatic pressing to achieve highly dense pellets. The density of pellets was first 

measured by geometric calculation and later by using the Archimedes method, and were all confirmed 

to be >95 % of the theoretical value. The thicknesses and dimensions of the pellets varied and are 

discussed in the results and discussion chapters at relevant places. 

 

 

Figure 3.1 Schematic of major steps occurring during the Pechini sol-gel method. 
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3.2.2 Electrode Inks 

There are many different approaches for preparing the electrode inks available in the literature. 

Central to ink formation, however, is the mixing of electrode materials with a viscous organic liquid, 

which acts both as solvent and binder. The nature of the ink varies hugely and includes inks based on 

ethylene cellulose, terpineol, water, icing sugar, fish oil etc4-6. In this thesis, different methods were 

used to prepare electrode inks and are therefore discussed in results and discussion chapters at 

relevant places. The method, however, involved some general steps outlined below: 

1. The first step involves ball-milling of the electrode materials for 48 hours with stabilised 

zirconia milling media. Ethanol was used as a solvent for this step. 

2. In the next step, the ball-milled material is separated from the zirconia balls, followed by the 

evaporation of the organic solvent at 100 ˚C under vacuum. 

3. Step 3 involves mixing of the electrode powder with the ink vehicle in a 2:1 ratio. 

4. The last step of triple-roll milling the ink is used to achieve the uniform particle size of the 

electrode material. The prepared ink is kept under refrigeration to avoid drying out of the 

organic vehicle. 

3.2.3 Electrode Ink Deposition 

The final step in test-cell fabrication involves the careful deposition of electrode inks on both sides of 

the electrolyte surface. Here again, many different methods are available, but in this work, only one 

method, called screen printing, was used. This decision was informed by previous research in our 

group whereby it was concluded that this technique provided the best performance of electrode 

materials. 

3.2.3.1 Brush Coating 

This method is simplistic in the sense that it involves the deposition of electrode inks manually by 

using a fine brush. The pellets are dried at an appropriate temperature (a100˚C) after deposition on 

one side followed by ink deposition on another side. As one would expect, it is very difficult to achieve 

a uniform thickness of the deposited electrode layer by this technique. 

 3.2.3.2 Screen Printing 

Throughout this work, screen-printing was the preferred deposition technique because the technique 

allowed more control over the process, thereby reducing artefacts and also affording impeccable 

uniformity of electrode thickness. In this method, a thin screen with a mesh aperture of the desired 

diameter in the centre is positioned over an electrolyte pellet and electrode ink is pushed across this 
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mesh by means of a squeegee. The ink passes through the aperture on to the electrolyte pellet and is 

deposited uniformly in a shape determined by the shape of the aperture. 

3.3 MATERIALS CHARACTERISATION 

Different techniques were employed for the characterisation of materials and the specific conditions 

used during measurements will be discussed at the appropriate place in the following chapters but 

the general theoretical background, as well as instrumentation, will be provided here in this section. 

3.3.1 X-Ray Diffraction 

3.3.1.1 Principles 

X-rays were discovered by Wilhelm Röntgen in 1895 at the University of Würtzburg, Germany. It was 

not until 1912 that Max von Laue performed one of the most noteworthy experiments of modern 

physics wherein he and co-workers demonstrated that X-rays consisted of waves and that the crystals 

were composed of atoms arranged on a space lattice. Since then the use of X-rays for studying 

crystalline materials has been extensively used and improved. 

X-ray diffraction is widely used for determining the structure of a crystal, in which the crystalline 

structure of a particular material causes a beam of incident X-rays to diffract into certain directions, 

characteristic of that particular material. This diffraction of X-rays in specific directions is the result of 

a specific atomic arrangement of the material and therefore it the diffraction pattern obtained is 

characteristic of that particular material. Since X-rays interact with the electrons of a crystalline 

material, a three-dimensional picture of the density of electrons of the crystal is obtained, which can 

later be translated into the mean positions of the atoms in the crystal. Other information such as 

chemical composition, chemical bonds, and the crystallographic disorder can also be obtained by X-

ray diffraction. 

The principle of crystal structure determination by X-ray diffraction is based on Bragg’s Law7. The law 

assumes that the planes of atoms behave as reflecting planes and determines the geometrical 

conditions which must be satisfied for diffraction to occur by the atoms in a crystal. For the appearance 

of a diffraction peak – that is when the interference of the scattered X-rays occurs is constructive – it 

is requisite that the beams, scattered on successive planes, be ‘in phase’ after they leave the surface 

of the crystal. From Fig 3.2, it can be seen that the path difference (AB + BC) between incoming beams 

1 and 2 must be equal to an integral number of wavelengths of the incident radiation.  

Mathematically: 

                                                  AB + BC = nλ (where n = 1, 2, 3 …)                                                Equation 3.1 
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Since AB = BC, therefore 

                                                                         2AB = nλ                                                                      Equation 3.2 

Geometrically,                                           sin θ = 𝐴𝐵
𝑑(ℎ𝑘𝑙)

                                                              Equation 3.3 

Substituting for AB, we arrive at Bragg’s law (Eq. 3.4). Information on the position of lattice planes 

can later be obtained from the intensity and angle (2θ, see Fig. 3.2) of the reflected X-rays. 

                                                                 nλ = 2𝑑(ℎ𝑘𝑙)𝑠𝑖𝑛𝜃                                               Equation 3.4 

where n is the order of diffraction, d(hkl) the distance between Miller planes and λ is the wavelength of 

the incident radiation. 

3.3.1.2 Instrumentation 

An X-ray tube, a sample holder, and an X-ray detector form the three main elements of X-ray 

diffractometers. X-rays are generated in a cathode ray tube by heating a filament to produce 

electrons, which are later accelerated by applying a voltage and directed at the target material. The 

bombarding electrons must have sufficient energy to dislodge inner shell (1s) electrons of the target 

material. Once this requirement is fulfilled, a vacancy is created which is filled by electrons from 2p or 

3p levels. While doing so, characteristic X-rays known as Kα and Kβ, equal to the difference in energy 

between 1s and 2p (or 3p), is produced (Fig. 3.3). Kα is the most intense and is composed of two 

wavelengths, Kα1 and Kα2. 

Figure 3.2 Schematic of incident beams impinging upon atomic planes 
and later diffracted in different directions. 
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These X-rays produced in the X-ray tube are collimated and directed onto the sample. The sample and 

detector are continuously rotating, and the X-rays impinging upon the sample are reflected in different 

directions depending on the material being investigated and when the geometry of the incident X-

rays impinging the sample satisfies the Bragg equation, constructive interference occurs and a peak in 

intensity occurs. The intensity of reflected X-rays is recorded and a detector records and processes 

this X-ray signal and converts the signal to a count rate which is then output on a computer monitor. 

The geometry of an X-ray diffractometer is such that the sample rotates in the path of the collimated 

X-ray beam at an angle θ while the X-ray detector is mounted on an arm to collect the diffracted X-

rays and rotates at an angle of 2θ.  A goniometer is an instrument to precisely measure the angles, 

and it is used to maintain the angle and rotate the sample in an X-ray diffractometer. The typical 2θ 

measurement range for powder diffraction patterns is a5° to 80°. 

 

 

 

 

 

 

 

 

 

 

 

 

Each peak actually consists of two separate reflections corresponding to Kα1 and Kα2 radiations but at 

small values of 2θ the peak location of Kα1 overlaps with Kα2 and therefore Kα2 appears only as a small 

hump on the side of Kα1. At higher 2θ angles, the separation between Kα1 and Kα2 widens, and two 

peaks resolve themselves. The 2θ position of the diffraction peak is typically measured as the centre 

of the peak at 80% peak height. Results are commonly presented as peak positions at 2θ and X-ray 

counts (intensity) in the form of a table or an x-y plot. 
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Figure 3.3 Schematic showing Kα and Kβ spectra. 
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3.3.1.3 Rietveld Refinement 

Rietveld refinement technique was developed by Hugo Rietveld and it is used in the analysis of powder 

diffraction data. It uses the least squares approach to refine a theoretical profile until it matches the 

measured profile. The method requires an initial model, for which some prior knowledge such as the 

composition of a material and reasonable estimate of the structure is required. In this thesis, Rietveld 

refinements of all the data were performed using the GSAS/EXPGUI software package8, 9. 

3.3.2 Neutron Diffraction 

The operation of neutron powder diffraction is similar to X-ray diffraction but in contrast to X-rays, 

which interact primarily with the electron cloud surrounding the atoms of a material, neutrons are 

scattered by the nuclei. In this regard, neutron diffraction provides information not accessible with X-

rays but complementary to the information obtained by X-ray diffraction. 

Neutron diffraction is thus a powerful tool for the characterization of materials and, particularly, 

oxides. Oxide materials find applications in solid oxide fuel cells (SOFCs) as solid electrolytes as well as 

anode and cathode materials. Since oxygen vacancies, as well as oxygen interstitials, are central to the 

performance of these materials it is very important to understand the defect structure of these 

materials. For this purpose, neutron diffraction is perfectly suited for reliable scattering from oxygen 

sites. 

 

 

 

 

 

 

 

 

 

 

The neutron powder diffraction experiments were conducted at the ISIS Neutron (Fig 3.4) and Muon 

Source (United Kingdom) on the POLARIS beamline and at SNS, Oak Ridge National Laboratory (United 

Figure 3.4 Spallation Source at ISIS showing Target Station 1. POLARIS is the total 
scattering beamline used for measurements for this thesis work. 
Source: https://stfc.ukri.org/news/uk-science-facility-praised-by-international-review/ 

https://stfc.ukri.org/news/uk-science-facility-praised-by-international-review/
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States) on the POWGEN beamline. Neutrons at both ISIS and SNS are produced by the process called 

spallation, in which a pulse of highly energetic protons from an accelerator is directed at a heavy metal 

target, driving neutrons from the nuclei of the target atoms. The data collected at ISIS was used for 

pair distribution function (PDF) studies whereas the data collected at Oak Ridge National Lab was used 

for traditional Rietveld refinements to understand the structural features of the materials. 

 

The POLARIS instrument at ISIS is a high-intensity powder diffractometer (Fig. 3.5)10 optimised for the 

rapid characterisation of structures. It is well suited for the study of a small amount of material and 

collects the data in rapid time. It is a time-of-flight powder diffractometer and therefore comes with 

the powerful capability of collecting an entire diffraction pattern at a single fixed scattering angle. 

Figure 3.5 Schematic of POLARIS neutron diffractometer at ISIS (adapted from ref. 10). 

Figure 3.6 Schematic of POWGEN diffractometer at Oak Ridge National Laboratory (adapted 
from ref. 11). 
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Applications of the POLARIS instrument includes structural studies of zeolites, the study of in situ 

structural changes in industrially important materials such as fuel cell and battery materials. 

POWGEN, on the other hand, is a general-purpose powder diffractometer useful for an extensive 

range of structural studies offering a d-spacing range from a0.1Å to 8Å (Fig 3.6)11. As such, POWGEN 

can be used for both the Rietveld data refinement and PDF measurements depending on the need of 

the researcher. Rietveld measurements for traditional neutron-size samples can be completed in a 

few hours with reasonable resolution, with the option of trading resolution for intensity, so as to make 

it possible to take shorter measurements while still maintaining good resolution. Applications of 

POWGEN are wide-ranging and include structural studies of energy storage materials such as fuel cell 

and battery materials, oxygen sensors, hydrogen storage materials, thermoelectric materials, 

magnetic materials such as high-Tc superconductors, metal-insulator phase transitions, charge and 

orbital ordering transitions, and molecular magnets. 

3.3.3 Scanning Electron Microscopy 

An electron microscope uses a beam of accelerated electrons as a source of illumination. Since the 

resolving power of a microscope depends on the wavelength of the illuminating radiation, electrons 

being up to 100,000 times shorter in wavelength than that of visible light photons, electron 

microscopes have a higher resolving power than light microscopes and can, therefore, reveal the 

structural details of smaller objects. 

 

 

 

 

 

 

 

 

 

 
Figure 3.7 Schematic of a scanning electron microscope showing the 
main components – electron gun, the accelerator, the lens, the column, 
the sample chamber and the detectors. 
Source: https://www.eng-atoms.msm.cam.ac.uk/RoyalSocDemos/SEM 

https://www.eng-atoms.msm.cam.ac.uk/RoyalSocDemos/SEM
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There are two main types of electron microscope: the transmission electron microscope (TEM) and 

the scanning electron microscope (SEM). In TEM, a high energy beam of electrons is transmitted 

through a very thin sample, and the interactions between the electrons and the atoms of the sample 

are produced in the form an image, in which features such as the crystal structure and features in the 

structure like dislocations and grain boundaries can be observed. As such, TEM is a very powerful tool 

and used extensively in the field of materials science. 

SEM, on the other hand, uses a focused electron beam to scan the surface of a sample and generates 

many different types of signals. SEM can be operated in two modes, secondary electron imaging (SEI) 

and back-scattered electron (BSE). SEI is the most common mode of operation of SEM analysis and is 

used for topographic studies of materials. BSE imaging and energy-dispersive X-ray spectroscopy (EDX) 

are jointly used for determining the elemental composition of the material. 

The electron gun, the vacuum system, the column, the specimen chamber, the detectors and the 

imaging system form the major components of SEM (Fig. 3.7). The electron gun generates a beam of 

electrons, which passes through a vacuum onto the specimen chamber. The electron column, by 

means a series of electromagnetic lenses and apertures, reduces the diameter of the electron source 

and places a small, focused beam of electrons onto the sample. When the electron beam hits a sample, 

it interacts with the atoms in that sample. The three major outcomes out of this interaction are - some 

electrons bounce back out of the sample (backscattered electrons), others collide with atoms and 

displace electrons which in turn, come out of the sample (secondary electrons) or X-rays, in the form 

of characteristic X-ray spectrum are emitted. The most common system for detecting the X-rays 

emitted from the sample is the energy dispersive X-ray spectroscopy (EDX), and EDX in conjunction 

with BSE is used for the elemental composition of a sample. 

3.3.4 Electrochemical Impedance Spectroscopy 

Electrical resistance is the ability of a circuit element to resist the flow of electrical current and is 

defined mathematically by Ohm’s law as: 

                                                                              𝑅 = 𝑉
𝐼
                                                               Equation 3.5 

where R is the resistance of a component, V the voltage across it and I is the current. 

This relationship, however, is applicable only to an ideal resistor. A resistor is ideal if it follows Ohms 

law at all current and voltage levels and the value of its resistance is independent of frequency. This is 

therefore useful for idealised systems only and the concept of impedance is introduced for the study 

of practical and more complex systems. 
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Impedance extends the concept of resistance to alternating current (AC) circuits and possesses both 

magnitude and phase, unlike resistance, which has only magnitude. When a circuit is driven with direct 

current (DC), there is no distinction between impedance and resistance; the latter can be thought of 

as impedance with a zero phase angle. Electrochemical impedance (Z) is usually measured by applying 

a sinusoidal voltage across an electrochemical cell and then measuring the induced sinusoidal current 

through the cell. The applied sinusoidal voltage and the current induced therein are given by Eq. 3.6 

and Eq. 3.7 respectively. 

                                                                                     𝑉𝑡 = 𝑉𝑜 sin 𝜔𝑡                                               Equation 3.6 

                                                                               𝐼𝑡 = 𝐼𝑜 (sin 𝜔𝑡 +  𝜙)                                          Equation 3.7 

where Vt = voltage at time t; It = current at time t; Vo = maximum voltage; Io = maximum current; ω = 

angular frequency; φ = phase difference between voltage and current; and t = time. 

Analogous to the electrical resistance concept, impedance is mathematically defined by Eq. 3.8. 

                                                                       𝑍 = 𝑉𝑡
𝐼𝑡

                                          Equation 3.8 

Substituting Eq. 3.6 and Eq. 3.7 for Vt and It 

                                          𝑍 = 𝑉𝑜 sin 𝜔𝑡
𝐼𝑜 (sin 𝜔𝑡+ 𝜙)

  =  𝑍0
sin 𝜔𝑡

(sin 𝜔𝑡+ 𝜙)
                         Equation 3.9 

The impedance is therefore expressed in terms of magnitude, Zo, and a phase shift, φ. The impedance 

is composed of real (Zˋ) and imaginary (Zˋˋ) components as in Eq. 3.10. 

                                                           𝑍 = 𝑍ˋ + 𝑖𝑍ˋˋ                                                  Equation 3.10 

with real and imaginary components defined as: 

                                                           𝑍ˋ =  |𝑍| cos 𝜙                                               Equation 3.11 

                                                          𝑍ˋˋ =  |𝑍| sin 𝜙                                               Equation 3.12 

The most common representation of the impedance data is called a Nyquist plot, and in this 

representation, the real part is plotted on the X-axis and the imaginary part is plotted on the Y-axis. 

The impedance data is rich in information and can be interpreted in many useful ways. An example 

could be the separation of bulk and grain boundary components in electrolyte materials. Since 

impedance has both resistive and capacitive components, Irvine and co-workers detail typical 

capacitance values associated with bulk and grain boundary contributions12. A major limitation of the 
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Nyquist plot representation, however, is that the frequency data contained within is not displayed 

explicitly. It is because of this reason that the Bode plot representation, wherein the natural logarithm 

of the frequency is plotted against the modulus of the impedance (|Z|) is used. A further useful 

representation is the interpretation of the impedance data via the distribution of relaxation time 

(DRT). This representation is very useful and allows deconvolution of the complex impedance spectra 

into processes such as charge transfer and dissociation of oxygen occurring at the cell components. 

For a detailed discussion on impedance spectroscopy, readers are referred to the research article, 

‘Electroceramics: Characterization by Impedance Spectroscopy’ by Irvine and co-workers12. 

 

 

 

 

 

 

 

 

 

 

AC impedance measurements in this thesis were carried out using a frequency response analyser 

(FRA). A schematic of a two-electrode symmetrical cell testing, wherein connections are made from 

each side of the cell to the FRA is illustrated in Fig. 3.8, adapted from ref. 1313. 

3.3.5 Van der Pauw Method 

The van der Pauw method was used to determine the total conductivity of the materials studied in 

this thesis. The van der Pauw method employs a four-point probe placed around the perimeter of the 

sample14. It is important that the contact areas are small, and the contacts are all on the perimeter of 

the sample. The sample thickness must be much less than the width and length of the sample. In order 

to reduce errors in the calculations, it is preferable that the sample be symmetrical. There must also 

be no isolated holes within the sample. 

Figure 3.8 Schematic of symmetrical cell testing using frequency response analyser. 
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To make a measurement, a current is caused to flow along one edge of the sample (I12 or I14) and the 

voltage across the opposite edge (V43 or V23) is measured. From these two values, a resistance (RA  or 

RB) can be found using Ohm's law (Fig. 3.9, adapted from ref. 15)15. Van der Pauw showed that the 

sheet resistance of samples with arbitrary shapes can be determined from two of these resistances - 

one measured along a vertical edge, such as RA and a corresponding one measured along a horizontal 

edge, such as RB. The actual sheet resistance is related to these resistances by the van der Pauw 

formula: 

                                            𝑒𝑥𝑝 −𝜋𝑑𝑅𝐴
𝜌

+ 𝑒𝑥𝑝 −𝜋𝑑𝑅𝐵
𝜌

= 1                                    Equation 3.13 

where d is the sample thickness and ρ is the resistivity of the material being studied. 

3.3.6 Archimedes Density Testing 

Archimedes' Principle is that an object totally or partially immersed in a liquid is buoyed up by a force 

equal to the weight of the fluid that is displaced. The determination of the density of materials is one 

of the numerous applications of Archimedes' Principle. This method was used to determine the 

density of electrolyte pellets employed for cell testing and electrode pellets employed for the 

determination of total conductivity. 

The density of a pellet was obtained from its weight in both air and liquid (distilled water). It is 

important to immerse the pellet in water under vacuum before weighing the pellet in distilled water 

to ensure the open pore network, if any, present in the pellet is filled. For measurements, first the 

buoyancy, G is calculated by using the formula G = 𝑊(𝑎) − 𝑊(𝑓𝑙) and then Eq. 3.14 is employed to 

calculate the density. 

Figure 3.9 Schematic showing the electrical contacts 
in the van der Pauw technique to measure the total 
conductivity of materials. 
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               𝜌 (𝑒𝑥𝑝. ) = 𝑊(𝑎) 𝘹 [𝜌(𝑓𝑙) − 0.0012 𝑔/𝑐𝑚3] 
0.99983 𝐺

+ 0.0012 𝑔/𝑐𝑚3          Equation 3.14 

where ρ(exp.) = experimental density of pellet; W(a) = weight of pellet in air; W(fl) = weight of the 

pellet immersed in the fluid and; ρ(fl) = density of distilled water at the temperature of measurement. 

3.3.7 Iodometric Titrations 

The oxygen stoichiometry of materials was calculated by iodometric titrations. This method was used 

to determine the Ni3+ content of LaPr3Ni3O10-G, La2Pr2Ni3O10-G and La3PrNi3O10-G. The method works by 

calculating the concentration of iodine, which is later used to obtain the concentration of Ni3+ ions 

because the Ni3+ acts as an oxidising agent in the reaction Eq. 3.15 below: 

                                                             2Ni3+ + 2I-            →                 2Ni2+ + I2                             Equation 3.15 

Iodine in the above equation is actually in equilibrium with the triiodide ion, I3
-. But for the reason of 

simplicity, the equations will usually be written in terms of aqueous molecular iodine rather than the 

triiodide ion. The liberated I2 is then titrated with sodium thiosulphate solution of known 

concentration according to the equation: 

                                                        I2 + 2S2O3
2-            →                 2I- + S4O6

2-                             Equation 3.16 

Air (oxygen) was removed from the reaction system by passing argon gas through it and the above 

reaction was later performed under argon gas atmosphere. Starch was used as the indicator and the 

volume of Na2S2O3 used to reach the end-point (colour change from dark to clear) was recorded. It 

can be seen from the two equations above that the number of moles of Ni3+ is equal to the number of 

moles of thiosulphate ion, S2O3
2-. In order to calculate the Ni3+ content of the material and thereby the 

oxygen stoichiometry, a known mass of material (a50 mg) was dissolved in 20 ml of HCl and 200 ml 

1M KI aqueous solution. Upon complete dissolution, the solution was titrated with Na2S2O3 for the 

calculation of Ni3+ concentration to finally determine the oxygen content of the materials. 

3.3.8 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) is a method of thermal analysis in which the mass of a sample is 

measured over time as the temperature changes. TGA, though, a simple technique has many 

applications including the study of phase transitions, the thermal stability of materials, mass changes 

such as dehydration, oxidation, reduction, absorption, adsorption, desorption, chemisorption and 

thermal decomposition. In this thesis, TGA was used to study the loss of water molecules from 

reagents, La(NO3)3·6H2O, Pr(NO3)3·6H2O and Ni(NO3)2·6H2O so as to arrive at the correct water content 

in these reagents. 
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TGA is conducted on an instrument referred to as a thermogravimetric analyser. The instrument 

mainly consists of a precision balance, sample holders such as a platinum crucible, a furnace and a 

thermocouple to measure the temperature. A thermogravimetric analyser continuously measures 

mass while the temperature of a sample is changed over time. Mass, temperature, and time in the 

thermogravimetric analysis are considered base measurements while many additional measures may 

be derived from these three base measurements. The TGA analyser used in this thesis work was 

Netzsch ‘Jupiter’ STA449C simultaneous DSC/TGA instrument with a flowing air atmosphere. 
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4.0 – MATERIALS SYNTHESIS AND CHARACTERISATION 

Ruddlesden-Popper phases are layered oxides composed of nABO3 perovskite layers sandwiched 

between two AO rock-salt layers and this thesis specifically deals with higher-order Ruddlesden-

Popper phases- that is n = 3 phases, with general formula A4B3O10±G. This chapter will discuss the 

synthesis of three novel compositions: LaPr3Ni3O10±G (L1P3N3), La2Pr2Ni3O10±G�(L2P2N3) and 

La3PrNi3O10±G (L3P1N3). This will be followed by characterisation of the materials by powder X-ray 

diffraction. Since oxygen stoichiometry and electrical conductivity of SOFC cathode materials is heavily 

correlated with the electrochemical performance, this chapter will also discuss the iodometric 

titration results and Van der Pauw electrical conductivity measurements of all of the above mentioned 

compositions. 

4.1 SYNTHESIS OF MATERIALS 

It is important here to point out that the synthesis of n = 3 phases needs special care as far as phase 

purity is concerned. Many thermodynamic studies have been carried out which suggest that the 

presence of impurities in the synthesised materials are highly sensitive to the La:Ni ratio; NiO impurity 

is formed if too much nickel is present, and if too little the n = 2 Ruddlesden-Popper phase impurity is 

formed (Fig. 4.1, reproduced with permission from ref. 2)1, 2. With this in mind, use of 

thermogravimetric analysis (TGA) to calculate the exact number of water molecules present in the 

reagents was found to be helpful and necessary. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 La-Ni-O system phase diagram depicting the need 
to control the La:Ni ratio carefully to avoid impurities in the 
synthesised materials. 
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4.1.1 Thermogravimetric Analysis 

In order to calculate the exact amount of water molecules present in the reagents and to avoid the 

presence of impurities in the synthesised materials, the decomposition of lanthanum nitrate 

hexahydrate, praseodymium nitrate hexahydrate and nickel nitrate hexahydrate was studied by 

dynamic thermogravimetry. The experiments were conducted in flowing air with about 10mg of 

samples. Thermal analysis of praseodymium nitrate hexahydrate and nickel nitrate hexahydrate will 

be presented here. Lanthanum nitrate hexahydrate showed similar behaviour as shown by the 

praseodymium analogue.  

The weight loss in praseodymium nitrate occurs in several steps, with the first three steps 

corresponding to the dehydration of the nitrate (Fig.4.2). The total experimental weight loss was found 

to be 61.2 % while the calculated weight loss would be 62.1%. This difference in weight loss was 

converted into water content of the reagents, and finally, it was found that the actual content of water 

molecules in the reagent is 5.78 water molecules and not 6. A similar method was followed in the case 

of lanthanum nitrate and it was found to contain 5.7 water molecules instead of 6 molecules, as 

suggested by the molecular formula. In both cases, it was assumed that the oxide remaining after 

heating to 480 ˚C was Ln2O3 (Ln = La and Pr), which has been well-established by many previous 

studies.3, 4 

 

 

 

 

 

 

 

 

 

Nickel nitrate again goes through several steps during the course of thermal decomposition, of which 

the first three correspond to the loss of water molecules and the formation of anhydrous nickel nitrate 

(Fig. 4.2). Here, again based on earlier studies, the experimental and calculated weight loss was 

obtained by assuming NiO to be the remaining oxide after heating to a temperature of 345˚C5, 6. 

Figure 4.2 Thermogravimetric analysis of Pr(NO3)3·6H2O 
and Ni(NO3)2·6H2O depicting the several-steps loss of 
water molecules at different temperatures. 
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However, as opposed to La and Pr nitrate, the calculated and experimental weight loss of Ni nitrate 

was found to be similar; 74.5% & 74.4% respectively, and thus it was concluded that the stoichiometry 

of this starting material was indeed Ni(NO3)2.6H2O. It is important to point out that measurements for 

each reagent were performed twice to reduce the possibility of experimental error. 

 

 

 

 

 

 

 

 

The synthesis of n = 3 Ruddlesden-Popper phases is sensitive to the La:Ni ratio, as pointed out earlier, 

and has been discussed in detail by Zinkevich and Aldinger2. It was observed that La4Ni3O10±G is stable 

in a wide temperature range but that impurities result if there are deviations in La:Ni ratio, thereby 

stressing the importance of thermal analysis. 

4.1.2 Sol-Gel Synthesis 

After obtaining the thermogravimetric analysis of reagents, the materials (L1P3N3, L2P2N3 and 

L3P1N3) were synthesised using the citrate route.7 Stoichiometric amounts of La(NO3)3·5.7H2O (Sigma 

Aldrich, 99.0%), Pr(NO3)3·5.8H2O (Sigma Aldrich, 99.99%) and Ni(NO3)2·6H2O (Sigma Aldrich, 99.0%) 

were dissolved in an aqueous solution of 10% (by weight) of citric acid (Sigma Aldrich, 99.99%). The 

solutions were heated at 250˚C, under constant stirring for three hours, until a green gel was obtained 

(Fig. 4.3). The gel, after being decomposed in air for 12 hours at 600 ˚C, turns into black soot (Fig. 4.3) 

which was ground and the resultant powder was annealed in air at a temperature, depending on the 

composition: L1P3N3 at 950°C for 24 hours; L2P2N3 at 1000°C for 24 hours and L3P1N3 at 950°C for 

12 hours plus 12 hours at 1000°C. This set of conditions for a particular composition was achieved 

after optimising both temperature and time and is discussed in the next section. 

 

 

Figure 4.3 Green gel formed after heating for 3 hours at 250°C, 
which after decomposition at 600°C for 12 hours turns 
blackish-grey. 
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4.2 CHARACTERISATION OF MATERIALS 

Before investigating and measuring the properties of interest of the materials synthesised, it is 

common and important to confirm the phase purity, so as to avoid any wrongful conclusions about 

the material properties. Powder diffraction is one of the most widely used techniques using X-ray, 

neutron, or electron diffraction on powder or microcrystalline samples for structural characterization 

of materials. 

4.2.1 Powder X-ray Diffraction 

The diffraction patterns produced by powder X-ray diffraction (PXRD) on the materials were collected 

on a PANalytical X’Pert Pro MPD using Ni filtered Cu KD radiation. The tube voltage and current of 

40kV and 40mA were used respectively. In order to understand the process through which the 

material goes, the L2P2N3 powder was characterised by PXRD at several annealing temperatures. The 

optimised annealing temperature and time were found to be 1000°C for 24 hours (Fig. 4.4). The initial 

powder product was decomposed at 600°C for 6 hours, followed by annealing at 800˚C, 900˚C and 

1100˚C each for 12 hours, and 24 hours at 1000˚C. The powder produced after being heated at 600°C 

for 12 hours is loosely characterised as a mix of various La/Pr-Ni-O species (ICDD 00-001-1239, ICDD 

00-006-0329 and ICDD 00-042-1121). After sintering at 800˚C and 900˚C, a perovskite phase starts to 

appear (ICDD 00-041-0473 and ICDD 00-012-0751). After annealing at 1000 ˚C for 24 hours, a clear 

pattern of n = 3 Ruddlesden-Popper phase, La2Pr2Ni3O10±G appears, and it was confirmed that calcining 

the material for 24 hours at 1000˚C is the optimum synthesis procedure. This further agrees with the 

already reported synthetic procedure for n = 3 Ruddlesden-Popper phases.8-10 Once the temperature 

of annealing was increased further to 1100°C, the n = 3 Ruddlesden-Popper materials started to 

decompose to n = 2 Ruddlesden-Popper phase and La/Pr oxides, as one should expect given the 

thermodynamic studies already reported by Zinkevich and Aldinger2. Thus, the optimised conditions 

for L2P2N3 synthesis were found to be annealing at 1000 ˚C for 24 hours. 

The initial analysis of the XRD data was carried out by using X’Pert Highscore Plus software11. The 

software has access to the International Centre for Diffraction Data (ICDD) and contains a huge 

number of XRD patterns of already reported materials. The software package essentially compares 

the positions and intensities of the peaks observed with that of the database, and thus provides a 

simplistic means of initially identifying a phase. For example, the evolution of main perovskite peak 

(2T = 33°) obtained after annealing at 800/900˚C into a triplet, the main peak of n = 3 Ruddlesden 

Popper phases (2T a 32.75°) observed after annealing at 1000˚C for 24 hours. 
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Figure 4.4 Powder XRD patterns of L2P2N3 at different temperatures, showing the progression of the 
material synthesis. The optimised temperature for synthesis was found to be 24 hours at 1000°C and 
the material starts decomposing after this temperature. 
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4.2.1.1 Rietveld Refinement 

In order to confirm the phase identification of the synthesised materials, the Rietveld refinement 

technique was used. It uses the least squares approach to refine a theoretical profile until it matches 

the measured profile. The method requires an initial model, for which some prior knowledge, such as 

the composition of a material, and reasonable estimate of the structure is required. Rietveld 

refinements were performed by using GSAS/EXPGUI software package12, 13. 

Table 4.1 Unit-cell parameters comparison of all three prepared compositions: L1P3N3, L2P2N3 and 
L3P1N3. The other two end-members L4N3 and P4N3 are also included to show the systematic 
decrease of lattice parameters with increasing Pr content, which is consistent with the variation of the 
ionic radii leading to an overall decrease in the cell volume in going from L4N3 to P4N3. 

 

Three space groups, orthorhombic Bmab, Fmmm and monoclinic P21/a, proposed earlier, were 

tested14, 18, 19 for all three compositions. The XRD characterisation, followed by least square refinement 

Composition        a (Å)           b(Å)            c(Å)             E (°)        Space group         Ref. 

La4Ni3O10-G        5.415(1)     5.465(1)      27.959(9)        90            Fmmm         Zhang et al.14 

La3PrNi3O10-G       5.406(1)     5.466(1)      27.873(9)        90           Fmmm         This thesis 

La2Pr2Ni3O10-G     5.392(3)     5.465(3)      27.7901(2)      90          Fmmm          This thesis15 

LaPr3Ni3O10-G       5.383(2)     5.463(2)      27.676 (2)   90.280(4)  P121/a1        This thesis16  

Pr4Ni3O10.10            5.3714(2)   5.4611(2)    27.5271(3)      90          Fmmm         Vibhu et al.17 

Figure 4.5 Rietveld refinement of the X-ray diffraction pattern of La2Pr2Ni3O10-G using 
orthorhombic Fmmm space group (F2= 4.61; Rp 4.9% and Rwp = 7.2%) 
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of L2P2N3, concluded that this material crystallized with an orthorhombic structure adopting the 

Fmmm space group (Fig. 4.5). It should be noted that oxygen content was fixed to full stoichiometry 

for the refinement i.e. all oxygen positions had an occupancy of 1 corresponding to the La2Pr2Ni3O10 

composition. This was necessary as refining oxygen content from XRD data is inherently unreliable. 

Similarly, XRD patterns collected for L1P3N3 and L3P1N3 were refined to monoclinic P121/a1           

orthorhombic Fmmm space groups respectively (Fig 4.6 and Fig 4.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Rietveld refinement of the X-ray diffraction pattern of LaPr3Ni3O9.76 using 
monoclinic P121/a1 space group (F2= 2.9, Rp 4.0% and Rwp = 5.6%). 

Figure 4.7 Rietveld refinement of the X-ray diffraction pattern of La3PrNi3O9.76 using 
orthorhombic Fmmm space group (F2= 4.2,  Rp 4.6% Rwp = 6.5%). 
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The lattice parameters for L2P2N3 were determined to be a = 5.3922(25) Å, b = 5.4646(25) Å and c = 

27.7901(16) Å, and are in close agreement with the previously reported results for the end member 

materials14, 20. The lattice parameters when compared to two end members, La4Ni3O9.78 and 

Pr4Ni3O10.10 show a smooth decrease with increase in Pr content, which again is consistent with the 

variation of the ionic radius leading to an overall decrease in the cell volume (Table 4.1)21. This is not 

surprising and is because the ionic radius of Pr3+ ion (0.99Å) is smaller than La3+ (1.032Å). The decrease 

in the b parameter is smaller – almost negligible – than the decrease in a parameter, which suggests 

an increase in orthorhombic strain (s). As expected, orthorhombic strain increases with the increase 

in Pr content of the composition – L3P1N3 (s = 1.10 × 10-2), L2P2N3 (s = 1.34 × 10-2) and L1P3N3 (s = 

1.53 × 10-2) – due to the decrease in the ionic radii of the lanthanides. This effect has also been 

observed by Lavrova et al. and Zhang et al14, 22. 

 

The c parameter decreased also with an increase in Pr content, again because of a decrease in the 

ionic radii. The decrease, however, is more significant [0.1967(9) Å from L3P1N3 to L1P3N3] than the 

corresponding decrease in the a [0.00223(2) Å] and b [0.0029(2) Å] parameters. This was also 

observed earlier by Zhang et al. in L4N3 and has been ascribed to the cumulative effect of reduced 

lanthanide radii along the c direction where the layers are stacked14. 

Goldschmidt's tolerance factor (t), defined by equation 4.1 is an indicator of the stability and distortion 

of crystal structures. 

𝑡 =  𝑟𝐴+𝑟0

√2(𝑟𝐵+𝑟0)
                                       Equation 4.1 

where rA is the radius of the A-cation (La/Pr); rB is the radius of the B-cation (Ni) and r0 is the radius 

of the anion, usually oxygen. 

This factor is derived by considering the crystal packing and is used for estimating the degree of 

distortion of the unit cell. The value of t = 1 is ideal and designates no distortion but any decrease from 

this value indicates distortion. Using the ionic radii of Shannon21 the tolerance factor calculated for 

L4N3 is 0.932, which decreases to 0.917 for P4N3, indicating that the distortion from the ideal 

tetragonal symmetry increases and stability decreases by increasing Pr content. Tables are provided 

in appendices detailing the refined x, y, z and Uiso parameters for all the compositions. 

4.2.2 Oxygen Content Analysis by Iodometric Titrations 

The oxygen content of the materials was determined by iodometric titrations. The method allows for 

the calculation of Ni3+ content, through determination of the concentration of aqueous iodine 
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reduced23. The error in the calculations of oxygen content was arrived by repeat measurements. All 

the systems were found to be understoichiometric; G = -0.36±0.05 for L2P2N3 corresponding to the 

formula La2Pr2Ni3O9.64 and G = -0.24±0.05 for L1P3N3 and L3P1N3 corresponding to the formulae 

LaPr3Ni3O9.76 and La3PrNi3O9.76 respectively.  

The lower-order n = 1 Ruddlesden-Popper phases such as LNO and PNO have been reported to form 

the oxygen excess thermodynamically stable phases, while higher members usually display oxygen 

deficiency.24 This can be interpreted in terms of tolerance factor; incorporation of excess oxygen leads 

to mixed valence in the NiO2 planes, thereby increasing the tolerance factor and thus stabilising the 

system14. 

4.2.3 Electrical Conductivity 

The oxygen overstoichiometry (+G) of lower member materials such LNO and PNO bestows them with 

promising ionic conductivity25, 26 but because of the stability issues involving Ni2+/Ni3+ impurity phase 

formation as reported by Amow and co-workers has been a major challenge9, 10. Though the benefit 

of oxygen overstoichiometry is lost in going from lower to higher Ruddlesden-Popper phases, the two 

important characteristics of improved material stability and significantly higher total conductivity are 

expected to compensate for the relatively low ionic conductivity.  

 

 

 

 

 

 

 

 

 

 

 
Figure 4.8 Thermal variation of the electrical conductivity of LaPr3Ni3O9.76 

showing anomalous behaviour in the temperature range of 240°C - 360°C. 
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The temperature dependence of the conductivity of L1P3N3 is illustrated in Fig. 4.7. In the 

temperature range of interest, 600°C - 800°C, the electrical conductivity observed was well above 272 

S cm-1. This metallic behaviour of the n = 3 phases was earlier reported by Takahashi and Amow 4 but 

the total conductivity reported by Amow et al. for La4Ni3O9.78 was only in the range of 90 – 110 S cm-1 

from 400°C to 600°C, with similar reports by Vibhu et al. for Pr4Ni3O10.1
9, 17. However, the pellets used 

for conductivity measurements in both the reports were of significantly low theoretical densities, 54% 

and 70% respectively compared to our measurements where the calculated density of pellets was well 

above 90%. This could be one of the reasons for our observation of higher total conductivity. 

 

 

 

 

 

 

 

 

 

Interestingly, an anomalous behaviour was observed in the temperature range of 240°C - 360°C. A 

similar anomaly was observed by Amow and co-workers for La3Ni2O6.95 and La4Ni3O9.78 and they 

performed in situ high-temperature X-ray diffraction on both compositions. They were successful in 

correlating the anomalous electrical conductivity behaviour of n = 2 Ruddlesden-Popper phase 

composition, La3Ni2O6.95 to the symmetry change from orthorhombic to tetragonal at 316°C but not 

so in the case of La4Ni3O9.78
10. 

It was also observed that another composition, L2P2N3 as illustrated in Fig 4.9(a), showed similar 

behaviour. It again shows metallic behaviour and an anomaly in the same temperature range. The 

conductivity observed, however, was much higher than observed for L1P3N3. Fig. 4.9(b) also 

illustrates the electrical conductivity versus temperature of L3P1N3, which shows the expected 

metallic behaviour, interestingly with no anomalous behaviour whatsoever. At this stage, it became 

pertinent to study the anomalous behaviour and it was thought that high-temperature in situ powder 

X-ray diffraction (in situ HT-XRD) might provide an explanation of the interesting behaviour observed. 

(a) (b) 

Figure 4.9 Thermal variation of the electrical conductivity of (a) La2Pr2Ni3O9.64 showing anomalous 
behaviour in the temperature range of 240°C - 360°C and (b) thermal variation of the electrical 
conductivity La3PrNi3O9.76 showing expected metallic behaviour with no anomalies whatsoever. 
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4.2.4 High-Temperature In situ Powder X-ray Diffraction 

To understand and establish whether the anomalous behaviour observed in two compositions L1P3N3 

and L2P2N3 was structural in origin, the in situ HT-XRD patterns collected are presented in Fig 4.10.  

 

Figure 4.10 High-temperature powder X-ray diffraction patterns collected 
for L1P3N3 from 200°C to 400°C, with measurements taken at every 10°C. 



 99 

The patterns presented are of L1P3N3 composition only because similar behaviour was observed for 

L2P2N3 composition. Interestingly, no structural evolution in the temperature region where the 

anomaly in electrical conductivity measurements was observed was recorded (Fig. 4.11). This curious 

observation is indeed in line with the earlier report by Amow, Davidson and Skinner for the n = 3 

Ruddlesden-Popper composition, La4Ni3O9.78
10. They, however, did observe a possible transition to 

higher symmetry tetragonal from orthorhombic symmetry at 485°C. Therefore, it was thought 

pertinent to do the in situ X-ray diffraction measurements in the same temperature range (400°C - 

550°C). Surprisingly, no such transition was observed as illustrated in Fig. 4.11. 

However, an interesting behaviour of (177), (020) and (200) main peaks was observed. The peaks (117) 

and (200) shift significantly (0.14 and 0.21 2T˚ respectively) towards lower 2T angles with increasing 

temperature whereas peak (020) shows almost no such shift (0.02 2T˚) (Fig. 4.12). This is a possible 

indication of a decrease in orthorhombicity of the structure. It is important to point out that Vibhu et 

al. also report that the Pr4Ni3O10+δ end member phase remains stable up to 1000 °C, with no structural 

changes to the room-temperature orthorhombic symmetry17. In further contrast to these earlier 

reports about the two end-members, it was observed that the doublet, (028) and (208), at 2T = 42.34° 

merge into one broad peak at a700°C which could possibly mean a transition to higher symmetry at 

high temperatures (Fig. 4.13), or a reduction in the degree of orthorhombicity. 

Figure 4.11 In situ HT-XRD diffraction patterns collected for L1P3N3 showing evolution of (177), (020) 
and (200) peaks with increasing temperature. The behaviour where peaks (020) and (200) retain their 
individuality in going from 430°C to 550°C is in contrast to earlier reports by Amow et al. for La4Ni3O9.78. 



 100 

 

Similar behaviour, with no change in the main peaks, and a 

significant shift of (117) and (200) towards lower 2T angles and 

evolution of the doublet, (028) and (208), into a singlet with 

increasing temperature was observed for the other two 

compositions, L2P2N3 and L3P1N3. L3P1N3, however, showed 

an additional feature of the evolution of the doublet, (020) and 

(200) into singlet at 800°C which is a further indication of the 

transition from the room-temperature orthorhombic to high-

symmetry tetragonal symmetry with increasing temperature 

(Fig. 4.14). This observation is in agreement with the earlier 

reports by Amow, Davidson and Skinner10, though they 

observed transition at 485°C. Interestingly enough L3P1N3 is 

the composition where no anomaly was observed in the 

electrical conductivity versus temperature behaviour. 

It seems that the anomalous behaviour observed in the 

L1P3N3 and L2P2N3 does not originate from the structural 

changes because no correlating structural evolution was 

observed, as evidenced by the in situ HT-XRD. 

Figure 4.13 In situ HT-XRD 
patterns showing evolution of 
(028/208) doublet into a singlet 
for L1P3N3. 

Figure 4.12 In situ HT-XRD patterns of L1P3N3 showing the substantial shift of main peaks, (117) 
and (200) towards lower 2T angles with increasing temperature while the (020) peak displays 
negligible shift. 
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Figure 4.14 In situ HT-XRD patterns showing evolution of main peak doublet (020) and (200) into singlet 
at 800°C for L3P1N3, illustrating the possible change in symmetry from orthorhombic to tetragonal. 
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4.3 SUMMARY 

The materials, L1P3N3, L2P2N3 and L3P1N3 were synthesised by a sol-gel method and were later 

characterised by PXRD. It was observed that the lattice parameters show a systematic decrease with 

increase in Pr content of the composition, which is in agreement with the conception of effective ionic 

radii being the main driver of this observation; the ionic radius of Pr is less than La14, 21. Oxygen 

stoichiometry of the materials was determined by iodometric titrations and all the compositions were 

found to be understoichiometric, which agrees well with the findings of other researchers9, 10, 14, 27. 

Total electrical conductivity measurements revealed the materials showing metallic behaviour and it 

was observed two compositions, L1P3N3 and L2P2N3, show an anomalous behaviour in the 

temperature range of 240°C – 360°C. In situ HT-XRD measurements performed with the intention of 

understanding this anomalous behaviour, revealed no correlating structural changes and it was 

concluded that the anomaly is not originating from macroscopic structural evolution on increasing 

temperature. 

 

REFERENCES 

1. M. Zinkevich, N. Solak, H. Nitsche, M. Ahrens and F. Aldinger, Journal of Alloys and 
Compounds, 2007, 438, 92-99. 

2. M. Zinkevich and F. Aldinger, Journal of Alloys and Compounds, 2004, 375, 147-161. 
3. R. L. Wilfong, L. P. Domingues and L. R. Furlong, Journal of the American Ceramic Society, 1964, 

47, 240-241. 
4. F. J. Rey, J. Martín-Gil, A. Gonzáles and F. J. Martín-Gil, Journal of Thermal Analysis, 1989, 35, 

805-813. 
5. D. Dollimore, G. A. Gamlen and T. J. Taylor, Thermochimica Acta, 1981, 51, 269-276. 
6. W. Brockner, C. Ehrhardt and M. Gjikaj, Thermochimica Acta, 2007, 456, 64-68. 
7. Pechini Maggio P, United States of America Patent, 3330697, 1967. 
8. R. J. Woolley and S. J. Skinner, Journal of Power Sources, 2013, 243, 790-795. 
9. G. Amow and S. J. Skinner, Journal of Solid State Electrochemistry, 2006, 10, 538-546. 
10. G. Amow, I. Davidson and S. Skinner, Solid State Ionics, 2006, 177, 1205-1210. 
11. T. Degen, M. Sadki, E. Bron, U. König and G. Nénert, Powder Diffraction, 2014, 29, S13-S18. 
12. B. Toby, Journal of Applied Crystallography, 2001, 34, 210-213. 
13. A. C. Larson and R. B. Von Dreele, General Structure Analysis System (GSAS), Los Alamos 

National Laboratory Report LAUR, 2000. 
14. Z. Zhang and M. Greenblatt, Journal of Solid State Chemistry, 1995, 117, 236-246. 
15. M. A. Yatoo, Z. Du, H. Zhao, A. Aguadero and S. J. Skinner, Solid State Ionics, 2018, 320, 148-

151. 
16. M. A. Yatoo, A. Aguadero and S. J. Skinner, APL Materials, 2019, 7, 8. 
17. V. Vibhu, A. Rougier, C. Nicollet, A. Flura, S. Fourcade, N. Penin, J.-C. Grenier and J.-M. Bassat, 

Journal of Power Sources, 2016, 317, 184-193. 
18. C. D. Ling, D. N. Argyriou, G. Wu and J. J. Neumeier, Journal of Solid State Chemistry, 2000, 

152, 517-525. 
19. A. Olafsen, H. Fjellvåg and B. C. Hauback, Journal of Solid State Chemistry, 2000, 151, 46-55. 



 103 

20. J. M. Bassat, C. Allancon, P. Odier and J. P. Loup, Eur. J. Solid State lnorg. Chem., 1998, 35, 173-
188 

21. R. Shannon, Acta Crystallographica Section A, 1976, 32, 751-767. 
22. O. A. Lavrova, V. A. Somenkov, A. K. Tkalich, S. Sh. Shul'shtein, I. D. Damm, G. A. Ivanov-

Smolenski, Superconductivity, 1991, 4. 1743 
23. D. Harris, Chem. Listy, 2004, 98, 871-872. 
24. B. W. Arbuckle, K. V. Ramanujachary, Z. Zhang and M. Greenblatt, Journal of Solid State 

Chemistry, 1990, 88, 278-290. 
25. J. A. Kilner and S. J. Skinner, Solid State Ionics, 2000, 135, 709–712. 
26. E. Boehm, J. M. Bassat, P. Dordor, F. Mauvy, J. C. Grenier and P. Stevens, Solid State Ionics, 

2005, 176, 2717-2725. 
27. R. K. Sharma, M. Burriel and E. Djurado, J. Mater. Chem. A, 2015, 3, 23833-23843. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 104 

 

 

 

 

 

 

Chapter Five 

 

 

 

 

 

 

 

THERMAL EXPANSION, OXYGEN DEFECT STRUCTURE AND OXYGEN 

TRANSPORT PATHWAYS 

 

 

 

 

 

 



 105 

5.0 – THERMAL EXPANSION, OXYGEN DEFECT STRUCTURE AND OXYGEN TRANSPORT PATHWAYS 

Apart from the electrochemical performance studies of these materials, it is pertinent to understand 

the structural chemistry pertaining to oxygen defects of these materials. This is because of the fact 

that oxygen defects via ionic conductivity plays a significant role in enhancing the involvement of MIEC 

electrode material in oxygen reduction reaction, and thereby the electrochemical performance of 

materials. Therefore, it was thought important to employ neutron diffraction and study the oxygen 

defect structure and oxide transport mechanisms of all the three compositions. 

Accordingly, in this results and discussion chapter of this thesis, structural details of all three 

compositions as observed using powder neutron diffraction will be discussed. Particular attention will 

be paid to oxygen defects and possible oxygen transport pathways in these materials. As discussed in 

the ‘Materials Review’ chapter, lower-order Ruddlesden-Popper phases such as LNO and PNO have 

been known to show anisotropic oxygen transport both by experimental and computational 

modelling, so it will be interesting to identify the mobile oxygen sites in these higher-order 

Ruddlesden-Popper phase materials by means of refining displacement parameters of oxygen atomic 

sites and analysis of the direct distance between oxygen sites. Since the materials are being studied 

for IT-SOFC cathodes, it is pertinent to also study the structure and oxygen transport mechanism of 

these materials at high temperatures (800˚C). Furthermore, the structural evolution with temperature 

in terms of change in unit cell constants and unit cell volume will also be analysed to calculate 

properties such as the thermal expansion coefficient (TEC), so as to assess the suitability of these 

materials with common SOFC electrolyte materials. We will further return to the earlier discussion of 

anomalous electrical conductivity in these materials and will also compare the oxygen stoichiometry 

calculated from neutron diffraction data to the stoichiometry calculated by iodometric titration. 

5.1 INTRODUCTION 

Mixed conductivity, as discussed previously has been identified as one of the important properties of 

materials to be used as cathodes in SOFCs. As such ionic conductivity plays an important role in 

determining the performance of oxygen ion conductors as electrodes in SOFCs. Ionic conductivity is 

the movement of an ion from one site to another through defects in the crystal. In oxygen ion 

conductors such as the Ruddlesden-Popper phase materials, it is the oxygen defects which determine 

the ionic conductivity (σi) because ionic conductivity of a material is directly proportional to the 

concentration of defects (ci) (Eq. 5.1). zie in the equation below is the charge of the ion and Pi is the 

mobility of the charge carrier that is oxide ion in these materials. 

Vi = ciziePi                                                                      Equation 5.1 
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In this context, the investigation of the oxygen defects in these materials assumes importance. It is 

here that neutron diffraction plays a crucial role because the neutron scattering length of an oxygen 

atom is sizeable, 5.805±0.004 fm1 and thus easily detectable by neutron diffraction. In contrast to X-

rays which interact with the electron cloud of the atom, neutrons interact with the atomic nucleus. 

This fact plays a crucial role because with the increase in atomic number the penetration depth of X-

rays decreases which, however, is not the case with neutrons because there is no direct correlation 

between scattering intensity and the atomic number of a species. As such the study of oxygen defects 

by means of neutron diffraction has been employed by many researchers to understand the oxygen 

transport of Ruddlesden-Popper phase and other related materials2-5. This, however, does not mean 

that X-ray diffraction has a limited role in the study of materials for SOFCs, but rather a complementary 

role to neutron diffraction; X-ray diffraction patterns contain information primarily related to the 

metal atoms in such oxide materials, while as neutron diffraction patterns provide information on 

both the metal atoms and the oxygen atoms. 

Neutron diffraction assumes particular importance in oxide ion conductors because it can be used to 

determine the crystallographic positions of the oxide ions, their atomic displacement parameters and 

their occupancies, which are otherwise invisible to X-rays. This could be later used to understand the 

oxygen conduction mechanisms. This is done by obtaining high-quality neutron diffraction data which 

is then processed for Rietveld refinement to obtain information including the crystallographic location, 

occupancy, and the isotropic or anisotropic atomic displacement of the atoms. All these parameters 

are of particular interest in materials with high oxygen mobility such as Ruddlesden-Popper phases. It 

can also be used to understand the lattice parameter evolution of electrode materials to obtain 

information such as TEC of materials, a critical mechanical aspect for the use of these materials in 

high-temperature devices such as SOFCs. 

The compositions under discussion have been found to be under stoichiometric by the iodometric 

titration method and thus vacancies are expected to play a central role in oxygen transport. This 

significant oxygen non-stoichiometry in terms of oxygen vacancies present in these systems is utilised 

to facilitate oxygen transport through a vacancy hopping mechanism for their use as SOFC materials. 

Therefore, neutron diffraction studies that will be discussed in this chapter are relevant and will 

provide vital information about these systems. 

An added benefit of neutron diffraction studies in the context of these materials is the precise 

calculation of oxygen stoichiometry. The major benefits of this technique in this regard are: (1) in situ 

neutron diffraction studies at elevated temperatures provides measurement conditions very close to 

real operating conditions of SOFCs; (2) the concerns of accuracy and stability of the balance in the 
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commonly used TGA under reducing atmosphere (3) and the fact that the TGA technique is only a 

relative measurement – that is – absolute oxygen stoichiometry is calculated against a reference 

sample. 

Recently, however, it was reported by Yaremchenko and co-workers that oxygen stoichiometry 

calculations from neutron diffraction studies could lead to lower oxygen occupancies than obtained 

by methods such as TGA and coulometric titration6. The idea is that in highly nonstoichiometric oxide 

systems such as Ba0.5Sr0.5Co0.8Fe0.2O3-G (BSCF) wherein the defect concentration exceeds a threshold 

value of 8-10%, a significant deviation of the local structure occurs from the average cubic model. This 

translates into the decrease of the oxygen nuclear density at the 3d Wyckoff position and transfer of 

a part of the Bragg scattering to the background which is ignored in the Rietveld refinement of the 

diffraction patterns, thereby leading to underestimated oxygen occupancy calculations. This, 

however, is not the case with the materials being discussed in this thesis because the defect 

concentration is significantly below the threshold value but it is important to keep this report in 

consideration when discussing the neutron diffraction afforded oxygen stoichiometry calculations. 

A further disadvantage of neutron experiments stemming from the large penetration depth of 

neutrons is the fact that they are only weakly scattered by materials which result in performing 

experiments with long measurement times to obtain the data with credible statistics. 

5.2 EXPERIMENTAL CONSIDERATIONS 

The neutron diffraction experiments were collected at two separate instruments, POLARIS at ISIS, 

Rutherford Appleton Laboratories, Didcot, UK and POWGEN at the Spallation Neutron Source (SNS), 

Oak Ridge National Laboratory, USA. 

5.2.1 POLARIS 

In situ neutron diffraction data were collected on the high-flux medium resolution POLARIS 

diffractometer at ISIS, the UK spallation source at the Rutherford Appleton Laboratory. A powder 

sample of L2P2N3 was loaded in a 4 cm high vanadium can and initial measurements were recorded 

at ambient temperature. Two thermocouples were attached to opposite sides of the sample container 

to control and monitor the furnace temperature. After calibration diffraction data were collected at 

room temperature (25˚C) and 600˚C for a8 hours (150 µAmps) and every 50 degrees from 100˚C to 

550˚C for a2 hours (25 µAmps) after equilibrating the temperature at each measurement. All the data 

were collected in the d-spacing range of 0.40 - 4.50 Å and the data were corrected for absorption 

before analysing the data using Rietveld refinement. 
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5.2.2 POWGEN 

In situ neutron diffraction measurements were also collected for other two compositions, L1P3N3 and 

L3P1N3 at the POWGEN beamline, Spallation Neutron Source, Oak Ridge National Laboratory, USA. 

Powder samples were placed in a quartz sample holder with a 0.5 cm radius and 4 cm length. A fused 

silica quartz tube furnace, with vanadium foil elements operating under vacuum conditions, was used 

to heat the sample. A quartz line was used as a vertical hanger for holding the quartz sample holder, 

which was then lowered into the quartz tube until the sample was in the path of the beam and in the 

furnace hot zone4. The furnace temperature was calibrated using a ZnO reference sample7. Powder 

samples were equilibrated under a continuous flow of simulated air (20% O2) for a period of at least 

one hour prior to measurement at each temperature. Diffraction patterns were collected at every 

20˚C intervals from 250˚C to 350˚C in the d-spacing range of 0.45 – 5.35 °A for the purpose of 

investigating the possible structural changes corresponding to the anomalous behaviour observed in 

total conductivity measurements (chapter 4). Further diffraction patterns were also collected at every 

100˚C intervals from 500˚C to 800˚C in the same d-spacing range. Several patterns with shortened 

collection times were collected and examined prior to the 2 hour-long measurements to ensure that 

the sample had reached equilibrium, monitored by means of observing any shifts in lattice 

parameters. 

5.3 RESULTS AND DISCUSSIONS 

Discussion in this section will focus on three major themes. In the first theme, in situ diffraction 

patterns collected at different temperatures will be analysed for the possible structural correlations 

with anomalous total conductivity behaviour of L1P3N3 and L2P2N3 compositions. The lattice 

constants evolution with the increase in temperature and the calculation of properties such as TEC 

from the unit cell volumes obtained after Rietveld refinement will be discussed in the second theme 

and the last theme will examine the Rietveld refinement of all the composition in full detail with 

particular focus on overall oxygen content, oxygen vacancies, charge disproportionation between two 

nickel sites and the possible ordering between La and Pr sites. 

5.3.1 In situ High-Temperature Neutron Diffraction 

As discussed in chapter 4, the total conductivity measurements for all three compositions showed an 

anomalous behaviour in the temperature range of 250˚C – 350˚C for two compositions, L1P3N3 and 

L2P2N3. However, no such anomaly was observed in the L3P1N3 composition. These results were 

surprising and it was thought that it could be correlated to possible structural transitions in these 

materials, particularly because of the fact that a similar anomaly was observed for the n = 2 
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Ruddlesden-Popper Phase composition reported earlier in the similar temperature range8. However, 

nothing of this sort was observed in our in situ high-temperature X-ray diffraction study and here a 

further attempt was made to investigate this anomaly by analysing the neutron diffraction data. To 

our surprise, we could not observe any prominent structural changes in the temperature range of 

interest (Figures 5.1 and 5.2). Therefore, the conclusion that this anomalous behaviour does not 

originate from macroscopic structural evolution on increasing temperature remains, and total 

conductivity measurements of these materials, therefore, warrants further investigations. However, 

the subtle differences such as the evolution of triplet at 15000 Ps with the increase in temperature 

Figure 5.1 High-temperature neutron diffraction patterns collected for L2P2N3 from 25°C to 
600°C, showing no structuctural correlation to anomalous total conductivity behaviour. 
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suggest possible structural distortions, but it is interesting to note that these subtle structural changes 

do not appear in the 250 – 350˚C range, where the anomaly in electrical conductivity is observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.2 High-temperature neutron diffraction patterns collected for L1P3N3 and 
L3P1N3 from 250°C to 350°C. L3P1N3 shows no anomaly in its total conductivity 
behaviour and thus expectedly shows no structural transition in this temperature range 
but L1P3N3, even though showing anomalous total conductivity also shows no structural 
change, which is starkly similar to L2P2N3 composition. 
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An interesting, though expected, feature to be noted here is that the limited evidence afforded by in 

situ high-temperature X-ray diffraction of symmetry change in L3P1N3 composition was confirmed by 

neutron diffraction studies. The X-ray measurements of L3P1N3 showed a transition from low-

symmetry orthorhombic at room temperature to a high-symmetry tetragonal structure at high 

temperature (800°C) and it was confirmed by neutron diffraction studies (Fig. 5.12). In X-ray 

diffractograms, it appeared that the orthorhombic – tetragonal transition occurred at around 800˚C 

and this corresponds very well with the neutron diffraction data (Fig. 5.12). This is interesting as this 

is the composition, L3P1N3, where no anomaly as far as total conductivity measurements from room 

temperature to 900˚C are concerned was observed. Further interesting feature to be noted here is 

the clear structural difference at a62000 Ps between the two compositions, L1P3N3 and L3P1N3. 

5.3.2 Lattice Constants and Unit Cell Volume Evolution 

The evolution of unit cell constants, and thereby the unit cell volume is an important consideration 

for these materials as they are being considered for potential use in high-temperature SOFC devices. 

Figure 5.3 The evolution of cell constants a, b and c with the change in Pr content replicating the trend 
observed in X-ray measurement of these materials. There is negligible change in b cell parameter but 
a sizeable change in a parameter and a significant decrease in c parameter. Standard deviations lie 
within the data markers (the data for the end members is reproduced from ref. 11). 
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Therefore, Rietveld refinements to be discussed in detail in the next sub-section, were performed 

using the GSAS/EXPGUI software package9, 10 and it was found that all compositions crystallised in the 

low-symmetry orthorhombic space group Bmab at all the temperatures of measurement except the 

L3P1N3 composition which adopts the high-symmetry tetragonal space group I4/mmm at 800˚C. 

Table 5.1 below summarises the room-temperature lattice constants obtained from Rietveld 

refinement of neutron diffraction for all the three L3P1N3, L2P2N3 and L1P3N3 and compares them 

with the other two end members as reported by Zhang et al11. 

Table 5.1 Unit-cell parameters comparison of all three prepared compositions: L1P3N3, L2P2N3 and 
L3P1N3. The other two end-members L4N3 and P4N3 are also included to show the systematic 
decrease of lattice parameters with increasing Pr content, which is consistent with the variation of the 
ionic radii leading to an overall decrease in the cell volume in going from L4N3 to P4N3. 

  

As is evident from the data above in the table it corresponds well with the trend observed in X-ray 

diffraction studies of this thesis and further confirms the expected decrease in cell constants with an 

increase in Pr content, which is consistent with the decrease in the ionic radius of Pr leading to an 

overall decrease in the cell volume. There, however, appears to be a very slight increase in b parameter 

in L3P1N3 and L1P3N3 compositions (red colour coded) than the respective preceding compositions 

which go against the expected trend. A major difference observed was the refinement of L1P3N3 in 

orthorhombic Bmab space symmetry compared to the monoclinic P121/a1 symmetry L1P3N3 

crystallised in XRD measurements discussed in the previous chapter. It is entirely possible that the 

material crystallises in different space symmetries and a plausible explanation appears that the 

material batches used for XRD and neutron measurements were synthesised separately on two 

different occasions. 

The decrease in the b parameter is almost negligible compared with the decrease in a parameter,  

suggesting an increase in orthorhombic strain while going from L4N3 to P4N3, thereby confirming the 

X-ray diffraction studies discussed previously and also agreeing well with the published literature11, 12. 

Here again, the significant increase observed in the c parameter with increasing La content was 

Composition        a (Å)           b(Å)            c(Å)           Space group              Reference 

La4Ni3O10-G        5.415(1)       5.465(1)       27.959(9)        Fmmm         Zhang et al.11(XRD) 

La3PrNi3O10-G      5.41029(2)   5.46994(2)   27.8974(2)       Bmab          This thesis (Neutron) 

La2Pr2Ni3O10-G    5.38877(3)   5.46096(3)   27.7683(2)      Bmab           This thesis (Neutron) 

LaPr3Ni3O10-G      5.38676(3)   5.46967(3)   27.7472(3)      Bmab           This thesis (Neutron) 

Pr4Ni3O10-G            5.370(1)       5.462(1)       27.528(3)       Fmmm          Zhang et al.11(XRD) 
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explained by the fact that it was the cumulative effect of the layers stacked along the crystallographic 

c direction. The overall decrease in cell parameters in going from L4N3 to P4N3 is for obvious reasons 

reflected in the unit cell volume of a composition, which is a function of Pr content of a composition 

(Fig. 5.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.3 Thermal Expansion Coefficients 

Thermal expansion coefficient (TEC) is a material property that is indicative of the extent to which a 

material expands upon heating. Accordingly, different materials expand by different amounts and 

therefore present different TECs. TEC as a property assumes significant importance when the 

materials in question are to be used in high-temperature devices such as SOFCs. This is because a 

single SOFC cell consists of different components such as electrolyte, cathode, anode and interconnect 

when cells are stacked, and it is important for the mechanical integrity of the cell and cell stacks that 

TEC of all the components is of the same order. It might be recalled here that LSCF, even though a 

promising cathode material, has slightly higher TEC (15 x 10-6 K-1)13 and it is considered to be a 

disadvantage of this material. Therefore, TEC is a pertinent property and as such the neutron 

diffraction data were obtained for all the three compositions – from room temperature to 600˚C for 

L2P2N3 composition and from room temperature to 800˚C for L1P3N3 and L3P1N3 compositions – at 

Figure 5.4 Cell volume increases with the increase in La content of the 
composition, reflecting the trend observed in cell constants evolution. 
Standard deviations lie within the data markers. 
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regular intervals to study the evolution of lattice constants within the composition to determine the 

TEC.  

In Figure 5.5, the variations of a, b and c lattice parameters as a function of temperature for L1P3N3 

composition are plotted. As expected, the cell parameters show a linear increase throughout the 

temperature range. It may be pointed out that the scales in the figure are different for two y-axes and 

taking the scaling in to the consideration, it is evident to the naked eye that the cell parameter c again 

shows significant increase when compared to a and b cell parameters, thereby reflecting the 

cumulative effect of stacking of layers across the crystallographic c direction. Also evident from the 

figure 5.5 is the relatively higher increase in a lattice constant than the b cell constant, which points 

towards the increase in orthorhombic strain with the increase in temperature. 

The thermal expansion coefficient was calculated from the thermal variation of the lattice parameters 

i.e. the slope of (λ-λ0/λ0) vs T (Fig. 5.6), where λ and λ0 are the cubic roots of volume at a particular 

temperature and room temperature respectively. The value of TEC was found to be a13.0 × 10-6 °C-1, 

which is of the same order as those of the other components of SOFCs, and therefore compatible with 

Figure 5.5 Variation of the cell parameters with the increase in temperature as shown by 
L1P3N3 composition. Cell constant c shows significant change, reflective of the cumulative 
effect of stacking of layers across crystallographic c direction. Standard deviations lie within 
the data markers. 
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commonly used electrolytes such as YSZ, CGO and LSGM14, 15. These results also agree well with the 

published literature; Vaibhav et al. recently reported the TEC of 10 x 10-6 C-1 for P4N316. 

In the earlier discussions of the XRD data, no impurity was found in any of the three compositions and 

it was concluded that the synthesised compositions were pure. However, the literature published on 

these materials has acknowledged the difficulty in synthesising these Ruddlesden-Popper phases, 

particularly the higher-order ones, and impurities such as NiO have been observed. Powder XRD 

patterns collected, however, were not able to detect any NiO impurity but because of the relatively 

strong scattering of the Ni and O ions in neutron diffraction measurements, a small amount of NiO (1-

2%) was easily detectable in the neutron powder diffraction patterns. The NiO impurity was fitted to 

the Fm3m cubic phase with the lattice constant of a a 4.17 Å at room temperature. This impurity of 

NiO could, however, be used as a reference in the calculation of properties such as the TEC. The lattice 

parameter evolution of the NiO as illustrated in Figure 5.7 provided a useful guide in terms of the 

thermal expansion effect on the lattice of both the materials. As illustrated in Fig. 5.7, completely 

Figure 5.6 (λ-λ0/λ0) of L1P3N3 as a function of temperature (λ and λ0 are cubic root of volume at 
particular temperature and room temperature respectively), producing the TEC of ~13.0 × 10-6 °C-1. 
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linear behaviour was observed, agreeing well with the published literature on NiO17, thereby providing 

further support to the calculations of properties such as the TEC. 

The thermal variation of the lattice parameters of the L2P2N3 composition is shown in Figure 5.8. 

Similar behaviour as observed for the L1P3N3 composition was observed. The cell parameters show a 

linear increase with the increase in the temperature of the measurement. Note should be taken of the 

different scales in the figure below for two y-axes; the cell parameter c again shows a significant 

increase when compared to a and b cell parameters reflective of the cumulative effect of the stacking 

of layers across the crystallographic c direction.  

Another reason for the significant increase in c parameter than a parameter is that c parameter is 

more responsive to the changes in temperature than the a parameter because the expansion along 

the c axis is less restricted by the expansion of the rock-salt layers. This significant increase in c 

parameter than the a parameter with an increase in temperature has been earlier reported for n = 1 

and 3 Ruddlesden Popper phases2, 18. 

Figure 5.7 NiO impurity detected by neutron diffraction and the comparison of lattice parameters 
derived compared to the published literature on NiO. The presence of NiO impurity had the benefit 
of acting as reference to the calculations of properties such as TEC of L1P3N3. Standard deviations 
lie within the data markers. 
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Figure 5.9 (λ-λ0/λ0) of L2P2N3 as a function of temperature producing the TEC of a13.2 × 
10-6 °C-1, thereby delineating the compatibility of this composition. 

Figure 5.8 Evolution of the cell parameters with the increase in temperature as observed for L2P3N3 
composition. Cell constant c shows significant change, reflective of the cumulative effect of stacking 
of layers across crystallographic c direction. Standard deviations lie within the data markers. 
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The TEC calculated from the thermal variation of the lattice parameters i.e. the slope of (λ-λ0/λ0) vs T 

(Fig. 5.9), was found to be a13.2 × 10-6 °C-1, which again falls in the compatibility range of other 

materials commonly used in electrolyte cell component of SOFCs. 

Another composition, L3P1N3 again showed similar behaviour as far as the evolution of lattice 

parameters with the increase in temperature was concerned.  The results are illustrated in Figure 5.10, 

and the TEC calculated, a13.4 × 10-6 °C-1, is shown in Figure 5.11. It is interesting to see that TEC shows 

a slight increase with the increase in La content of the composition. To be discussed in detail in the 

next section, this composition (L3P1N3) showed the transition from low-symmetry orthorhombic 

Bmab to high-symmetry tetragonal I4/mmm space group at a800˚C, and for the purpose of calculation 

of cell volume and therefore TEC, tetragonal lattice constants were converted by a √2a relationship to 

the orthorhombic lattice parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

The decrease in the b parameter of all the three compositions is smaller, almost negligible when 

compared to the decrease in a cell parameter. This, as mentioned in chapter 4 of this thesis, suggests 

an increase in orthorhombic strain (s) with the increase in temperature. As already mentioned, it was 

Figure 5.10 Variation of the cell parameters with the increase in temperature as observed 
for L3P1N3 composition, showing similar behaviour as shown by other two compositions.  
Standard deviations lie within the data markers. 
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also observed that orthorhombic strain increases with the increase in Pr content of the composition. 

The lattice parameters obtained from neutron diffraction were used to calculate the orthorhombic 

strain and it was found that orthorhombic strain does indeed increase with the increase in Pr content. 

The orthorhombic strain of the composition calculated by using the expression; s = 2(b – a)/(b + a) was 

found to be 1.11 × 10-2, 1.33 × 10-2 and 1.53 × 10-2 for L3P1N3, L2P2N3 and L1P3N3 respectively. This 

increase in orthorhombic strain in going from L3P1N3 to L1P3N3 occurs due to the decrease in the 

ionic radii of the lanthanides and has also been observed by Lavrova et al. and Zhang et al11, 12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.4 Oxygen Content, Defects and Transport Pathways 

Rietveld refinements were performed using the GSAS and EXPGUI packages9, 10. Background scans of 

the quartz sample holder for L1P3N3 and L3P1N3 compositions collected at Oak Ridge National 

Laboratory were subtracted from the raw data, with the remaining background modelled by a shifted 

Chebyshev function. The extended form of the profile function originally derived by von Dreele, 

Jorgensen, and Windsor was used to account for the Lorentzian broadening19. The lattice parameters, 

fractional occupancy of all oxygen sites, site occupancy for the multiple A-site cations, atomic 

Figure 5.11  (λ-λ0/λ0) of L3P1N3 as a function of temperature producing the TEC of 
a13.4 × 10-6 °C-1, showing that the material is compatible with other commonly used 
cell components. 
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displacement parameters, either isotropic or anisotropic, and positions of all sites were refined 

independently for each data set. Also refined were the Lorentzian and Gaussian width, J1, J2 and V2 

parameters, for each data set. Since DIFA, absorption, and scaling parameters should not vary with 

the increase in temperature for a sample, these parameters were constrained across the measured 

temperatures for each sample. X, Y, Z and Uiso were constrained to be the same for crystallographic 

equal La and Pr sites. Also constrained were the fractions of crystallographic equal Pr and La atoms to 

1. 

5.3.4.1 L3P1N3 Composition 

Several space groups such as tetragonal I4/mmm, orthorhombic Bmab, Fmmm and monoclinic P21/a 

have been proposed earlier for these materials 2, 11, 20, 21. The neutron diffraction patterns obtained at 

250˚C, followed by a least square refinement, concluded that this material crystallised with an 

orthorhombic structure adopting the Bmab space group. The lattice parameters were determined to 

be a = 5.42659(8) Å, b = 5.47701(8) Å and c = 27.9749(9) Å, and are in close agreement with the 

previously reported results for the end member materials11, 22-24. Similarly, the diffraction pattern 

collected at 800˚C was processed for Rietveld refinement and it fitted to a tetragonal space group 

I4/mmm. It is important to point out here that it confirms our earlier speculation based on in situ XRD 

experiments that there is a transition to the high-symmetry tetragonal structure in this composition 

at a800˚C. The lattice parameters obtained after refinement again agree well with the literature and 

are a = b = 3.87876(1) Å, and c = 28.2292(1) Å25. An impurity of a2% NiO was also detected in the 

neutron diffraction data, which was not observed by X-ray diffraction measurements. The refinements 

for both temperatures, 250 and 800 ˚C, along with F2 and R factors are illustrated in Figure 5.12. 

The transition to tetragonal I4/mmm high symmetry structure at 800˚C is clearly visible after close 

scrutiny of the 2.3 to 2.6 Å d-spacing range (inset, Fig. 5.12). A close inspection of the insets reveals 

the presence of two structural types as Bmab and I4/mmm at low and high temperatures respectively. 

The low-symmetry Bmab structure can be seen to show seven distinct reflections in the d-spacing 

range of 2.3-2.6 Å while as the high-symmetry I4/mmm structure only shows three reflections in the 

same d-spacing range, thereby proving the transition beyond any doubt. 
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Figure 5.12 Rietveld refinement of the two data sets obtained at 250˚C (F2= 4.134; 
Rp = 0.095 and wRp = 0.052) and 800˚C (F2= 4.406; Rp = 0.089 and wRp = 0.054). 
A a2% impurity of NiO was detected and was refined in cubic Fm3m space group. 
The transition to a tetragonal high symmetry structure is easily discernible after 
having a close scrutiny of 2.3 - 2.6 Å d-spacing range (* indicates the NiO impurity). 
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Figure 5.13 Ruddlesden-Popper unit cells for L3P1N3 structure. These structures are derived 
from Rietveld refinement of the neutron diffraction data collected at 250˚C (a) and 800˚C (b). 
The tilt in the NiO6 octahedra in the 250˚C data set is clearly visible.  
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It is further helpful to examine the structures using the crystallographic information files obtained 

after refinement and processing them through the CrystalMaker software package (Fig. 5.13). The tilt 

in the NiO6 octahedra in the 250 ˚C data set due to the lower orthorhombic symmetry is clearly visible 

when compared to the tetragonal structure obtained from the 800 ˚C refined data set. Tables 5.2 and 

5.3 below detail the refined parameters: 

Table 5.2 Orthorhombic space group Bmab Rietveld refinement parameters for L3P1N3 at 250˚C. (F2= 
4.134; Rp = 0.095 and wRp = 0.052) 

 

Table 5.3 Tetragonal space group I4/mmm Rietveld fit parameters for L3P1N3 at 800˚C. (F2= 4.406; Rp 
= 0.089 and wRp = 0.054) 

 

Fractional occupancy for the A-site cations, La and Pr, was refined and it appears that the 

stoichiometry arrived after refining the occupancy is slightly different, La3.2Pr0.8Ni3O10-G (G = 0.55 at 

250˚C and 0.38 at 800˚C) than the expected La3Pr1Ni3O10-G. A close look at the data in tables 5.2 and 

Atom                 Atomic displacement parameters (Å2) 𝘹 100                    Fractional 
                              U11/Uiso               U22                    U33                                occupancy 
La(1)                      1.3(1)                                                                                     0.66(3) 

Pr(1)                       1.3(1)                                                                                     0.34(3) 

La(2)                      1.4(2)                                                                                     0.96(5) 

Pr(2)                       1.4(2)                                                                                     0.04(5) 

O(1)                        3.9(5)               3.2(4)                 7.1(9)                                    1.0 

O(2)                        3.5(4)               0.6(4)                 4.4(4)                                    1.0 

O(3)                        1.6(5)               1.1(5)                 2.1(3)                                 0.73(2) 

O(4)                        1.7(3)               4.8(6)                 1.1(3)                                 0.86(2) 

O(5)                        1.1(2)                                                                                       1.0 

Atom                 Atomic displacement parameters (Å2) 𝘹 100                    Fractional 
                              U11/Uiso               U22                    U33                                occupancy 
La(1)                       2.5(1)                                                                                    0.66(3) 

Pr(1)                        2.5(1)                                                                                    0.34(3) 

La(2)                       2.7(2)                                                                                    0.96(5) 

Pr(2)                        2.7(2)                                                                                    0.04(5) 

O(1)                         0.6(4)               6.3(8)               1.1(1)                                  0.91(3) 

O(2)                         6.1(3)               6.1(3)               6.2(5)                                     1.0 

O(3)                         0.6(2)               3.5(3)               3.5(4)                                   0.84(2) 

O(4)                         6.6(4)               6.6(4)               1.7(4)                                   0.91(2) 
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5.3 shows that Pr preferentially orders itself to the 12-coordinated Pr(1) in the perovskite block as 

compared to the 9-coordinated Pr(2) in the rock-salt layer. This is counter-intuitive; given the lower 

size of Pr3+ ion than the La3+ ion, one would expect the ordering of the large lanthanide cation (La3+) in 

the 12-coordinated A-site in the perovskite layer (Fig. 5.17). 

The Ni(1)−O(2) and Ni(2)−O(4) bond lengths are telling; the bond distances at 250 ˚C were 1.91 Å and 

2.14 Å respectively. The bond lengths, as expected, are slightly elongated with the increase in 

temperature and were 1.94 Å and 2.17 Å respectively at 800 ˚C. The main reason for this large 

difference in the bond distances is the fact that O(4) is the apical O atom shared between both the 

perovskite layer and the rock salt layer structural units in these RP phases and is therefore exposed to 

competing crystal-chemical driving forces. In fact, the elongation of the Ni−O bond involving the apical 

O atom which projects into the rock-salt type layer is found throughout the Ruddlesden-Popper series. 

This further points to the preference of Ni3+ occupying the Ni(1) site and Ni2+ occupying the Ni(2) site 

and this kind of charge ordering has indeed been reported earlier for Ruddlesden-Popper phase 

materials20. 

The occupancies of all the oxygen sites were refined and it was observed that vacancies at low 

temperature were confined to O(3) and O(4) sites, meaning that the vacancies are distributed 

between both rock-salt and perovskite units of the structure. At high temperature, the oxygen 

vacancies spread to the O(1) position in the perovskite layer. The oxygen occupancies that refined to 

values within a standard deviation of 1.0 were held constant at full occupancy and no evidence of 

oxygen interstitials was observed in this material. The atomic displacement parameters for the oxygen 

atoms were the best fit with an anisotropic model except for the O(5) position at low temperature, 

and the thermal parameters show a considerable increase with the increase in temperature, which is 

expected. At 800˚C, U11 <�U33 < U22 for the O(1) site; U22 = U33 > U11 for the O(3) site and U11 = U22 > U33 

for the O(4) site (Table 5.3). The large ab plane anisotropy of the apical O(4) sites, particularly at the 

high temperature, points towards faster oxygen diffusion in these materials. This apical oxygen 

position is indeed known to exhibit an anisotropic Debye-Waller factor and has been widely reported 

for lower-order Ruddlesden-Popper K2NiF4 materials26-28. 

As was expected the oxygen stoichiometry decreases with the increase in temperature, due to the 

reduction of the B-site cation, pointing towards the expected decrease in the B-site cation average 

oxidation state. Taking into consideration the site occupancies, distances between these vacant O sites 

and the atomic displacement parameters, it is possible to envision the possible transport pathways in 

these materials. The distance between the defect sites at low temperature is 2.87 Å for O(3) and O(4) 

and 2.71 Å between O(3) sites. This suggests the transport pathways, O(3)−O(4)−O(3) and 
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O(3)−O(3)−O(4) will play the major role in oxide ion conduction in this system, with a slight preference 

to the later as it involves direct transport between closely situated O(3) sites. 

At high temperature, vacancies spread to the O(1) site and therefore the participation of three sites 

including O(3) and O(4) increase the number of possible total transport pathways. The distances at 

high-temperature increase slightly and were found to be: 2.74 Å between O(1) sites, 2.74 Å between 

O(3) sites and 2.90 Å between O(3) and O(4) sites. This suggests the two possible transport pathways 

O(1)−O(1)−O(1) / O(3)−O(3)−O(3) and O(3)−O(4)−O(3) will be preferred over other possible pathways 

because of the short distances involved and considerable vacancies present at these oxygen sites. This 

preference of a curved oxygen transport pathway such as O(1)−O(1)−O(1) around the NiO6 octahedra 

is expected and in agreement with the published literature for these materials2, 29, 30. 

The oxygen stoichiometry obtained by neutron diffraction was found to be 9.55±0.05 at 250˚C and 

9.38±0.05 at 800˚C. This decrease in oxygen content is entirely expected and has been reported earlier 

by other researchers for structurally related materials. The oxygen stoichiometry at room temperature 

obtained for this composition by iodometric titration was 9.76±0.05, and it appears to agree well with 

the neutron diffraction determined oxygen content, but it is important to keep in mind that the 

materials used for the iodometric titrations and neutron diffraction were synthesised in two separate 

batches, and it is, therefore, possible to observe discrepancies in these results. 

5.3.4.2 L1P3N3 Composition 

The neutron diffraction patterns obtained from the L1P3 composition were fitted using the tetragonal 

I4/mmm, orthorhombic Bmab, Fmmm and monoclinic P21/a space groups previously proposed for 

these materials, and it was found that this composition fits best to orthorhombic Bmab at both low 

and high temperature, and no transition to higher symmetry at higher temperature, as observed in 

the preceding material was observed for this composition. The lattice parameters at low temperature 

were determined to be a = 5.40228(2) Å, b = 5.47588(2) Å and c = 27.8315(2) Å, in close agreement 

with the previously reported results for these materials and also showing the decrease of lattice 

parameters with the increase in Pr content, reflective of the lower ionic radii of Pr3+ than La3+. Though 

there was no symmetry change observed in this material, lattice parameters showed the expected 

increase with the increase in temperature and were found to be a = 5.45307(1) Å, b = 5.49716(1) Å 

and c = 28.0873(2) Å at 800˚C. An impurity of a2 % NiO, as found in the preceding composition, was 

also found in this composition after refining the neutron diffraction patterns. The refinements for both 

the temperatures along with F2 and R factors are illustrated in Fig. 5.14, followed by the presentation 

of atomic displacement parameters and fractional occupancies in tables 5.4 (250˚C) and 5.5 (800˚C). 
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An important point to note here is the relatively higher F2 values; this is primarily due to the data 

quality. 

  

Figure 5.14 Rietveld refinement of the two data sets obtained at 250˚C (F2= 8.55; 
Rp = 0.104 and wRp = 0.077) and 800˚C (F2= 11.53; Rp = 0.095 and wRp = 0.065). A 
a2% impurity of NiO was detected and was refined in cubic Fm3m space symmetry 
(* indicates the NiO impurity). 
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Table 5.4 Orthorhombic space group Bmab Rietveld fit parameters for L1P3N3 at 250˚C. (F2= 8.55; Rp 
= 0.104 and wRp = 0.077) 

 

Table 5.5 Orthorhombic space group Bmab Rietveld fit parameters for L1P3N3 at 800˚C. (F2= 11.53; Rp 
= 0.095 and wRp = 0.065) 

 

The fractional occupancy for the A-site cations, La and Pr was refined and it was observed the 

stoichiometry slightly differs from the expected La1Pr3Ni3O10-G, and was found to be La0.94Pr3.06Ni3O10-G 

(G = 0.60 at 250˚C and 0.31 at 800˚C). Again, as observed in the previously discussed composition 

L3P1N3, Pr preferentially orders itself to the 12-coordinated A-site in the perovskite block as 

compared to the 9-coordinated A-site in the rock-salt layer (Fig. 5.16). Further, the oxygen 

stoichiometry obtained by neutron diffraction was found to be 9.60±0.05 at 250˚C and 9.31±0.05 at 

800˚C, and it again appears to agree well with the iodometric titration based calculations which 

Atom                 Atomic displacement parameters (Å2) 𝘹 100                    Fractional 
                              U11/Uiso               U22                    U33                                occupancy 
La(1)                      1.1(3)                                                                                    0.13(5) 

Pr(1)                       1.1(3)                                                                                    0.87(5) 

La(2)                      0.9(3)                                                                                    0.34(9) 

Pr(2)                       0.9(3)                                                                                    0.66(9) 

O(1)                        6.1(1)              7.7(9)                3.9(1)                                    1.0 

O(2)                        4.8(7)              0.4(3)                4.0(7)                                    1.0 

O(3)                        2.4(7)              3.5(8)                2.1(4)                                  0.80(4) 

O(4)                        0.7(4)              4.8(10)              1.9(6)                                  0.93(4) 

O(5)                        0.07(14)                                                                                 1.0 

Atom                 Atomic displacement parameters (Å2) 𝘹 100                    Fractional 
                              U11/Uiso               U22                    U33                                occupancy 
La(1)                     3.3(3)                                                                                      0.24(4) 

Pr(1)                      3.3(3)                                                                                      0.76(4) 

La(2)                     1.5(3)                                                                                      0.17(7) 

Pr(2)                      1.5(3)                                                                                      0.83(7) 

O(1)                       5.4(9)              5.7(8)                 4.6(1)                                   0.89(4) 

O(2)                       3.3(7)              4.4(8)                 4.8(8)                                     1.0 

O(3)                       1.4(6)              1.4(7)                 2.3(8)                                   0.88(5) 

O(4)                       6.8(9)              4.6(2)                 2.7(7)                                   0.91(4) 

O(5)                       2.4(0)              4.5(9)                 0.8(6)                                   0.93(5) 
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yielded oxygen content 9.76±0.05 at room temperature. Again, the batches of materials used for the 

iodometric titrations and neutron diffraction were synthesised in two separate batches, and it is 

entirely possible to observe slight discrepancies in these results. 

Furthermore, the Ni(1)−O(2) and Ni(2)−O(4) bond lengths obtained after refinement was found to 

agree with the concept of elongation of the Ni−O bond involving the apical O(4) because of the fact 

that this oxygen atom is shared between both perovskite and rock salt block units of the structure in 

these materials, which exposes this Ni−O bond to competing crystal-chemical forces. The bond 

distances at low temperature were found to be 1.97 Å and 2.18 Å respectively. This significant bond 

length difference has also been explained in terms of charge ordering in which Ni(1) is predominantly 

in Ni3+ oxidation state and Ni(2) in Ni2+ oxidation state. 

The occupancies of all the oxygen sites were refined and similar to the L3P1N3 composition, it was 

observed that vacancies at low temperature were confined to the O(3) perovskite unit and O(4)rock-

salt unit, with the majority of vacancies in the perovskite unit of the structure. The oxygen occupancies 

which refined to values within a standard deviation of 1.0 were held constant at full occupancy and 

again no evidence pointing towards the presence of oxygen interstitials was found. At high 

temperature, the oxygen vacancies spread to O(1) and O(5) positions in the perovskite layer. The 

presence of the majority of oxygen vacancies at the O1 and O5 sites of the perovskite unit of the 

structure indicates a probable pathway for oxygen vacancy mediated transport between these two 

positions in the perovskite layer. It can also be seen that there appears to be a preferential presence 

of vacancies at equatorial oxygen positions, O(1) and O(3) in these materials. The atomic displacement 

parameters for the oxygen atoms were the best fit with an anisotropic model except for the O(5) 

position at low temperature, refining of which as anisotropic atom led to an unphysical model (Tables 

5.4 and 5.5).  

The possible transport pathway for oxygen at low-temperature appears to be O(3)−O(4)−O(3) and 

O(3)−O(3)−O(4) given the distances between O(3) and O(4) are 2.94 Å and 2.70 Å between O(3) sites, 

and it is expected that the O(3) and O(4) make a predominant contribution to oxide ion conduction in 

this material, very similar to the observations of L3P1N3 composition discussed previously. As with 

the increase in temperature, more vacancies are created and thus the possibility of more available 

transport pathways for the transport of oxygen atoms. The distances between the atoms increased 

slightly with the temperature and were found to be 2.73 and 2.77 Å between O(1) sites, O(3) sites and 

O(5) sites, 2.76 Å between O(4) and O(5), 2.79 Å between O(3) and O(5) and 2.98  Å between O(3) and 

O(4). This suggests predominant participation of fractionally vacant sites via pathways such as 

O(1)−O(1)−O(1), O(3)−O(5)−O(3) and O(3)−O(4)−O(5) with a possible preference to the first and 



 129 

second pathways because of the relatively shorter distances and high vacancy concentration observed 

at O(1) and O(3) sites. 

5.3.4.3 L2P2N3 Composition 

L2P2N3 was also fitted with different models and it was observed that materials crystallise in 

orthorhombic Bmab space group and this same symmetry was retained at high-temperature, thereby 

mimicking the L1P3N3 material. Atomic displacement parameters and fractional occupancies 

obtained after refinements are illustrated in Tables 5.6 (25˚C) and 5.7 (600˚C) followed by Rietveld 

refinements for both temperatures along with F2 and R factors are presented in the Fig 5.15. 

Table 5.6 Orthorhombic space group Bmab Rietveld fit parameters for L2P2N3 at 25˚C. (F2= 1.91; Rp = 
0.065 and wRp = 0.03). 

Table 5.7 Orthorhombic space group Bmab Rietveld fit parameters for L2P2N3 at 600˚C. (F2= 1.52; Rp 
= 0.057 and wRp = 0.027). 

Atom                 Atomic displacement parameters (Å2) 𝘹 100                    Fractional 
                              U11/Uiso               U22                    U33                                occupancy 
La(1)                       0.9(7)                                                                                     0.67(2) 

Pr(1)                        0.9(7)                                                                                     0.33(2) 

La(2)                       0.5(9)                                                                                     0.36(3) 

Pr(2)                        0.5(9)                                                                                     0.64(3)    

O(1)                        3.0(4)               3.8(4)                3.8(3)                                   0.96(2) 

O(2)                        0.2(2)               1.0(2)                2.6(3)                                     1.0 

O(3)                        0.6(2)               1.0(3)                1.8(3)                                   0.98(2) 

O(4)                        2.0(3)               0.8(3)                0.8(2)                                     1.0  

O(5)                        0.6(3)                                                                                       1.0 

Atom                 Atomic displacement parameters (Å2) 𝘹 100                    Fractional 
                              U11/Uiso               U22                    U33                                occupancy 
La(1)                     2.1(1)                                                                                     0.67(2) 

Pr(1)                      2.1(1)                                                                                     0.33(2) 

La(2)                     1.2(1)                                                                                     0.36(3) 

Pr(2)                      1.2(1)                                                                                     0.64(3) 

O(1)                       3.9(5)               3.2(4)                4.4(6)                                  0.89(2) 

O(2)                       3.3(3)               1.9(3)                2.8(2)                                    1.0 

O(3)                       0.9(3)               0.4(2)                2.6(4)                                    1.0 

O(4)                       3.7(4)               6.3(6)                2.4(3)                                  0.98(1) 

O(5)                       3.5(5)               4.2(5)                0.6(3)                                  0.98(2) 
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 Figure 5.15 Rietveld refinement of the two data sets obtained at 25˚C (F2= 1.91; Rp = 
0.065 and wRp = 0.03) and 600˚C (F2= 1.52; Rp = 0.057 and wRp = 0.027). A a2% 
impurity of NiO was detected and was refined in cubic Fm3m space symmetry (* 
indicates the NiO impurity). 
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It is important to reiterate here that this composition was studied at ISIS and the measurements were 

collected at 25˚C and 600˚C. It is also evident that the data quality is superior in this case and is 

reflected in the sharpness of diffraction peaks and later in the refinements, with F2 under 2 in both 

low and high-temperature refinements. This is in contrast to the refinements of the other two 

compositions, L1P3N3 and L3P1N3 studied at Oak Ridge wherein the data quality is slightly poor. 

The lattice parameters obtained at room temperature and 600˚C were a = 5.38877(3) Å, b = 5.46096(3) 

Å, c = 27.7683(2) Å and a = 5.44147(2) Å, b = 5.48238 (3) Å, c = 28.0310(1) Å respectively. It is 

interesting to note here that the refinement of diffraction data collected by the high resolution 

detector (bank 5) at ISIS showed that the material adopts monoclinic P121/a1 space group symmetry 

at room temperature (Fig. 5.16). The lattice parameters obtained were a = 5.38738(1) Å, b = 

5.45955(1) Å, c = 27.7585(1) Å and cell angles obtained being: α = γ = 90.0 and β = 90.252(4). This is 

interesting and suggests that the material could be biphasic (monoclinic and orthorhombic). The fit 

presented below is Le Bail as it is was particularly difficult to pursue Rietveld refinement with such a 

complex model. High quality data will be required for Rietveld refinement purpose. 

 

 

 

 

 

 

 

 

Figure 5.16 Le Bail refinement of the room-temperature high-resolution (bank 5) L2P2N3 
data set in monoclinic P121/a1 space group (F2= 4.10; Rp = 0.0168 and wRp = 0.0105). 
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After refining the fractional occupancy for the A-site cations, La and Pr, a slight difference of 

stoichiometry (La2.07Pr1.93Ni3O10-G; G�= 0.88 at 25˚C and 0.73 at 600˚C) from the expected stoichiometry 

of La2Pr3Ni3O10-G was observed. In marked contrast to the above discussed two compositions, Pr in this 

composition preferentially orders itself into the 9-coordinated A-site in the rock-salt block as 

compared to the 12-coordinated A-site in the perovskite block of the structure (Fig. 5.17). This 

ordering of smaller lanthanide preferring the site in rock-salt layer is driven by the size difference of 

A-site cations and has been reported for mixed A-site Ruddlesden-Popper phase materials31. The 

Ni(1)−O(2) and Ni(2)−O(4) bond lengths continue to show a significant difference, 1.92 Å and 2.09 Å, 

respectively because of the elongation of the Ni−O bond involving the apical O(4) which is subjected 

to competing crystal-chemical driving forces.  

The occupancies of all the oxygen sites were refined and it was observed that vacancies at room 

temperature were confined to equatorial O(3) and O(1) oxygen positions in the perovskite unit of the 

structure. At high temperature, the majority of the oxygen vacancies were refined to O(1) position 

and limited vacancies were observed at the O(5) position. This observation of vacancies in the 

perovskite layers of the Ruddlesden-Popper structure has earlier been reported by many researchers 

for these materials2, 32-37. However, as discussed above in L3P1N3 and L1P3N3 compositions we do 

find some evidence of vacancies being present in the rock-salt layer, though lesser than the vacancies 

located in the perovskite layer of the structure. Further, the oxygen stoichiometry obtained by neutron 

diffraction was found to be 9.88±0.05 at 25˚C and 9.73±0.05 at 600˚C, which, however, is very far from 

the oxygen content of 9.65±0.05 determined by calculations based on iodometric titrations. One 

possible reason could be the fact that these measurements were carried out by using materials 

synthesised in two different batches, plus the higher chances of experimental error in the iodometric 

titrations method. 

Figure 5.17 Illustration of A-site coordination in rock-salt block (9-coordinated) and perovskite block 
(12-coordinated) of the Ruddlesden-Popper structure. 
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Taking into consideration the observation that the majority of vacancies are located at the O(1) 

position at 600˚C, it is expected that any transport mechanism must involve this site. The distances 

between the vacant sites were found to be: 2.72 Å between O(1) sites; 2.76 Å between O(4) and O(5) 

sites and 2.72 Å between O(5) sites. As such transport pathways O(1)−O(1)−O(1) and O(5)−O(4)−O(5) 

were proposed with significant preference to the curved pathway of O(1)−O(1)−O(1) around NiO6 

octahedra, thereby corresponding well with the published literature for such materials2, 29, 30. 

Tables are provided in appendices detailing the refined x, y, z and Uiso parameters for all the 

compositions. 

5.4 SUMMARY 

This chapter discussed in detail the neutron diffraction of all three compositions, L1P3N3, L2P2N3 and 

L3P1N3. The main focus of the study was to look at the structural evolution with the increase in 

temperature and the study of oxygen defects in these materials. Neutron diffraction measurements 

were also examined for the possibility of a structural transition correlating to the anomalies in total 

conductivity measurements in the temperature range 250˚C to 350˚C, and it confirmed our earlier X-

ray diffraction conclusion of there being no structural transition. Since the materials are being studied 

for high-temperature SOFC devices, the lattice parameter evolution was studied and properties such 

as TEC were calculated. Lattice parameters as expected showed a linear increase with the increase in 

temperature, but the increase was higher in c parameter and it was attributed to the cumulative effect 

of layers stacked along the c crystallographic direction and the observation that expansion along the 

c axis is less restricted by the expansion of the rock-salt layers. The b parameter showed only a slight 

increase when compared to a parameter, which indicated the increase in orthorhombic strain with 

the increase in temperature. TEC was calculated for all the composition and it was found to be in the 

range a13.0 - 13.4 × 10-6 °C-1, which is compatible with the commonly used electrolyte materials for 

SOFCs. The neutron diffraction measurements were also used to obtain the stoichiometry of materials 

and it was found that all the systems were understoichiometric. Possible oxygen transport pathways 

were also proposed after taking into consideration the vacancies bearing oxygen sites, thermal 

parameters and distances between these sites. It was observed that the majority of the vacancies 

were confined to perovskite layers, with particular preference to equatorial oxygen sites. We, 

however, did observe some presence of vacancies in rock-salt layers of L1P3N3 and L3P1N3 

compositions, contrary to the earlier reports in Ruddlesden-Popper phase materials.  
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Evaluation of La2Pr2Ni3O9.65 AS AN SOFC CATHODE 
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6.0 – EVALUATION OF La2Pr2Ni3O9.65 AS AN SOFC CATHODE 

This chapter will discuss the preliminary SOFC cathode performance of L2P2N3 in both half-cell and 

single-cell modes. As stability issues faced in the lower-order Ruddlesden-Popper phases such as LNO 

and PNO was one of the main motivations to focus on higher-order n = 3 Ruddlesden-Popper phases, 

the discussion will be opened with the ageing study of all the three compositions. This will be followed 

by the study of L2P2N3 as an SOFC cathode and will include the cell fabrication methods used and 

electrochemical impedance spectroscopy (EIS) measurements, with a particular focus on ASR of half-

cells and current and power density of the cell. Preliminary SEM studies were also performed to 

interpret the performance in terms of the microstructure and electrode/electrolyte interface 

structure. Finally, the performance of this composition will be put in the larger perspective of 

Ruddlesden-Popper phase materials as SOFC cathodes. 

6.1 AGEING STUDY 

As discussed already the major challenge with lower order Ruddlesden-Popper cathode materials is 

stability; Ni2+/Ni3+ impurity phase formation has been reported by Amow and co-workers after heating 

LNO in the air for two weeks at 900˚C1, 2. Other studies also confirmed the stability problems 

Figure 6.1 XRD patterns of as-synthesised L2P2N3 powder and after heating at 850°C 
for 2 weeks in air. The diffractograms confirm the integrity of L2P2N3 material even 
after heating for two weeks. 
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associated with n = 1 Ruddlesden-Popper phases3-5; Vibhu et al. also studied the influence of La:Pr 

ratio in these phases and found that extent of the decomposition of LPNO into n = 3 Ruddlesden-

Popper phases, perovskite and Pr oxides increases with increase in Pr content5. Thus, it was thought 

important to start with the ageing study of our newly synthesised compositions. 

In order to undertake the ageing study, the materials were pressed (0.04 MPa) into 13 mm diameter 

pellets using a uniaxial press, followed by the Cold Isostatic Press (300 MPa) in order to densify the 

pellets. The pellets were later put in a furnace, ramped to 850°C at 2°C per minute, and held there for 

two weeks. Figure 6.1 above illustrates and compares the XRD patterns of L2P2N3 powder in its as-

synthesised form and after heating the pellet for two weeks at 850°C. 

As can be clearly seen the X-ray diffractograms after the heating show that the L1P3N3 phase 

remained stable (Fig. 6.1) after prolonged heat treatment. The absence of any additional peaks with 

regard to the as-synthesised XRD pattern confirms the stability of the material after heating for two 

weeks at 850°C air. Similarly, the other two compositions, L1P3N3 and L3P1N3 show no additional 

peaks (Fig. 6.2) and thus it was concluded that all our compositions were stable and did not 

decompose in contrast with the lower-order Ruddlesden-Popper such as LNO and PNO. It, however, 

is no surprise because it has been reported by researchers as well that the other n = 3 Ruddlesden-

Popper compositions such as L4N3 and P4N3 are stable1-3, 7. 

 

 

 

Figure 6.2 XRD patterns of as-synthesised L1P3N3 and L3P1N3 powders and after heating at 850°C for 
2 weeks in air. The diffractograms confirm the integrity of compositions after heating the materials for 
two weeks. 
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6.2 PERFORMANCE OF L2P2N3 AS AN SOFC CATHODE 

6.2.1 Cell Preparation 

The commercially available La0.8Sr0.2Ga0.8Mg0.2O3-G (LSGM) electrolyte powder, purchased from 

fuelcellmaterials, USA, was pressed (0.04 MPa) into 19 mm diameter disks using a uniaxial press, 

followed by sintering at 1400 ˚C for 6 hours. The LSGM pellets after sintering were polished by silicon 

carbide paper (320 grit) to the thickness of 300-400 Pm.  NiO–GDC (Gd0.1Ce0.9O2-G), in the weight ratio 

of 6:4 was used as the anode and the prepared L2P2N3 as the cathode. Both half and single 

electrolyte-supported cells were fabricated by a screen-printing technique. The electrode slurries 

were prepared by mixing homogeneously the electrode powders with D-terpineol solution with 6 wt. 

% ethylene cellulose in a weight ratio of 2:1 respectively. 

For symmetrical cells of L2P2N3|LSGM|L2P2N3, the L2P2N3 ink was screen-printed on both sides of 

the LSGM electrolyte pellet symmetrically, with an active area of 0.5 cm2, followed by calcining at 

1000˚C for 2 hours. For a single cell with the configuration of NiO-GDC|LSGM|L2P2N3, Ni–GDC anode 

ink was screen-printed on the LSGM pellet and subsequently calcined at 1250 ˚C for 2 hours. Finally, 

the L2P2N3 ink was applied on the other side of the LSGM electrolyte pellet and fired at 1000 ˚C for 2 

hours. The active area of both anode and cathode was 0.5 cm2. Ag paste was used as the current 

collector, which was painted in a grid structure on both sides of the cells and calcined at 700 ˚C for 

half an hour. Humidified H2 (a3% H2O) was fed as fuel to the anode with a flow rate of 40 ml min-1, 

and pure oxygen as an oxidant to the cathode at 100 ml min-1. Impedance measurement of the half 

and single-cells were performed using a Solartron 1260 impedance gain/phase analyser in 

combination with a Solartron 1287 electrochemical interface in the 0.1 to 106 Hz frequency range with 

a perturbation amplitude of 10 mV in the air (20 ml min-1). The current-voltage (I–V) curves were 

recorded in the range of 700–850oC by using a Solartron 1287 Electrochemical interface controlled by 

CorrWare software, where the cell voltage was varied from OCV to 0.3 V. 

 

6.2.2 Area Specific Resistances 

Normally the contributions to the cell resistance from different components such as anode, 

electrolyte, and cathode are separated and normalised by the cell area to obtain the so-called ASR. 

This parameter is useful because it allows the comparison of different research reports on the same 

or different materials. Mathematically ASR is defined by the equation below: 

𝐴𝑆𝑅 =  𝑅𝑝× 𝐴
2

                                           Equation 6.1 
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where Rp is polarisation resistance of the electrode and A is an area of active of the electrode. 

This is one of the main reasons for using the Nyquist plot as a means of presenting impedance 

measurement data because it allows for the easy comparison of materials performance. It is also 

pertinent here to mention that an ASR goal of 0.15 Ωcm2 per cell component is to be kept in mind 

when assessing the practical use of materials8. This target of 0.15 Ωcm2 comes from the fact that for 

a reasonable cell performance, the cell specific resistance should not exceed the value of 0.45 Ωcm2, 

which translates into a value of 0.15 Ωcm2 or less for each component of the cell; anode, cathode and 

electrolyte9.  

6.2.3 Half-cell Electrochemical Performance 

The use of LSGM as the electrolyte for cell testing was selected primarily because it is a very good low-

temperature electrolyte10 and its reported superior performance and chemical compatibility with 

Ruddlesden-Popper phases1, 11, 12. As discussed in preceding chapters, AC impedance spectroscopy is 

typically used for half-cell measurements and thus the cathode performance of L2P2N3 was evaluated 

by AC impedance measurements of the symmetrical cell, L2P2N3|LSGM|L2P2N3. The typical Nyquist 

plots and fitting results with equivalent circuit LR(CPE1R1)(CPE2R2) are shown in Figure 6.36, where L 

is the inductance, R represents the ohmic resistance, and (CPE1R1) and (CPE2R2) represent the 

constant phase element and resistance of the processes at high and low frequencies, respectively. 
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L R R1

CPE1

R2

CPE2

Element Freedom Value Error Error %
L Free(+) 1.8951E-06 N/A N/A
R Free(+) 1.669 N/A N/A
R1 Free(+) 1.357 N/A N/A
CPE1-T Free(+) 0.0038707 N/A N/A
CPE1-P Free(+) 0.73857 N/A N/A
R2 Free(+) 0.73621 N/A N/A
CPE2-T Free(+) 0.29498 N/A N/A
CPE2-P Free(+) 0.83528 N/A N/A

Data File:
Circuit Model File: C:\Users\may214\OneDrive - Imperial Coll

ege London\OneDrive\Raw Data and Analysi
s\USTB\2016-9-9-Ni-GDC-LDC-LSGM\cell-700
-2h-1.mdl

Mode: Run Fitting / Selected Points (0 - 0)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus

100 

101 100 101 

Figure 6.3 Nyquist plots recorded for La2Pr2Ni3O9.64 oxygen electrode at 700 °C and 750 
°C. Dotted lines represent the data and solid lines the fit to the equivalent circuit 
LR(CPE1R1)(CPE2R2). Inset shows the equivalent circuit used (reproduced with 
permission from ref. 6). 
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The number of semi-circles observed in the Nyquist plots can be interpreted in terms of the process 

occurring at the cathode site. Since it has been proposed that the high-frequency arc is mainly related 

to the charge transfer process, in this case, the rate-limiting step of the electrode reaction appears to 

be the charge transfer process13, 14. It is interesting and counterintuitive because usually it is expected 

that the charge transfer of oxygen ions between the cathode and the electrolyte is a minor 

contribution to overall resistance. This unusually high interfacial resistance contribution points to the 

poor adherence of the cathode material to the electrolyte pellet and will be further discussed in the 

next section. The low-frequency arc is associated with the molecular oxygen dissociation process in 

such materials13, 14 and it is important here to note that this contribution dominates at high 

temperatures, 800°C and 850°C (Fig. 6.4). Also highlighted and contrasted by red and blue colour in 

Table 6.1). It is also interesting to note here that the polarisation resistance associated with the low-

T/˚C L/H R/Ωcm2  R-HF (R1)/Ωcm2 R-LF (R2/R2+R3)/Ωcm2 
700 1.89x10-6 0.84 0.68 0.37 
750 1.93x10-6 0.60 0.32 0.23 
800 1.98x10-6 0.47 0.15 0.19 
850 2.14x10-6 0.40 0.09 0.17 

Table 6.1 Polarization resistances as a function of temperature for the symmetrical cell, 
L2P2N3|LSGM|L2P2N3 obtained from the data fitting with equivalent circuit LR(CPE1R1)(CPE2R2) 
(CPE3R3). 

Figure 6.4 Nyquist plots recorded for La2Pr2Ni3O9.64 oxygen electrode at 800°C and 850°C, 
showing the role reversal wherein the dominant contribution to overall polarisation 
resistance comes from low-frequency contribution, in contrast to dominant contribution 
from high-frequency contribution at 700˚C and 750˚C. 
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frequency response is lower than the polarisation resistance associated with the high-frequency 

response at lower temperatures, 700˚C and 750˚C but is the other way around at high temperatures, 

800˚C and 850˚C (Table 6.1). This implies that at high temperatures charge transfer ceases to be the 

rate-determining step and it is now dissociation of molecular oxygen that contributes heavily to overall 

resistance. A further difference observed at high-temperatures was that there are two separate arcs 

in the low frequency region. The two corresponding resistances obtained to these two separate 

responses in this low-frequency region are added so as to compare this value to the resistance 

corresponding to the value obtained in high-frequency region. 

 

The normalized area-specific resistance (ASR) values for the symmetrical cell at different temperatures 

are shown in Fig. 6.5. At 800˚C, an ASR of 0.34 Ωcm2 was found, with an activation energy of 0.63 eV. 

The polarisation resistance decreased systematically with the increase in measurement temperature 

which is indicative of thermal activation behaviour of the electrode reaction process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is by no means a favourable performance but it is promising when compared to the La analogue, 

La4Ni3O9.78, which was reported to have an ASR of 1.0 Ωcm2
, at 800 ˚C under similar conditions by 

 

Figure 6.5 Log (area-specific resistance) vs. 1000/T for La2Pr2Ni3O9.64 cathode, 
indicating the thermal activation behaviour of the electrode reaction process. 



 143 

Amow and coworkers2. However Sharma et al. recently achieved an ASR of 0.05 Ωcm2 at 800˚C by 

electrostatic spray deposition of La4Ni3O10-G��on a CGO substrate15. The two main features that 

contribute to this superior performance were found to be the improved percolation and tight 

adherence of the electrode materials to the electrolyte surface. Also, Vibhu et al. recently reported 

ASR of 0.16 Ωcm2 for the Pr analogue, Pr4Ni3O10.10, operating at 600˚C7. This promising performance 

was obtained by optimising the cell sintering process, cathode structure, and using YSZ as the 

electrolyte. It is also important to keep in mind that replacing La with Pr tends to improve the 

performance of the material in Ruddlesden-Popper phases. They, however, had to use a CGO 

interlayer since Ruddlesden-Popper phases have been known to react with YSZ7, 16. Nonetheless, the 

studies by Sharma et al. and Vibhu et al. of the two end members indicate significant potential for 

optimisation of the electrode structure, in terms of its microstructure, porosity, thickness and 

electrode-electrolyte contact to improve the electrochemical performance of this new electrode. 

 

6.2.4 Single-cell Electrochemical Performance 

A fuel cell, in practice, consists of several single cells called Single Repeat Unit (SRU). These SRU’s are 

separated by interconnects to form a cell "stack”. Therefore, the power of a cell depends on the 

number of SRU’s constituting the stack, and power density of stacks has been one of the development 

issues with SOFCs. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6 Voltage and power density versus current density plots for single-
cell L2P2N3|LSGM|NiO–GDC with humidified pure hydrogen as fuel and 
pure oxygen as an oxidant. 
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The major constraint to the commercialization of SOFCs has been identified as cost and one way to 

tackle this is to improve the output power density of SOFCs. In this regard, a single-cell with the 

configuration, NiO-GDC|LSGM|L2P2N3 was constructed to evaluate the current and power density of 

L2P2N3 electrode based cell. The cell was tested under open circuit conditions with open circuit 

voltage (OCV) of 1.10 V which agrees well with the theoretical OCV calculated from the Nernst 

equation. The maximum power densities at different temperatures obtained were: 238 mW cm-2 at 

850°C; 186 mW cm-2 at 800°C; 131 mW cm-2 at 750°C and 81 mW cm-2 at 700˚C. The results obtained 

are acknowledged to be relatively low but given the room for optimisation of the electrode structure 

and potential to reduce the electrolyte thickness, it is expected that the power density would 

significantly improve. It is also important to note the sharp drop in the current density in Fig. 6.6, which 

indicates room for improvement in the performance by means of improving the microstructure of the 

cell. 

6.2.5 Microstructural Studies of the Cathode Structure Using SEM 

In order to understand the performance in the context of end-member reports by Sharma et al. and 

Vibhu et al. and unusually high interfacial resistance contribution to overall resistance, it was thought 

Figure 6.7 Secondary Electron SEM images of as-sintered cells. 5.6a depicts the voids in the cathode 
structure while 5.6b shows the considerable densification taking place while sintering the cell. Fig 5.6c 
and 5.6d, the cross-section view show the limited electrode adherence to electrolyte (reproduced from 
ref. 6). 
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pertinent to do some preliminary microstructure studies of cells in both top and cross-section view. 

Fig. 6.7 illustrates the SEM micrographs obtained before performing the cell measurements. Fig. 6.7a 

and 6.7b show the top-view and Fig. 6.7c and 6.7d show the cross-section view of secondary electron 

SEM images of as-sintered cells. Fig. 6.7a shows that the cathode particles are slightly elongated in 

shape and this shape seems to have a negative impact on particle interconnectivity. This is in contrast 

to the Sharma and co-workers report where they have superior particle interconnectivity and thus the 

promising performance15. Further in Fig 6.7a, there are a series of cavities throughout the cathode 

structure, which again are expected to contribute negatively to the cell performance. The significant 

particle densification (a10 x 10 Pm) of the cathode ink in Fig. 6.7b is again a cause of the poor 

performance and particle coarsening is known to reduce the electrode/electrolyte contact. As 

expected, the SEM images (Fig 6.7c and 6.7d) show the poor adherence of the electrode to the LSGM 

electrolyte. The open space of almost a2Pm between the surface of the electrolyte and the screen-

printed cathode material in Fig. 6.7d is certainly not a good observation but does indicate room for 

contact optimisation. This observation supports the impedance spectroscopy results that suggested 

the charge transfer of oxygen ions between the cathode and the electrolyte could be the rate-limiting 

factor and thus the major contribution to overall cell polarisation resistance at low temperatures 

(700˚C and 750˚C). One important information the cross-section image (6.7d) provides is that there is 

a need for increasing the number of electrolyte/electrode contact points. Overall, the poor 

microstructure and limited adherence of the electrode to the electrolyte indicated further room for 

optimisation of the cell in order to realise better performance. 

6.2.6 Important Observations on Performance 

The preliminary performance study of L2P2N3 as discussed above shows it performs better than 

reported by Amow and co-workers for La4Ni3O9.78
2. Since it is well-known that cell fabrication, in 

particular, the electrode microstructure has a heavy influence on the ASR values obtained and it is 

precisely the reason why the comparison with the above-mentioned study is pertinent because the 

cell design and fabrication in both studies were similar. It, however, is important to stress that the 

same composition, La4Ni3O10-G as reported by Sharma et al. was made to show promising performance 

by careful microstructure optimisation and interface adherence. Similarly, the studies by Vibhu et al. 

on Pr4Ni3O10.10 show how the cell sintering can be optimised to achieve superior performance in this 

materials7. So the important lesson here is that we should not always look for new promising material 

families but also optimise the already identified potential materials. This theme will be built further 

and discussed in the next chapter of this thesis. 
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6.2.7 XRD after EIS Measurements 

In order to make sure that the material retained its structural integrity after the impedance 

measurements, the top surface affixed with the screen-printed electrode material was exposed to X-

ray diffraction. Fig. 6.8 compares the XRD pattern of as synthesised powder of the material with the 

half-cell tested material. No significant changes in the XRD pattern of tested material were observed. 

This absence of any additional peaks thus confirms that the material retains the structural integrity 

during the cell measurements. 

We have further observed in the preceding chapter that the synthesis of these materials is 

complicated and impurities such as NiO and lanthanide oxides result with minor changes in 

temperature and reagent ratios. So, it is important to keep track of the structural integrity of these 

materials at regular steps during the measurements such as total conductivity, half-cell and single-cell 

testing. It is pertinent to recall the in situ high-temperature XRD discussed in the preceding chapter, 

wherein the material remains stable till 850˚C, except a possible transition from the room-

temperature orthorhombic to high-symmetry tetrahedral symmetry at high temperature (a800˚C). 

Figure 6.8 XRD patterns comparison of as-synthesised L2P2N3 and XRD pattern collected after 
the impedance measurements showing that material retains the structural integrity during the 
measuremets. 
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6.3 SUMMARY 

This chapter discussed the ageing studies of all the three compositions and electrochemical studies of 

a new higher order Ruddlesden-Popper phase of the composition, La2Pr2Ni3O9.64. Ageing the materials 

for two weeks showed that the materials were stable and retained their structural integrity. EIS was 

used to determine the cathode performance, and ASR of 0.34 Ωcm2 was observed at 800˚C, and single-

cell measurements revealed a maximum power density of 186 mW cm-2 at 800°C. Since the unusually 

dominant contribution for ASR was coming from the charge transfer process, it was concluded that 

the electrode adherence to electrolyte pellets might be limited. This indeed was the case and 

microstructural analysis indicated very poor adherence of the cathode to the electrolyte and also 

limited cathode particle interconnectivity. Furthermore, comparisons with the recent studies on two-

end members showed that there is ample room for electrode microstructure manipulation to improve 

the performance of this new material. 
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7.0 – CATHODE PERFORMANCE OPTIMISATION 

This chapter builds on the preceding chapter and the first part of this chapter will discuss the cathode 

performance of the LaPr3Ni3O9.76 material in both symmetrical and single-cell configurations. The 

broad theme of this chapter is to find a solution to the problems of poor microstructure and 

insufficient electrode adherence to the electrolyte pellet, identified as major sources of the relatively 

poor electrochemical performance of the La2Pr2Ni3O9.65 composition in the preceding chapter1. This 

discussion will open with an introduction and will detail the rationale behind the optimisation of 

electrode performance, referring to relevant literature studies. This will be followed by 

electrochemical performance and microstructure studies. The lessons learned here will be 

implemented in studying the performance of the other two compositions, La2Pr2Ni3O9.65 and 

La3PrNi3O9.76 followed by single-cell testing of all three compositions to be discussed towards the end 

of this chapter. 

7.1 INTRODUCTION 

The lowering of operational temperatures is one of the key tasks in SOFC development in order to 

combat materials degradation and hence increase device lifetime2. One way of finding a solution to 

this challenge has been to look for novel promising materials such as mixed ionic and electronic 

conducting (MIEC) materials which afford better performance at intermediate-temperatures (600-

800°C) because of their extended involvement in the oxygen reduction reaction (ORR) occurring at 

the cathode3-5. Another approach to improve the performance of SOFC devices at intermediate 

temperatures is to engineer the materials and cell construction. 

The preceding chapter detailed the preliminary solid oxide fuel cell cathode performance studies of 

the La2Pr2Ni3O9.65 composition. The best performance, an Area Specific Resistance (ASR) of 0.34 Ω cm2 

at 800˚C, was observed and two important observations of poor cathode microstructure and its 

adherence to the electrolyte were noted1. The poor adherence of the electrode material pointed 

towards the vital significance of the electrode/electrolyte interface structure in the development of 

SOFC technology, and thus suggested that we not only search for new promising material families but 

also put our research efforts into optimising the already identified potential materials such as 

perovskites and other related layered oxides.  

As explained earlier, the oxide ions produced at the cathode have to move through the 

electrode/electrolyte interface and depending on the interfacial resistance of the SOFC system to this 

charge transfer, the performance of the cell could be either limited or promising. It would have been 

beneficial to optimise the interface for minimum resistance if the experiments detailing the atomic-
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scale picture of this oxide ion transfer at the interface were easy. But it is, unfortunately, challenging 

to obtain an atomic-scale picture of the interface during operation because a non-destructive probe 

with high penetration power and high sensitivity, compatible with the harsh operating conditions is 

needed6. Therefore, a frequently used, relatively easy alternative is to build cells for impedance 

measurements and follow the measurements by post-microstructural electron microscopy analysis, 

and then take logical steps such as modifying the electrode ink preparation method such as changing 

the ink vehicle:active material ratio or ball milling the inks; optimising the cell sintering temperatures 

to minimise the particle coarsening; and modifying the electrolyte pellet surfaces by adding an 

interlayer to optimise the interface structure.  

Many examples of using these routes to optimise the interface structure are available in the already 

reported literature7-10. Woolley and Skinner revealed the significant role microstructure and 

electrode/electrolyte contact have on the performance of ungraded and functionally graded 

composite SOFC electrodes of La2NiO4+G�and La4Ni3O10-G
�����. They reported the ASR of 0.62 Ω cm2 at 

700˚C for an ungraded 50:50 composite10, which was further improved to 0.53 Ω cm2 at 700˚C by 

functional grading of the 50:50 composite cathode9. This improved performance in both cases was 

ascribed to a good combination of ionic and total conductivity, being contributed by two different 

constituents of the composite and the resulting microstructure and improved electrode/electrolyte 

interface contact. The importance of electrode/electrolyte contact is outlined by another study 

reported by Vaibhav et al. of n = 3 Ruddlesden-Popper series, Pr4Ni3O10+G�as an SOFC cathode with 

Yttria Stabilised Zirconia, ZrO2-Y2O3 (YSZ) as electrolyte7. They introduced a buffer layer of 

Ce0.9Gd0.1O1.95 (GDC) between electrode ink and electrolyte pellet to improve the contact for better 

performance. 

Further studies on related Ruddlesden-Popper materials such as n = 2 Ruddlesden-Popper 

composition La3Ni2O7-G and n = 3 Ruddlesden-Popper composition, La4Ni3O10-G have exploited the 

optimisation of microstructure and use of infiltrated composite cathodes of these oxides and achieved 

promising results11-14. Promising ASR of 0.11 Ωcm2 at 750˚C for La3Ni2O7 was reported by Choi et al.11. 

Kim et al. reported the ASR of a0.13 Ωcm2 at 750˚C for a Sr doped n = 3 phase12. The use and 

optimisation of spray deposition technique as reported by Sharma and co-workers improved the 

performance for the n = 3 composition La4Ni3O10-G to an ASR of 0.30 Ωcm2 at 700˚C, which was 

improved further by one order of magnitude after using a composite of the same composition with 

Ce0.9Gd0.1O2-G
13, 14. This is a significant improvement given that earlier studies of La4Ni3O10-G�as an SOFC 

cathode by Amow and co-workers15 had reported an ASR of 1.0 Ωcm2 at 800˚C. The improvement of 

cathode microstructure and thereby the adherence of the electrode to the electrolyte pellet is partly 

responsible for this significant improvement from 1.0 Ωcm2 at 800˚C to 0.15 at 700˚C. The same report 
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by Sharma et al.14 also delineates the progression of ASR from 72.41 Ωcm2 to 12.78 Ωcm2 and then to 

2.21 Ωcm2 at 700˚Cwith the evolution of microstructure from isolated cauliflowers to the 3D coral-

type microstructure via connected round agglomerates respectively. This study very clearly signified 

the importance of optimising the microstructure and its heavy influence on the electrochemical 

performance of these materials. There, however, have also been reports such as one by Jiang et al. 

that showed it is possible to have comparable oxygen reduction activity even with the substantial 

differences in the microstructure and interface morphology. They reported no sizeable impact on 

electrocatalytic activity by examining the thermally and electrochemically induced 

electrode/electrolyte interfaces in La1-xSrxMnO3-G and La1-xSrxCo1-yFeyO3-G electrodes on YSZ and GDC 

electrolytes respectively16. 

Considering the studies mentioned above and the observations of poor cathode microstructure and 

electrode-electrolyte contact being the reasons behind the unexciting lower electrochemical 

performance of a related composition, La2Pr2Ni3O9.65 discussed in the preceding chapter, this chapter 

will discuss in detail the steps taken to achieve impressive electrochemical performance of L1P3N3, 

which were later replicated for other two compositions, L2P2N3 and L3P1N3. 

7.2 CELL PREPARATION 

7.2.1 Cathode Ink Preparation 

The commercially available La0.8Sr0.2Ga0.8Mg0.2O3-G electrolyte powder purchased from Praxair Surface 

Technologies (Lot # 03-P6948DM) was pressed (0.04 MPa) into 13 mm diameter disks using a uniaxial 

press, followed by the Cold Isostatic Press (300 MPa) and then sintering at 1450˚C for 8 hours. 

Densities of pellets were tested by the Archimedes method and confirmed to be ≥95 % of the 

theoretical value and the thickness of LSGM pellets after sintering and polishing with silicon carbide 

paper (1200 grit) was in the 400-500 Pm range. An L1P3N3 electrode ink was prepared by mixing with 

a terpineol based organic ink vehicle supplied by fuelcellmaterials (Lot # R1835, Item # 311006), USA, 

in 2:1 weight ratio was used to prepare symmetrical cells by a screen-printing technique. Two types 

of electrode slurries were prepared, one by homogeneously mixing the as-synthesised powders with 

the ink vehicle (ink A) and another by ball milling the powders for 24 hours before mixing with the ink 

vehicle and then triple roll milling (EXAKT 80 /80S /80E) the prepared ink in batch size of 9 g (6 g 

electrode material + 3 g ink vehicle) to arrive at the particle size in the range 1-3 Pm (ink B). 

7.2.2 Sample Preparation 

Symmetrical cells of the configuration, L1P3N3||LSGM||L1P3N3 were prepared by screen-printing 

ink A on both sides of polished LSGM pellets (1200 grit SiC paper) (sample 1) and ink B on both sides 
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of as-sintered LSGM electrolyte pellets (sample 2), polished LSGM pellets (sample 3) and polished and 

calcined (1000˚C for 6h) LSGM pellets (sample 4), all with an active area of 0.5 cm2. Sample 5 was 

prepared in the same way as sample 3 except for the modification of adding an LSGM ink interlayer, 

which was screen-printed on the LSGM pellet. After printing the interlayer on the electrolyte pellet, 

the cell was annealed for 1 hour at 1000 ˚C before the L1P3N3 electrode could be screen-printed, 

leading to the cell configuration of L1P3N3|LSGMInk|LSGM-Pellet|LSGMInk|L1P3N3. In all the 

samples described above cells were sintered at 1150˚C for 1 hour to ensure good electrode adherence. 

Since the L1P3N3 decomposes at temperatures above 1050˚C17, slow cooling (0.5˚C min-1) to 950˚C 

from 1150˚C under flowing oxygen was required, which leads to the re-formation of L1P3N3 and to 

make sure that L1P3N3 was fully recovered, the cell was kept at 950˚C for 6 hours. Sample 6 was 

prepared in the same way as that of sample 5, except that the cell sintering was performed at 1050˚C 

and sample 7 was sintered for 2.5 hours at 1050˚C under ambient conditions. A summary of the cell 

preparation conditions is presented in Table 7.1. Pt mesh was used as the current collector and 

impedance measurements of the half-cells was performed using a Solartron 1260 impedance 

gain/phase analyzer in combination with a Solartron 1287 electrochemical interface in the 0.1 to 106 

Hz frequency range with a perturbation amplitude of 10 mV. DRTtools was used for interpreting the 

impedance spectroscopy data via distribution of relaxation time to identify the processes at low and 

high frequencies.18 

 

 

Table 7.1 Summary of the cell preparation conditions for the seven samples investigated. Red colour 
indicates the change in the sample preparation with respect to the previous sample. 

Sample. Ink Electrode Sintering Electrolyte Cell Configuration 

1 A 
1150°C/1h, slow 

cooling Polished LSGM L1P3N3/LSGM/L1P3N3 

2 B 
1150°C/1h, slow 

cooling As-sintered LSGM L1P3N3/LSGM/L1P3N3 

3 B 
1150°C/1h, slow 

cooling Polished LSGM L1P3N3/LSGM/L1P3N3 

4 B 
1150°C/1h, slow 

cooling 
Polished LSGM 

1000°C, 6h L1P3N3/LSGM/L1P3N3 

5 B 
1150°C/1h, slow 

cooling Polished LSGM 
L1P3N3/LSGMInk/LSGM/LSGMInk

/L1P3N3 

6 B 
1050°C/1h, slow 

cooling Polished LSGM 
L1P3N3/LSGMInk/LSGM/LSGMInk/

L1P3N3 

7 B 1050°C/2.5h Polished LSGM 
L1P3N3/LSGMInk/LSGM/LSGMInk/

L1P3N3 
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7.3 XRD ON AS-SINTERED ELECTRODE MATERIAL 

As mentioned above the n = 3 Ruddlesden-Popper phase materials decompose at temperatures above 

a1050°C so it is important to make sure that the materials being tested retain their structural integrity 

during testing. In order to do that a cell after sintering at 1150°C for 1 hour and then slow cooling 

(0.5°C/min) to 950°C was subjected to X-ray diffraction. Fig. 7.1 below illustrates the diffraction 

pattern obtained and it can easily be deduced that the pattern from the as-sintered L1P3N3 electrode 

matches that of the as synthesised powder. This is expected and has been reported by other studies 

that slow cooling under oxygen atmosphere leads to reformation of n = 3 Ruddlesden-Popper phases7, 

19. 

 

 

 

 

 

 

 

 

 

 

 

 

7.4 HALF-CELL PERFORMANCE AND MICROSTRUCTURE OPTIMISATION 

The sample preparation described above was informed by taking into consideration the previous 

research as well as the post-test microstructural information obtained at regular steps in the 

optimisation process. Therefore, this section will discuss the symmetrical cell performance of each 

sample followed by its post-microstructural studies. Post-test microstructural investigations of the 

half-cells were achieved using an LEO Gemini 1525 FEG Scanning Electron Microscope with an 

accelerating voltage of 5.0 kV. The cathode performance obtained by impedance spectroscopy 

measurements of all of the samples are presented as Nyquist plots.  

Figure 7.1 XRD pattern of as-synthesised L1P3N3 material and as-sintered 
L1P3N3 electrode showing the reformation of L1P3N3 after slow cooling under 
oxygen atmosphere. 
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In the case of samples 5-7, the Nyquist plot shows two separate responses (high and low frequency 

responses) at low temperatures but only one response can be seen at high temperatures (detailed 

later in Table 7.3). Accordingly, the equivalent circuit adopted for low temperatures is 

LR(CPE1R1)(CPE2R2) whereas the equivalent circuit, LR(CPE1R1) was used for high temperatures. The 

equivalent circuit adopted for samples 1-4 is LR(CPE1R1), where L is the inductance, R represents the 

ohmic resistance, and (CPE1R1) represents the constant phase element and resistance of the 

processes occurring at the cathode.  The equivalent circuits used are illustrated in Fig. 7.2. 

7.4.1 L1P3N3: Sample 1 

Figure 7.3 illustrates selected 

Nyquist plots obtained from sample 

1 at different temperatures. Sample 

1 was prepared in a similar way as 

L2P2N3 discussed in the previous 

chapter. An ASR of 0.56 Ω cm2 at 

750°C was reported for L2P2N31 

while as ASR of 0.52 Ω cm2 was 

obtained for L1P3N3 (Fig. 7.3). The 

plots in Fig. 7.3 are normalised to intercept at 0 on the x-axis. The slight improvement observed is not 

entirely unexpected and is explained by the higher Pr content in the 25:75 composition L1P3N3 than 

in the 50:50 composition, L2P2N3. Similar behaviour was earlier observed by Vibhu and co-workers 

for n = 1 lower-order Ruddlesden-Popper phases20. As can be observed that ASR decreases with the 

increase in temperature which is indicative of thermal activation behaviour of the electrode reaction 

process. 

The SEM images obtained from the L1P3N3 electrode after testing are presented in Fig. 7.4. In both 

the top and cross-section view of the cell the electrode shows considerable particle coarsening 

(>10�Pm). This particle coarsening was also identified as one of the reasons behind the poor 

performance of L2P2N3 electrode in the preceding chapter, and it is expected that the particle 

coarsening will have a negative impact on adherence of electrode ink to the electrolyte pellet by 

reducing the effective surface area of the electrode ink. Further, it can be seen from the cross-section 

SEM image that the adherence of electrode ink is poor. This will further have a negative influence on 

electrochemical performance. It must, however, be pointed out the cross-section samples were 

prepared by mechanical breaking of the half-cells and it is possible that this method could introduce 

delamination and thereby impact electrode adhesion. 

Figure 7.2 Equivalent circuit (I) used at high temperatures for 
samples 5-7. Equivalent circuit (II) used for samples 1-4 at all 
temperatures and at low temperatures for samples 5-7. 
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7.4.2 L1P3N3: Sample 2, 3 and 4 

There were two main reasons behind preparing samples 2, 3 and 4. One intuitive rationale being the 

possibility of better adherence of an electrode ink to a rough unpolished electrolyte surface and 

another being the reports that polishing of the LSGM pellets by SiC papers removes the Sr and Mg rich 

surface with an ultimately adverse impact on cathode performance21-24. The idea was to investigate 

Figure 7.3 Nyquist plots recorded for sample 1 L1P3N3 oxygen electrode at 
650°C, 700°C and 750°C. The ohmic resistance has been subtracted from 
the impedance for direct comparison. The decrease in ASR with the increase 
in temperature suggests thermal activation behaviour of the electrode 
reaction process (reproduced with permission from ref. 19). 

Figure 7.4 Post-microstructural Secondary Electron SEM images showing the top view (TV) and cross-
section view of sample 1, showing considerable particle coarsening and poor adhesion of electrode ink 
to electrolyte pellet (reproduced with permission from ref. 19). 
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whether surface preparation had any impact on adherence of n = 3 Ruddlesden-Popper electrode 

materials, and thereby the possible impact on electrochemical performance. Another modification in 

these samples was associated with the ink; ink B, where the material was ball-milled before mixing 

with the vehicle and the resultant mixture was triple roll-milled. 

 

 

 

 

 

 

 

Figure 7.5 illustrates the impedance measurements as Nyquist plots for samples 2, 3 and 4. The 

normalised ASR obtained for sample 1 at 700˚C was found to be 0.61 Ω cm2, which improved to 0.53 

Ω cm2 by simply ball milling the cathode material and then triple roll milling the ink (sample 2). When 

the pellet was polished (sample 3) the performance further improved with ASR reduced to 0.17 Ω cm2. 

The performance, however, was only marginally improved (0.18 Ω cm2) when the electrolyte pellet 

Figure 7.5 Nyquist plots recorded for samples 2, 3 and 4. Sample 2 where the pellet used is as-sintered 
affords ASR of 0.53 Ω cm2 at 700°C whereas the samples 3 and 4 show improvement to 0.17 Ω cm2 
and 0.18 Ω cm2 respectively. The x-axis scales in the above plots are different (reproduced with 
permission from ref. 19). 
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was polished again after a 2nd sintering step (sample 4). This is in contrast to the reports of adverse 

impact on the performance of LNO by polishing the LSGM pellet surfaces21. 

The SEM images as illustrated in Fig. 7.6 above shows the corresponding microstructure improvement 

in progressing from sample 1 to sample 4. The uniform particle size (1-3 Pm) in samples 2-4 resulted 

in improved contact with the electrolyte pellet, which was later reflected in the half-cell performance. 

In both the top and cross-section view of the cell, the electrode coarsening is seen to be reduced (!5 

Pm) when compared to sample 1, where the particles were observed to densify to the extent of more 

than 10 microns. Since the ink used for samples 2-4 is the same (ink B), the top-view of the cathode 

Figure 7.6 Post-microstructural Secondary Electron SEM images showing the TV and CS view of 
electrode in samples 2-4. Ball milling and triple-roll milling improves the microstructure but slight 
coarsening of electrode in these samples can be observed (reproduced with permission from ref. 19). 
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after impedance measurements looks similar in these samples. The microstructure does show 

improvement when compared to sample 1 but two problems of slight coarsening (!5 Pm) in certain 

areas and regions with poor particle interconnectivity (Fig 7.6) can still be observed. 

 

 

 

 

 

 

 

 

 

 

 

One interesting observation was the relatively low performance of sample 2 (as-sintered pellet) when 

compared with sample 3 (polished pellet); intuitively one would expect better performance when the 

pellet used was not polished. A possible explanation could be that the total effective contact of the 

cathode ink layer with an un-polished electrolyte pellet is reduced because of its local roughness when 

compared to the smooth surface afforded by the polished pellet, which is not the case with unpolished 

pellets, (Fig. 6.7). 

Particle coarsening, because of its obvious negative impact on the adherence of the L1P3N3 electrode 

to the LSGM electrolyte pellet, is expected to limit the performance of materials and this is the main 

factor behind the very poor performance reported above for sample 1 and the relatively poor 

performance of samples 2-4. 

7.4.3 L1P3N3: Samples 5, 6 and 7 

In samples 2-4, it was observed that the interface structure improves but as is evident from the SEM 

images of the sample cross-sections illustrated in Fig 7.6 and Fig 7.7 above, the adherence of the 

electrodes was still poor. These cell configurations are more likely to have a large contribution from 

Figure 7.7 Low-magnification SEM image of sample 2 shows the uneven 
surface of LSGM electrolyte pellet that is expected to have a negative 
impact on effective electrode-electrolyte interface contact (reproduced 
with permission from ref. 19). 
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interfacial resistance because of the particle agglomerates and large porosity observed at the 

interface. This porosity is expected to reduce the number of active pathways for oxide ion transfer 

from the electrode to the electrolyte. Therefore, in this next series of samples 5-7, an effort was made 

to improve the interface adherence so as to reduce the interfacial resistance component to the overall 

resistance. 

The ASR of 0.17 Ω cm2 at 700˚C obtained for sample 3 is a reasonable performance, but the adherence 

of the electrode ink to the electrolyte pellet as illustrated in the post-microstructural SEM images (Fig. 

7.6) shows ample room for the optimisation of the electrode microstructure. This poor adherence has 

been a major problem with higher-order Ruddlesden-Popper phases. The reason being that these 

materials start decomposing at temperatures above a1050 ˚C which necessitates the employment of 

low temperatures for sintering the cells which ultimately results in poor adherence between 

Figure 7.8 Nyquist plots recorded for samples 5, 6 and 7. Sample 7 shows the best performance with 
ASR of 0.08 Ωcm2 at 700°C which has been explained by invoking excellent microstructure and interface 
adherence. For sample 6 distribution of relaxation times representation of impedance spectroscopy 
data separating the low and high frequency responses as also shown above (reproduced with 
permission from ref. 19). 
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electrolyte and electrode. First way to deal with this limitation was to sinter the electrode under an 

oxygen atmosphere followed by slow cooling. This procedure has been known to allow sintering 

temperatures of up to 1200°C but, as can be seen in the SEM images in Fig. 7.6, the improvement to 

the electrode adherence is insignificant. Therefore, it was thought viable to add an interlayer of the 

LSGM ink before screen-printing the electrode ink on the electrolyte pellet. Accordingly, an LSGM 

interlayer of a10 Pm thickness was introduced as a buffer layer in samples 5-7. This particular 

interlayer thickness was partly informed by published literature and partly by the screen printer being  

used. 

Temp   
 
 
 
 
S5 

RH  

Ωcm2 
RL  
Ωcm2 

RT  
Ωcm2 

 
 
 
 
 
S6 

RH  

Ωcm2 
RL  
Ωcm2 

RT  
Ωcm2 

 
 
 
 
 
S7 

RH  

Ωcm2 
RL  
Ωcm2 

RT  
Ωcm2 

575 ˚C 0.06 0.74 0.80 0.08 1.10 1.18 0.14 0.61 0.75 
600 ˚C 0.05 0.41 0.47 0.03 0.66 0.69 0.07 0.28 0.35 
625 ˚C 0.02 0.25 0.27 0.01 0.44 0.45 0.03 0.20 0.23 
650 ˚C 0.0 0.16 0.16 0.0 0.30 0.30 0.01 0.13 0.14 
675 ˚C 0.0 0.10 0.10 0.0 0.24 0.24 0.0 0.10 0.10 
700 ˚C 0.0 0.08 0.08 0.0 0.20 0.20 0.0 0.08 0.08 
725 ˚C 0.0 0.06 0.06 0.0 0.17 0.17 0.0 0.06 0.06 
750 ˚C 0.0 0.05 0.05 0.0 0.16 0.16 0.0 0.05 0.05 

Table 7.2 Low and high frequency contributions to overall polarisation resistance in samples 5-7. 

Figure 7.9 Post-microstructural secondary electron SEM images showing the TV and CS view of 
electrode in samples 5 and 6. The interface adherence improves substantially in both the samples after 
adding an LSGM ink buffer layer but slight coarsening of electrode in the top-view of these samples is 
still observed (reproduced with permission from ref. 19). 
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The Nyquist plots for samples 5-7 are illustrated in Fig. 7.8. As mentioned earlier, two separate 

responses are observed in the Nyquist plots at low temperatures (Table 7.2) and it was thought vital 

to analyse these measurements in terms of distribution of relaxation time (DRT) to separate and 

compare the high, medium and low frequency responses observed in the Nyquist plots. For illustration 

purposes, DRT analysis of sample 6 performed by means of DRTtools is presented in Fig 7.9. Similar 

behaviour was observed in samples 5 and 7. DRT analysis clearly identifies the minor contribution 

arising from a high-frequency response compared to the low-frequency response. It has been 

proposed that a high-frequency contribution in such materials arises from charge transfer of oxygen 

ions between the cathode and the electrolyte while the low-frequency contribution denotes the 

molecular oxygen dissociation process in these materials25-28.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.10 Top-view of sample 7 shows negligible coarsening and particle interconnectivity is much 
improved as is evident form high-magnification TV SEM image. Cross-section SEM images of sample 7 
showing strong adherence of electrode to the pellet (reproduced with permission from ref. 19). 
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The DRT analysis, as illustrated in Fig 7.8, also shows some further minor contributions and in order to 

identify them, further experimental studies such as impedance measurements under varying pO2 are 

required, which has been left for future studies at this point of time.  

The ASRs obtained for samples 5-7 at 700°C were 0.08 Ω cm2, 0.20 Ω cm2 and 0.08 Ω cm2 respectively, 

and the noteworthy observation here is the importance of adding an LSGM buffer layer which 

significantly reduces the interfacial resistance contribution to overall polarisation resistance. It is 

important to put this observation in perspective by comparing them with the preceding discussion 

and results of the L2P2N3 composition (chapter 5), wherein an interlayer was not used. In the case of 

L2P2N3 investigations, it was observed that the poor adherence of the electrode ink to the electrolyte 

pellet was responsible for the charge transfer process being the rate-limiting factor for the ORR and 

thus the major contribution to overall cell polarisation resistance1. As is evident from the impedance 

measurement and its representation in terms of DRT, the contribution of interfacial resistance to 

overall polarisation resistance is significantly reduced in the present case by adding the LSGM 

interlayer. In addition, at high temperatures there seemed to be a negligible contribution from 

interfacial resistance as revealed by DRT analysis in sample 6 (Fig. 7.8 and Table 7.2). 

This significant improvement in performance whereby the ASR is reduced to 0.08 Ω cm2 at 700˚C is 

mainly ascribed to the introduction of the buffer layer and its ultimate positive impact on interface 

structure. This observation is further supported by the post-microstructural SEM images and it can be 

seen that the electrode/electrolyte interface improvement by adding an interlayer is indeed 

substantial, and therefore the enhancement in cathode performance (Fig. 7.9). Particle coarsening, 

however, can still be observed in samples 5 and 6. Even after reducing the electrode sintering 

temperature to 1050 ˚C under oxygen atmosphere particle coarsening is still evident in the SEM 

images. The only possible reason behind this observation of particle coarsening could be the elongated 

periods of time (a11-14 hours) needed for the cell sintering procedure under oxygen atmosphere 

conditions because the process involves sintering at low 950°C for 6 hours to allow for the reformation 

of n = 3 Ruddlesden-Popper phase. Reducing the cell sintering time to avoid particle coarsening 

appeared to be the solution plus the added benefit of avoiding the complex process of sintering the 

cell under an oxygen atmosphere. It was observed and is illustrated in Fig. 7.10 that sintering the 

electrode at 1050 ˚C for only 2.5 hours under ambient conditions reduced the electrode particle 

coarsening considerably. This is because the overall cell sintering time was reduced substantially in 

sample 7, and this is also reproduced in the performance of the material, presenting an ASR of 0.075 

Ω cm2 at 700 ˚C. The post-microstructural SEM images in sample 7 show that there was almost no 

particle coarsening, improved the inter-particle connectivity and very good level of porosity in the 

electrode ink Fig. 7.10. It, therefore, comes as no surprise that superior performance of 0.075 Ω cm2 



 163 

at 700 ˚C was observed. It is a noteworthy improvement in the cell performance over that reported 

by Sharma et al. for La4Ni3O10-G using the spray deposition technique and showing an ASR of 0.15 Ω 

cm2 at 700˚C14. 

7.4.4 Reciprocal Temperatures vs Resistances 

The normalized ASR values for all seven samples recorded over a range of temperatures are shown in 

Fig 7.11 (a).  It is apparent that all of the sample resistances decrease noticeably with increasing 

temperature which indicates the thermal activation behaviour of the electrode reaction process. As 

one would expect the polarisation resistance of samples 2-4 showed similar thermal activation 

behaviour, with almost the same activation energy (0.30 - 0.32 eV) in all cases while the activation 

energy observed for sample 1 was significantly greater, 0.63 eV. As discussed already samples 5-7 

showed two separate processes and so sample 6 was selected to further investigate the thermal 

behaviour in this type of cell, and it was found that the activation energy for the high frequency 

response (1.18 eV) was greater than the low frequency response (0.52 eV), illustrated in Fig. 7.11 (b). 

Similar behaviour was observed in samples 5 and 7. 

  

 

 

 

 

 

 

7.5 Optimisation of L2P2N3 AND L3P1N3 Phases as Cathodes 

At this stage, it was thought pertinent to test the other two compositions, L2P2N3 and L3P1N3 as 

optimised cathodes and also compare the performance of L2P2N3, discussed in the preceding chapter, 

with the performance measured after optimising the cathode microstructure and interface 

adherence. The corresponding samples for L1P3N3 (samples 6 and 7) are labelled as sample 8 and 9 

for L2P2N3 composition and sample 10 and 11 for the L3P1N3 composition. In short, the odd label 

Figure 7.11 (a) Polarisation resistances versus reciprocal temperature Arrhenius plots for different cell 
configurations showing the thermal behaviour of electrode processes and (b) thermal activation 
behaviour of sample 6 at low-temperatures showing higher activation energy for high-frequency 
response than low-frequency response (reproduced with permission from ref. 19). 

(a) 

(b) 
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numbers (7, 9 and 11) are the cells sintered under ambient conditions and the even numbers (6, 8 and 

10) are those cells sintered under an oxygen atmosphere followed by slow cooling (Table 7.3). 

  

 

7.5.1 Symmetrical-cell Performance 

The impedance measurements are illustrated in the form of Nyquist plots in Fig. 7.12. In all the 

samples total resistance decreases with an increase in temperature, again indicating the thermal 

Table 7.3 Sample labelling description. 

No. Sintering Conditions L1P3N3 L2P2N3 L3P1N3 

1. Under the O2 atmosphere, followed by slow 
cooling 

Sample 6 Sample 8 Sample 10 

2. Under ambient atmosphere Sample 7 Sample 9 Sample 11 

Figure 7.12 Nyquist plots recorded for samples 8 and 9 (L2P2N3) and 10 and 11 (L3P1N3) showing the 
same trend as observed in L1P3N3 electrode; samples 8 and 10, sintered under oxygen atmosphere 
followed by slow heating present higher corresponding ASRs than samples 9 and 11 sintered under 
ambient atmosphere. 
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behaviour of electrode reaction processes, as expected. In the impedance results of L2P2N3 and 

L3P1N3, as observed in the L3P1N3 samples 6 and 7, two contributions were observed at low-

temperatures, with the high-frequency response decreasing with increasing temperature. In addition, 

the high-frequency contribution to the overall polarisation resistance was negligible at high 

temperatures. This again alludes to the benefit of using an LSGM ink as a buffer layer, which improves 

the interface adherence and significantly reduces the interfacial contribution to resistance.     

The ASR values obtained for the L2P2N3 sample were 0.15 Ω cm2 and 0.07 Ω cm2 at 750°C for samples 

8 and 9 respectively. This clearly signifies the importance of the optimisation procedure; L2P2N3 

electrode based half-cells with LSGM as the electrolyte prepared in similar fashion afforded an ASR of 

0.56 Ω cm2 at 750°C.  

Table 7.4 Systematic improvement in half-cell performance on increasing Pr content across different 
compositions and improvement in ASR performance within a composition by reducing the effective cell 
sintering time. 

 

Temp. 

L3P1N3 Electrode ASR L2P2N3 Electrode ASR L1P3N3 Electrode ASR 

Sample 10 Sample 11 Sample 8 Sample 9 Sample 6 Sample 7 

650 °C 0.28 Ω cm2 0.20 Ω cm2 0.24 Ω cm2 0.19 Ω cm2 0.18 Ω cm2 0.14 Ω cm2 

700 °C 0.19 Ω cm2 0.14 Ω cm2 0.17 Ω cm2 0.11 Ω cm2 0.08 Ω cm2 0.075 Ω cm2 

750 °C 0.17 Ω cm2 0.10 Ω cm2 0.15 Ω cm2 0.07 Ω cm2 0.06 Ω cm2 0.04 Ω cm2 

 

Table 7.4 above shows the resistance obtained at different temperatures for samples 6-11. One clear 

trend observed is that sintering the electrode for a shortened period of time (2.5 hours) under ambient 

atmosphere presents lower ASR than the corresponding ASR obtained for the same electrode but 

sintered under an oxygen atmosphere followed by slow cooling with elongated effective sintering 

periods (11-14 hours). In the previous section, this observation was explained for L1P3N3 by invoking 

the fact that microstructure shows particle coarsening in the latter case, while in the former case 

almost no particle coarsening was observed. This is true for the other two compositions as well and 

will be discussed later in post-test microstructural studies of L2P2N3 and L3P1N3 electrodes (Fig 7.13).  

Unsurprisingly, another trend evident in table 6.6 above shows that corresponding ASR’s across the 

different compositions are systematically reduced as the content of Pr increases from 25% in the 

L3P1N3 composition to 75% in the L1P3N3 composition. This has been earlier reported by Vibhu et al. 

for n = 1 Ruddlesden-Popper phase materials, La2-xPrxNiO4+G
��
�wherein they reported that performance 

increased with increase in the Pr content of a composition. 
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7.5.2 Microstructure Studies 

Fig. 7.13 illustrates the post-test microstructural SEM images of samples 8 and 10. The interface 

adherence as observed in the L1P3N3 imaging in the preceding section is considerably improved by 

ball-milling and using the LSGM ink as a buffer layer. These studies further agree well with the 

impedance measurement derived performance results. As an example, the first significant 

improvement in the ASR of L2P2N3 electrodes from 0.56 Ω cm2 to 0.15 Ω cm2 at 750°C is ascribed to 

ball-milling the electrode material and introduction of an LSGM buffer layer. The further reduction in 

ASR from 0.15 Ω cm2 to 0.07 Ω cm2 at 750°C is the possible impact of shortening of the effective cell 

sintering time, of which the direct impact is negligible particle coarsening (Fig. 7.14). Similar behaviour 

is observed in L3P1N3; sample 10 shows mild particle coarsening (a5 Pm) compared to sample 11 

which shows almost no particle coarsening (Fig. 7.14). This is believed to be a direct consequence of 

shortening of the electrode sintering time, and this is also reflected in the half-cell performance of 

L3P1N3, with samples 10 and 11 presenting ASR values of 0.17 Ωcm2 and 0.10 Ωcm2 at 750°C 

respectively. 

Figure 7.13 Post-test microstructural secondary electron SEM images showing the TV and CS view of 
electrode in sample 8 (L2P2N3) and sample 10 (L3P1N3). Cross-section view shows strong adherence 
of the electrode, but the top-view shows limited particle coarsening. 
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The introduction of the buffer layer shows clear impact by increasing the number of contact points at 

the electrode/electrolyte interface which ultimately decreases the interface polarization resistance 

contribution. Furthermore, as illustrated in Fig. 7.14 SEM images of samples 9 and 11 taken at high-

magnification the particle interconnectivity is improved significantly, and cathode presents a porous 

structure. This interconnectivity of electrode particles and the porous structure of the cathode are 

expected to facilitate oxygen transport by providing an extended network of active pathways for 

oxygen diffusion and charge transfer. 

Figure 7.14 Post-test microstructural secondary electron SEM images showing the TV and CS view of 
electrode in sample 9 (L2P2N3) and sample 11 (L3P1N3). Cross-section view shows strong adherence 
of electrode as was observed in samples 8 and 10 but the top-view SEM images differ in almost showing 
no particle coarsening of samples 9 and 11. The high-magnification images illustrate the improved 
particle interconnectivity and porous cathode structure. 
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7.6 SINGLE-CELL TESTING 

The cell configurations used for the single-cell performance measurements were NiO-

GDC|LDC|LSGMPellet|LSGM Ink|Cathode Ink (where the cathode was L1P2N3, L2P2N3 or L3P1N3). 

LDC (La0.4Ce0.6O1.8 ) buffer layer was used for interfacial stability between the anode and LSGM 

electrolyte29. LSGM Ink and LDC buffer layer were screen-printed on electrolyte pellets and the cell 

was sintered for 1 hour at 1000°C. This was followed by screen-printing the cathode and anode and 

cell sintering at 1050°C for 2.5 hours. The current–power-voltage (IPV) curves were recorded in the 

range of 600–800°C by using a Solartron 1287 Electrochemical interface controlled by CorrWare 

software, where the cell voltage was varied from OCV to 0.3 V. Humidified H2 (a3% H2O) was fed as 

fuel to the anode with a flow rate of 40 ml/min, and pure oxygen as an oxidant to the cathode at 100 

ml/min. 

7.6.1 IPV Curves 

The cell was tested under the open circuit condition with open circuit voltage (OCV) of 1.10 V, which 

is in agreement with the theoretical value arrived by the Nernst equation, thereby indicating minimum 

gas leakage. The maximum power densities (MPD) at different temperatures obtained for all the three 

compositions are outlined in Fig. 7.15 and summarised below in table 7.5. 

Table 7.5 Maximum power densities at different temperatures obtained from single-cell 
measurements based on L1P3N3, L2P2N3 and L3P1N3 cathodes.  

Sample MPD at 800°C MPD at 750°C MPD at 700°C MPD at 650°C MPD at 600°C 

L1P3N3 380 mW/cm2 290 mW/cm2 200 mW/cm2 125 mW/cm2 75 mW/cm2 

L2P2N3 390 mW/cm2 310 mW/cm2 230 mW/cm2 160 mW/cm2 100 mW/cm2 

L3P1N3 400 mW/cm2 325 mW/cm2 250 mW/cm2 180 mW/cm2 120 mW/cm2 

 

The performance observed for all the compositions is adequate and it can be argued that there is 

further room for improvement; the electrolyte pellets used were relatively thicker (a400 Pm) and 

could be further reduced to a300 Pm or lower to achieve higher power densities. It is also important 

to stress the importance of using the single cell configuration – in the preceding chapter the maximum 

power density recorded at 800°C for the L2P2N3 composition based single-cell was 186 mW/cm2 and 

this improved to 390 mW/cm2 which is significant. An interesting, though counterintuitive observation 

is that the maximum power densities across the three material compositions when compared show a 

systematic improvement with a decrease in Pr content. This is in direct contravention to the half-cell 

performance results discussed in the previous section. One possible explanation could be faster 
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materials degradation with the increase in Pr content. However, in the context of this research, it is 

too early to comment on this observation, and it will require further investigations to understand this 

behaviour. 

 

 

 

 

 

 

 

 

 

 

7.6.2 Microstructure Studies 

The SEM images illustrated in Fig. 7.16 highlight the microstructure and interface adherence in post-

test single-cells based on L1P3N3, L2P2N3 and L3P2N3 cathodes. The microstructure presents a 

porous cathode structure with considerable particle interconnectivity, although with slight particle 

coarsening at places in all three compositions. The electrode screen-printed over the electrolyte 

pellet, as observed in the previous section, shows strong adhesion. 

 

Figure 7.15 IPV curves for single-cell measurements with humidified pure hydrogen as fuel and pure 
oxygen as an oxidant. 
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7.7 SUMMARY 

This chapter built on the previous chapter and the lessons learned in the optimisation process of 

L3P1N3 electrode were later implemented in building half and single-cells based on two other 

compositions, L2P2N3 and L3P1N3. The best performance of 0.075 Ω cm2 at 700°C was observed for 

L1P3N3 composition based electrode; this is the first report showing such low ASR for n = 3 

Ruddlesden-Popper composition with LSGM electrolyte. The analogous performance obtained for 

Figure 7.16 Post-test SEM images of single-cells based on L1P3N3, L2P2N3 and L3P2N3 cathodes 
showing porous cathode structure, although with slight particle coarsening at places. The interface 
structure retains the integrity observed in the symmetrical configuration measured cells and is one of 
the possible reasons behind improved performance. 
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L2P2N3 and L3P1N3 cathodes were 0.11 Ω cm2 and 0.14 Ω cm2 at 700°C respectively. This trend, 

wherein the ASR decreases with an increase in Pr content is not unexpected and has been reported 

earlier by Vibhu and co-workers20 for n=1 phases.  

Single-cell testing revealed an opposite trend though; maximum power densities obtained for L1P3N3, 

L2P2N3 and L3P1N3 were 380 mW cm-2
, 390 mW cm-2 and 400 mW cm-2 at 800oC respectively, and it 

is hard to understand this behaviour at this point and will require further studies. Post-test 

microstructural analysis after half and single-cell testing revealed that the cathode microstructure is 

porous and bears considerable particle interconnectivity. It was also observed that the use of a buffer 

layer of LSGM ink significantly improves the contact and is one of the possible reasons behind 

performance improvement in these materials. 
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8.0 – CONCLUSIONS AND FUTURE DIRECTIONS 

The focus of this work was layered oxide Ruddlesden-Popper phase materials, in particular, the higher-

order n = 3 phases. There were two major reasons behind the focus on higher-order phases; the first 

being the stability issues – that is the impurity phase formation – observed in lower-order materials 

such as LNO and PNO at operating conditions1-3. The lower electronic conductivity is the second major 

limitation of these lower-order phases and it has been identified as one of the main reasons behind 

their low electrochemical performance. Several studies have in fact focussed on increasing their 

performance, for example using either composites or graded electrodes, though limited success was 

achieved4, 5. 

In this context, it was expected that higher-order phases would perform better than lower-order 

phases, mainly because of the earlier reports, though limited, that with the increase in n – that is the 

number of perovskite layers sandwiched – the electronic conductivity of these materials increases. 

This is because of the increase in the average oxidation state of B-site cation Ni2+/3+ and an increase in 

the number of NiO6 corner sharing octahedra1, 6. Another encouraging assurance came from the fact 

that Ni3+ is the predominant oxidation state of the B-site cation in these higher order phases and this 

oxidation state is relatively more stable at relevant lower temperatures (700˚C – 900˚C) than the Ni2+ 

oxidation state, a predominant state in lower-order phases. 

Although relatively few, there are some reports of two members of n = 3 Ruddlesden-Popper phases, 

La4Ni3O10±G and Pr4Ni3O10±G
���� and a gap was filled by synthesising three new compositions with mixed 

A-site cations involving La and Pr. The compositions, LaPr3Ni3O10±G (L1P3N3), La2Pr2Ni3O10±G (L2P2N3) 

and La3PrNi3O10±G (L3P1N3) were synthesised by a sol-gel method. It is important to point out that 

synthesising these higher-order Ruddlesden-Popper phases is more difficult than the lower-order 

phases because of the increased strain in the middle NiO6 octahedron in these materials9. Sol-gel 

method was used for synthesising the materials in this thesis and later, several methods including X-

ray diffraction, neutron diffraction, electron microscopy, electrochemical impedance spectroscopy, 

iodometric titrations, DC conductivity and Archimedes density later used for characterisation of these 

materials. 

Across these newly synthesised compositions and the other two reported end members, it was 

observed that the lattice parameters show a systematic decrease with increase in Pr content of the 

composition. It was later further confirmed by neutron diffraction results and this trend is in 

agreement with the conception of effective ionic radii of Pr3+ being less than the corresponding La3+. 

An interesting revelation came from total electrical conductivity measurements. As expected, all the 

three compositions showed metallic behaviour with remarkable conductivities ranging from 200-300 
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S cm-1 in the relevant temperature range of 600˚C - 800˚C, but two compositions, L1P3N3 and L2P2N3 

show anomalous behaviour in the temperature range of 240°C - 360°C. This prompted in situ high-

temperature X-ray diffraction measurements, in particular of these two compositions and 

interestingly enough no correlating structural changes were observed. This was later further 

confirmed by in situ high-temperature neutron diffraction results, which led to the conclusion that the 

anomalous behaviour observed did not originate from macroscopic structural changes in this 

temperature range.  Nevertheless, the measurements confirmed our expectation of achieving 

promising total electrical conductivity. This was followed by ageing studies of all the three 

compositions and it was again observed that the materials were indeed stable and retained the 

structural integrity when heated at 900˚C in the air for two weeks. These two considerations – 

relatively higher total electrical conductivity and higher stability – were the two major reasons for 

working on higher-order Ruddlesden-Popper phase materials and should indeed be taken into account 

when considering these layered oxide materials for IT-SOFC applications. 

Half-cells based on L2P2N3 composition was prepared for impedance spectroscopy measurements 

and an ASR of 0.34 Ω cm2 at 800˚C was obtained10. This indeed is an improvement over the earlier 

report of 1.0 Ω cm2 at 800˚C for L4N3 prepared under similar conditions but is still higher than the 

goal of ≤0.15 Ω cm2. An interesting feature of a major contribution to polarisation resistance stemming 

from charge transfer was observed in Nyquist plots of impedance measurements. In these materials, 

it is known that the high-frequency arc in Nyquist plots is mainly related to the charge transfer 

between cathode and electrolyte, and it is expected to be a minor contribution to the overall 

resistance, but otherwise was observed. This observation of high interfacial resistance contribution 

pointed towards the poor adherence of the cathode material to the electrolyte pellet, and it, 

therefore, was followed by post-test microstructural studies of the cells. It was observed that 

adherence of the cathode to the electrolyte was indeed poor and open spaces of a1 Pm between 

electrode ink and electrolyte pellet could be observed in cross-section view SEM images. Additionally, 

the SEM top-view images revealed limited cathode particle interconnectivity and densification of 

particles which further reduced the electrode-electrolyte contact points, thereby introducing further 

interfacial resistance to the system. These observations along with the recent microstructure studies 

of L4N3 by Sharma et al.11 were taken into consideration and optimisation of microstructure and 

interface was attempted. 

Cathode ink preparation was improved by ball-milling the materials for 48 hours in ethanol solution 

aided by zirconia balls. This ball-milled cathode ink followed by triple-roll milling resulted in a2 Pm 

uniform particles and was one of the reasons behind microstructure improvement later observed in 

post-test SEM studies. However, the adherence of electrode ink to the electrolyte pellet was improved 
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but only slightly. It was hoped that increasing the cell sintering temperature/time could improve the 

interface structure but two major deterrents – particle densification and decomposition of cathode 

materials – had to be resolved. Increasing the cell sintering temperatures beyond 1050˚C required 

that sintering be carried out under oxygen atmosphere and followed by slow cooling and leaving the 

cells at 950°C for 6 hours to allow for the reformation of n = 3 RP phases. This overall elongated period 

of cell sintering was later found to promote the particle densification, thereby negatively impacting 

the performance of the material. 

A solution to this particle densification was found by introducing a buffer layer between electrode ink 

and LSGM electrolyte pellet, which allowed reduction of sintering temperature to 1050˚C under 

ambient conditions for 2 hours. The buffer ink layer was made of LSGM powder and organic ink 

vehicle, prepared in the same way as the electrode ink and it heavily improved the adherence of 

electrode to the electrolyte, and an ASR of 0.08 Ωcm2 at 700˚C was obtained for L1P3N3. The 

corresponding performance obtained for L2P2N3 and L3P1N3 cathodes were 0.11 Ω cm2 and 0.14 Ω 

cm2 at 700°C respectively.  This trend, wherein the ASR decreased with an increase in Pr content is not 

unexpected and has been reported earlier for lower-order Ruddlesden-Popper phases12. These 

electrochemical performances obtained for these three compositions results are amongst the top-of-

the-range for the Ruddlesden-Popper family of materials. Interestingly the optimised single-cell 

testing with a NiO-GDC anode revealed an opposite trend with maximum power densities of 380 mW 

cm-2, 390 mW cm-2 and 400 mW cm-2 at 800˚C for L1P3N3, L2P2N3 and L3P1N3 respectively. This is 

counter-intuitive and one possible reason could be faster materials degradation with the increase in 

Pr content. This, however, is only speculative at this point and it is therefore recommended to be a 

future line of research to be examined further. 

An important and in fact expected behaviour of two separate responses being observed in the Nyquist 

plots at low temperatures, wherein the high-frequency response commonly associated with charge 

transfer in these materials was seen to lessen with the introduction of the buffer layer. The DRT 

analysis of impedance data revealed that this high-frequency contribution is almost negligible at high-

temperatures, further lending support to the conclusion of the buffer layer being the main reason 

behind reduced polarisation resistance component originating from charge transfer between 

electrode and electrolyte. The DRT analysis of the data also showed minor contributions at very-low 

frequencies and it is suggested that further impedance measurements under conditions such as 

varying pO2 should be pursued as a further direction in these materials. 

The lower-order Ruddlesden-Popper phases such as LNO and PNO are being investigated primarily 

because of their impressive oxide ion conductivity emanating from their considerably high oxygen 
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overstoichiometry. However, the higher-order Ruddlesden-Popper phase materials are primarily 

understoichiometric and vacancies are expected to be major contributors towards oxide ion 

conductivity via vacancy hopping mechanism. In this regard, the significant neutron scattering length 

of an oxygen atom and therefore its easy detection by neutron diffraction was employed to examine 

the oxygen defect structure so as to understand the oxygen transport in these materials. 

All the three compositions were examined and possible oxygen transport pathways after taking into 

consideration the vacancy containing oxygen sites, thermal parameters and distances between these 

sites were proposed. It was found that vacancies prefer the perovskite block and it, in fact, has been 

reported earlier that majority of the oxygen vacancies in these materials are confined to perovskite 

layers, with particular preference to equatorial oxygen sites. A further strong preference to the curved 

oxygen transport pathways such as O(1)−O(1)−O(1) around the NiO6 octahedra was recorded, in 

consonance with the earlier reports in these materials. Contrary to the earlier reports in higher-order 

Ruddlesden-Popper phase materials, it was observed some vacancies do reside in rock-salt layers of 

L1P3N3 and L3P1N3 compositions13. It is to be stressed that these were only preliminary studies and 

an effort should be made to undertake high-resolution neutron diffraction experiments to throw 

further light on the transport properties of these materials. Another future direction should also 

include secondary-ion mass spectrometry measurements and calculation of properties such as 

diffusion coefficient (D) and mass transfer coefficient (k) to further aid in understanding the oxygen 

transport in these materials. 

Furthermore, all three compositions except L1P3N3 which in its XRD refinements crystallised in 

monoclinic P121/a1 space group were found to crystallise in the orthorhombic Bmab/Fmmm space 

group, with only L3P1N3 showing transition to higher symmetry tetragonal I4/mmm space group at 

800˚C. It was also observed that orthorhombic strain in these materials increases with the increase in 

Pr content of the composition. This is expected and is because of the decrease in ionic radii of Pr and 

has been reported earlier6. The diffraction measurements were further used to study the lattice 

parameter evolution and calculate the properties such as the TEC because the materials are being 

primarily investigated for use in high-temperature SOFC devices.  Lattice parameters were shown to 

increase linearly with the increase in temperature, with c parameter showing a significant increase 

than a and b cell parameter. This is attributed to the cumulative effect of stacking of layers along the 

c crystallographic direction and c axis being less restricted by the expansion of the rock-salt layers. A 

further observation of b parameter showing only a slight increase as compared to a parameter is 

interpreted in terms of an increase in orthorhombic strain with the increase in temperature. The 

calculated TEC based on neutron diffraction measurements was found to be in the range of a13.0 × 

10-6 °C-1, which is of the same order as that of commonly used electrolyte materials in SOFC devices. 
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The neutron diffraction measurements were also used to obtain the stoichiometry of materials and it 

was found that all the systems were understoichiometric, agreeing well with the iodometric titration-

based calculations except the L2P2N3 composition showing a slight discrepancy. 

A clear conclusion of these materials showing significant promise as SOFC cathode can be arrived at 

after taking the studies of these higher-order Ruddlesden-Popper phase materials discussed in this 

thesis into consideration. As such an important future research direction should study the long-term 

stability of these materials as SOFC cathode. This should involve measurements of properties such as 

polarisation resistance for durations ranging from weeks to month and should provide important 

information about the possible degradation mechanisms in these materials. 
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9.0 – APPENDICES 

9.1 XRD Rietveld refinement determined x, y, z and Uiso parameters. 

9.1.1 L1P3N3 

 

9.1.2 L2P2N3 

 

9.1.3 L3P1N3 

 

 

Atom x y z Uiso 
Pr1/La1 0.0155(3) 0.0131(2) 0.3027(5) 0.117(4) 
Pr2/La2 0.5099(2) 0.0160(2) 0.7990(4) 0.0817(32) 
Pr3/La3 0.0007(2) -0.0066(2) 0.4317(4) 0.0821(33) 
Pr4/La4 0.5177(2) 0.0002(2) 0.9288(4) 0.0928(28) 

Ni1 0.0 0.5 0.5 0.151(16) 
Ni2 0.0 0.0 0.0 0.0038(34) 
Ni3 0.004(8) 0.060(7) 0.1454(1) 0.111(8)    
Ni4 0.5272(3) 0.0340(3) 0.6384(5) 0.029(4) 
O1 -0.149(7) -0.124(7) 0.4074(15) 0.020(10) 
O2 1.358(8) 2.953(8) 0.9364(2) 0.007(9) 
O3 -4.084(2) -0.935(2) -0.159(4) 0.15(4) 
O4 0.499(7) 0.108(6) 0.5376(11) 0.001(9) 
O5 0.244(4) 0.268(5) 0.2304(6) 0.030(8 
O6 0.416(6) 0.333(7) 0.5878(1) 0.030(8 
O7 -0.015(2) 0.374(1) 0.3075(2) 0.020(11) 
O8 0.5752(3) -0.030(4) 0.6683(8) 0.034(7) 
O9 0.875(8) 0.274(1) 0.8162(2) 0.002(10) 

O10 0.292(4) 0.204(5) 0.3646(8) 0.037(7) 

Atom x y z Uiso 
Pr1/La1 0.0 0.0 0.43300(3) 0.1996(31) 
Pr2/La2 0.0 0.0 0.29458(1) 0.1441(18) 

Ni1 0.0 0.0 0.0 0.0385(16) 
Ni2 0.0 0.0 0.1126(8) 0.318(8) 
O1 0.25 0.25 0.0 0.051(5) 
O2 0.0 0.0 0.43323(2) 0.0713(7) 
O3 0.25 0.25 0.0979(1) 0.236(13) 
O4 0.0 0.0 0.16628(3) 0.0210(26) 

Atom x y z Uiso 
Pr1/La1 0.0 0.0 0.42337(2) 0.0457(9) 
Pr2/La2 0.0 0.0 0.30090(1) 0.1604(18) 

Ni1 0.0 0.0 0.0 0.097(4) 
Ni2 0.0 0.0 0.1456(4) 0.123(4) 
O1 0.25 0.25 0.0 0.047(5) 
O2 0.0 0.0 0.10508 0.259(19) 
O3 0.25 0.25 0.10298 0.80(9) 
O4 0.0 0.0 0.20144 0.123(9) 
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9.2 Neutron diffraction Rietveld refinement determined x, y, z and Uiso parameters. 

9.2.1 L1P3N3 (55˚C) 

 

9.2.2 L2P2N3 (25˚C) 

 

9.2.3 L3P1N3 (80˚C) 

 

 

 

 

 

 

 

Atom x y z Uiso 
Pr1/La1 0.0 0.0020(3) 0.4315(6) 0.0066(22) 
Pr2/La2 0.0 -0.0071(3) 0.2992(4) 0.0142(35) 

Ni1 0.0 0.0 0.0 0.0155(23) 
Ni2 0.0 -0.0037 0.13805 0.0056(13) 
O1 0.25 0.25 0.0045(7)  
O2 0.0 0.9409(2) 0.0721(7)  
O3 0.25 0.25 0.1326(4)  
O4 0.0 0.0528(3) 0.21075(3)  
O5 0.25 0.75 0.1511(4)  

Atom x y z Uiso 
Pr1/La1 0.0 -0.0016(1) 0.43165(2) 0.0085(6) 
Pr2/La2 0.0 -0.0091(13) 0.29912(1) 0.0051(9) 

Ni1 0.0 0.0 0.0 0.0043(7) 
Ni2 0.0 -0.0028(9) 0.13901(9) 0.0039(5) 
O1 0.25 0.25 0.00775(2)  
O2 0.0 0.9405(8) 0.06880(3)  
O3 0.25 0.25 0.13273(2)  
O4 0.0 0.0401(10) 0.21425(2)  
O5 0.25 0.75 0.14595(2)  

Atom x y z Uiso 
Pr1/La1 0.0 0.0007(2) 0.42970(3) 0.0072(13) 
Pr2/La2 0.0 -0.0061(2) 0.29939(2) 0.0021(12) 

Ni1 0.0 0.0 0.0 0.0015(11) 
Ni2 0.0 -0.0018(2) 0.13767(2) 0.0161(13) 
O1 0.25 0.25 0.0055(6)  
O2 0.0 0.9423(1) 0.0709(4)  
O3 0.25 0.25 0.13170(3)  
O4 0.0 0.0273(2) 0.2145(4)  
O5 0.25 0.75 0.1445(4)  
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